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Millimeter Wave Energy Absorption by Human Tissues: 

Evaluation of Tissue Penetration 
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Abstract: Presented in this paper is an evaluation of human tissue penetration by 

millimeter wave (mmW) energy, particularly at 30, 35, 40 and 45 GHz. Numerical 

simulations show that the penetration depths in the tissue are (0.1000, 0.0937, 0.08869 

and 0.08882) mm at the aforementioned frequency, respectively. It is also demonstrated 

that all mmW at those frequencies attenuate to zero at the epidermis which is the layer 

adjacent to the skin surface, without getting into the dermis which is the next layer. 

Crucially, these discoveries present fresh, previously unmentioned data within the 

current research literature. Furthermore, at the lower frequency of 24 GHz, computer 

simulations presented show that the propagating wave penetrates deeper (depth of 0.12 

mm) and attenuates to zero at the dermis. This shows that the depth of penetration 

increases further at lower frequencies which strongly conforms to the principles of 

physical reasoning, thereby bolstering the reliability of the findings presented in this 

paper. The results collectively indicate that the absorption of mmW into the human 

tissue have limited significance when assessing compliance with electromagnetic field 

standards at mmW frequencies. It is reinforced in this paper why the human skin reduces 

the harmful effects of ultra-violet radiation.  To lend credence to our formulation, certain 

aspects of the results obtained in this investigation when compared with similar results 

in the literature, show good agreements. 
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1  

1 Introduction 

HIS work is a companion paper to the one titled, 

“Unveiling the dynamics of millimeter wave (5G) 

energy absorption in human tissue: a comprehensive 

analysis at the free space - human skin interface” [1]. 

Findings from [1] reveal 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, 33.38) 
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S/m, when exposed to mmWave frequencies (24, 30, 35, 

40, 45) GHz, respectively, exhibits Brewster angles of 

(79°, 78°, 77°, 76°, 75°), respectively. At these Brewster 

angles, all mmWaves seamlessly penetrate the human 

tissue without any reflections from the skin surface. The 

Brewster angle decreases with increasing frequency. It is 

further shown that Brewster angles exist between  60° 

and 80° at miscellaneous frequencies and the results 

align with those existing literature that utilize the 

Gabriel’s skin model.  

The present paper is motivated by concerns 

surrounding the absorbed electromagnetic wave 

radiations utilized in the 5G communication 

infrastructures by the human body. The operating 

frequencies for 5G communications fall within mmWave 

bands. To that end, this work employs the time-harmonic 

Maxwell’s equations formulation, leading to the 

inhomogeneous second-order partial differential 

equations for the electric and magnetic fields 

propagating inside the human tissue, to analyze wave 
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propagation in the human tissue. Use is made of the 

mmWave oscillations arising from the solutions there 

from, to quantitatively evaluate what happens inside the 

human tissue. Such quantitative investigation has not 

been carried out in the literature hitherto. Before going 

into a survey of related literature to the subject of this 

paper, it is considered germane, to highlight the bands of 

electromagnetic wave (EM) that are commonly used in 

communication infrastructures with respect to bio-

electromagnetism. 

In [2], a comprehensive review on applications of 

radio-frequency (RF), microwave (MW), millimeter 

(mmWave), terahertz (THz) and optical signals was 

presented. Specifically, the work considered modalities 

of interaction of biomatter-wave over a broad range of 

frequencies by viewing biological tissue as a dielectric 

matter that is defined by frequency dependent 

permittivity and conductivity among other parameters. 

Through the study of permittivity spectrum of biological 

tissue, cells can be uniquely differentiated and classified. 

In optical signal biomatters, a change in the permittivity 

of a biological tissue is manifested in the form of 

changes in optical properties whereas in RF, MW, mmW 

and THz biosensors, changes in the permittivity are 

indicated as variations in capacitance.  

On application of EM waves, with frequencies range in 

RF, MW, mmWave and THz bands, the EM spectrum of 

biomatter exhibits many dispersions in permittivity, such 

as α-dispersion (kHz range due to ionic diffusion), β-

dispersion (MHz range owing to interfacial relaxation) 

and γ-dispersion (GHz range caused by dipolar 

relaxation). The choice of frequency is based on the 

information of interest. As examples, information on 

variations in cell membrane potential employs the 𝛼-

dispersion and β-dispersion region while γ-dispersion is 

used when intercellular data is required. Thus, it is 

obvious that EM waves at low frequencies (RF and 

MW) are associated with α- and β-dispersions and allow 

attainment of data relating to extracellular structure 

whereas higher frequencies (mmWave and THz) that are 

characterized by γ-dispersion enable access to 

intracellular information due to their ability to penetrate 

into cell. This penetration ability of higher frequencies 

EM wave underscores the growing concerns on the 

possible impacts of widespread use of mmWave for 5G 

communication infrastructures.     

Research undertakings at the mmWave have suffered 

limited attention by previous investigators in contrast 

with radio frequency (RF) energy research efforts below 

10 GHz, which have enjoyed significant attention in the 

existing literature. Most of what obtains in the literature 

cover contemporary radio communication sources about 

which there exist international safety standard controls 

[3]-[4]. Also, the popular standards include those set by 

ICNIRP (International Commission on Non-Ionizing 

Radiation Protection) [5]. Indeed, the standard of 

ICNIRP just stated merely covers 300 MHz – 3 GHz.  

We now highlight some samples of mmWave works 

which have been carried out in the literature. The review 

herein showcases the insufficiency of analytical 

information regarding mmWave penetration into the 

human tissue. As an example, an outline of its heating 

implications has been provided [6], while energy 

absorption due to close proximity of human body to 

mmWave equipment has been treated [7]. Considered in 

[8], are the biological effects of 5G cellular 

communication equipment. Addressed in [9]-[10] are the 

effects of exposure hazards due to radiation from 

mmWave equipment. Other articles in the literature 

bordered on challenges and effects of mmWave 

radiation, blockage radiation and public health 

implications, respectively [11]-[13], while others merely 

considered applications [14]-[15]. Several other articles 

treated some pragmatic reviews of health effects based 

on what are available in the literature; assessment of 5G 

equipment, deployment strategy of 5G Network as well 

as other forthcoming 5G scenarios, respectively [16]-

[19].  

In [20], a review of the state of knowledge of 

millimeter-wave devices and systems in respect of 

interactions of mmWave with the human body was 

presented. Specifically, three aspects of mmWave 

interactions with human body considered in [20] were 

electromagnetic, thermal and biological, each of which 

was analyzed for frequency range 30 – 100 GHz with 

emphasis on 60 GHz band. It was further submitted that 

three important dosimetric quantities at mmWave range 

are incident power density, SAR and steady-state and/or 

transient temperature. Propagation characteristics of 

mmWave in close proximity to the human body were 

investigated in [21] where four models for different parts 

of human body were used for evaluation of thermal 

effects of millimeter-wave radiation. Based on 

simulation results, it was reported that instead of using 

power density approach for determination of mmWave 

safety exposure compliance, a temperature-based 

method was recommended. In a related development, 

Owda et al. [22] highlighted application of mmWave for 

diagnosis of human skin conditions. It was shown that 

skin reflectance varied with locations, sexes, and 

individuals. The study further showed that these 

variations were dependent on the skin thickness and 

water content, which made it possible for usage of 

radiometry as a non-contact sensor for skin diagnosis.   

From the foregoing, it can be seen that there is a dearth 

of research work concerning a quantitative approach to 

the problem, such as the analytical work involving 

Maxwell’s equations espoused in this paper. However, 
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there is a lot of qualitative contributions available in the 

literature. These border on 𝑖𝑛 𝑣𝑖𝑣𝑜 and 𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 

measurements to affirm the structural characteristics of 

the human tissue. In order to disclose the structural 

characteristics of the human tissue, there exists a 

substantial amount of contributions available in the open 

literature. However, most of these are based on 𝑖𝑛 𝑣𝑖𝑣𝑜 

experimental measurements. This idea has been 

elucidated by several investigators [23]-[27]. The 

outcomes of such research works proclaim how skin 

permittivity can be determined from mmWave reflection 

measurements, as well as characterization of the 

interactions of mmWave with human body. A most 

comprehensive summary of permittivity measurements 

and quantitative contributions spelt out in [23]-[29] 

above, is germane to our investigative problem of 

interest here. Indeed, the compact and succinct results 

for the measured complex permittivities at 28, 60 and 73 

GHz obtained by various investigators have been cited 

extensively by other researchers [25]. Those authors 

have displayed measured complex permittivities and 

conductivities symbolized by (𝜀∗, 𝜎), respectively, at 

microwave frequencies of 28, 60 and 73 GHz. Evidently, 

these are within the scope of our present formulation of 

mmWave of: 30, 35, 40 and 45 GHz. It should be borne 

in mind that the complex permittivity symbolized by 𝜀∗ 

is usually represented by 𝜀∗ = 𝜀′ − 𝑗𝜀′′ , provided 𝜀′ =
𝜀𝑟 is the relative permittivity and 𝜀′′ = 𝜎/𝜔𝜀′ involving 

the conductivity. 

One can readily see that our Maxwellian formulation 

in this paper should involve the relative permittivity 

given as 𝜀′ = 𝜀𝑟 and the 𝜀′′ in terms of conductivity 

displayed as 𝜀′′ = 𝜎/𝜔𝜀′, provided 𝜎 stands for the 

conductivity. These facts are essential to the present 

formulation. One more thing that one may want to ask is, 

what happens to the charge density denoted by 𝜌 in the 

Gauss’s expression in the divergence quantity 𝛁 ∙ 𝐃 = 𝜌 

as can be found in Maxwell’s equations. For the charge 

density identified as 𝜌 in Gauss’s law in Maxwell’s 

equations, we provide the explanation in the ensuing 

discussion. The argument posits that the charge density 

in the human tissue is identically equal to zero. This idea 

originates from the equilibrium between the negative 

charge of red blood cells and the positively charged 

surrounding membrane, resulting in a neutral charge 

state for human tissue. Additionally, the amino acids in 

each haemoglobin molecule within red blood cells 

contribute a considerable negative charge, which offsets 

the positive charge in the iron atom [29]. From an 

intuitive standpoint, the human body is thought to be 

charge-neutral due to the constant grounding by standing 

on the earth. Any accumulation of positive or negative 

charges on the body is expected to dissipate into the 

ground, thereby maintaining a neutral charge [30]. As a 

result, the perception of static charge only occurs when 

the skin hairs become positively or negatively charged 

through friction [30]. Conclusively, one can assert, 

without doubt, that Maxwellian formulation inside the 

human tissue is associated with the charge density 𝜌, 

which is identically zero. The aforementioned arguments 

justify putting 𝜌 = 0 in the Maxwellian formulation 

inside the human tissue.  Based on the outcome of the 

experimental measurements of other investigators cited 

in the foregoing literature survey, as well as the 

subsequent comments, the essential parameters of the 

human tissue are permittivity, conductivity and zero 

charge density symbolized by (𝜀, 𝜎, 𝜌 = 0), respectively. 

Consequently, it proves relevant to use these 

characteristics in the Maxwellian formulation in this 

paper.  

What now remains is to undertake a brief review of 

absorption of RF energy by the human skin as well as to 

explain what is known as the Specific Absorption Rate 

denoted by the acronym SAR. First of all, it proves 

necessary to define,𝑎𝑏 𝑖𝑛𝑡𝑖𝑜, what is meant by SAR, for 

clarity. The SAR gauges the space at which energy is 

absorbed per unit mass within the human body when 

exposed to the RF electromagnetic field. This 

measurement denotes the power absorbed for a certain 

tissue mass and is quantified in units of weight per 

kilogram (𝑊/𝑘𝑔). Typically, SAR is averaged across 

either the entire body or a small volume (usually 1 𝑘𝑔 or 

10 𝑘𝑔 of tissue). The reported value signifies the highest 

level detected within the examined body part over the 

specified volume or mass. The SAR in a flat phantom 

has been explained before [31], while the homogeneity 

in cells using mmWave 𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 3D culture has been 

articulated elsewhere [32]. On the one hand, 

electromagnetic absorption from dielectric variations at 

900, 1800 and 1900 MHz is available [33], while 

investigation of SAR absorption in a 3D human head has 

been studied [34]. Penetration depth and the SAR issue 

occasioned by cell-phone radiation, have been 

investigated by others [35], while SAR analysis in 

human head has also been reported [36].  

The organizational structure of this paper unfolds as 

follows. The introductory part is followed by the method 

adopted in section 2 while section 3 delves into the 

numerical results and discussion. Section 4 draws 

conclusions.     

2 Method 

What we want to investigate here using the human skin 

anatomy, is to evaluate how deep mmW can penetrate 

layers of the human skin. This is recognized as a bio-

electromagnetic engineering problem that has not been 

investigated before in the manner elucidated in this 

paper. Because the human tissue is associated with 
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strong conductivity symbolized by 𝜎, this interacts with 

the transmitting electric field typified by 𝐄𝑡 in human 

tissue to induce the conduction current density denoted 

by 𝐉𝑡 = 𝜎𝐄𝑡 inside the tissue. This allows us to engage 

the inhomogeneous Maxwell’s equations in the tissue 

given as:  

  𝛁 × 𝐇𝑡 = 𝐉𝑡 + 𝜀𝑟
𝜕𝐄𝑡

𝜕𝑡
   (1)   

  𝛁 × 𝐄𝑡 = −𝜇𝑟
𝜕𝐇𝑡

𝜕𝑡
      (2) 

  𝛁 ∙ 𝐁𝑡 = 0    (3) 

  𝛁 ∙ 𝐃𝑡 = 𝜌    (4)  

provided, the superscript 𝑡 denotes transmitted or 

refracted field quantities.   

It is recognized that the human tissue is charge neutral 

consequent upon which 𝜌 = 0 in eqn. (4). We are now 

left with finding the solutions to the above 

inhomogeneous Maxwell’s equations inside the tissue. 

Henceforth, we drop the superscripts for the sake of 

convenience. In addition, using the fact that 𝐉 = 𝜎𝐄 and 

that the wave is time-harmonic with 𝑒𝑗𝜔𝑡 time variation, 

one can recast eqns. (1) – (4) as:      

  𝛁 × 𝐇 = (𝜎 + 𝑗𝜔𝜀)𝐄   (5)  

  𝛁 × 𝐄 = −𝑗𝜔𝜇𝐇      (6) 

  𝛁 ∙ 𝐁 = 0    (7) 

  𝛁 ∙ 𝐃 = 0    (8)  

where the exp(𝑗𝜔𝑡) variation has been suppressed here 

and henceforth.  

Mathematical manipulations of eqns. (5) – (8) yield  

  𝛁2𝐄 − γ𝟐𝐄 = 0    (9) 

and  

  𝛁2𝐇 − γ𝟐𝐇 = 0               (10) 

as the decoupled vector wave equations for the electric 

field 𝐄 and the magnetic field 𝐇, respectively.  

provided 𝛾 is the complex wave propagation constant 

given as:  

  𝛾 = 𝑗𝜔√𝜇 (𝜀 − 𝑗
𝜎

𝜔
)              (11) 

The complex wave propagation constant defined by 

eqn. (11) is expressible in real and imaginary parts as:  

  𝛾 = 𝛼 + 𝑗𝛽               (12) 

Solving eqns. (11) and (12) simultaneously and taking 

the positive roots, one arrives at  

  𝛼 =
𝜔√𝜇𝜀

√2
[√1 + (

𝜎

𝜔𝜀
)

2

− 1]

1

2

                       (13)                                                 

and, 

               𝛽 = 𝜔√
𝜇𝜀

2
[√1 + (

𝜎

𝜔𝜀
)

2

+ 1]

1

2

                     (14)                                                                         

as expressions defining the attenuation and propagation 

constants, respectively. 

The next undertaking is to evaluate the mmWave 

parameters inside the human tissue, which is achieved 

via solution of propagating wave inside the human 

tissue. Each of eqns. (9) and (10) is a second-order 

homogeneous partial differential equation. Each 

equation has a single possible solution. It suffices to 

solve either eqn. (9) or (10) bearing in mind that once 𝐄 

is determined, 𝐇 is derivable from 𝐄 through Maxwell’s 

equations. Assuming an exp(𝑗𝜔𝑡) time harmonic 

variation and that the 𝐄 is propagating in the 𝑧-direction 

with a constant field in the (𝑥, 𝑦) plane, then the 

propagating electric field is given as:   

  𝐄(𝑧, 𝑡) = 𝐄0𝑒−𝛼𝑧𝑒(𝑗𝜔𝑡−𝛽𝑧)              (15) 

where 𝐄0 is a complex constant vector, and (𝛼, 𝛽) are 

given by eqns. (13) and (14), respectively, 𝜔 is the 

angular frequency in radians.  

Expanding (15) and taking the real part, one obtains       

  𝐄(𝑧, 𝑡) = 𝐄0𝑒−𝛼𝑧 cos(𝑗𝜔𝑡 − 𝛽𝑧)             (16) 

while the corresponding magnetic field 𝐇 is expressible 

as    

  𝐇(𝑧, 𝑡) =
𝐄

�̂�𝝎
= 𝐇0𝑒−𝛼𝑧 cos(𝑗𝜔𝑡 − 𝛽𝑧)       (17) 

where �̂�𝜔 is the wave impedance given as  

  �̂�𝜔 =
𝐸𝑥

+(𝑧)

𝐻𝑦
+(𝑧)

= √
𝜇

𝜀−𝑗𝜎
                                     (18)  

Before considering the numerical results, it is 

necessary, for the sake of clarity, to briefly discuss the 

model of the human skin employed in this paper. 

Depicted in Fig. 1 are the highlights of human skin 

model that are crucial to the discussion presented in this 

paper.  

It ought to be noted here that it is assumed the skin 

model has constant values of relative permittivity as well 

as conductivity. The implication of this assumption is 

that multiple reflections at the inter-skin layer 

boundaries are absent. With the foregoing consideration, 

we are now in a position to investigate how the 

mmWave penetrates the internal structure of the skin. 

 
 

Fig. 1 Sketch of the human skin with mmWave striking it from 

the left (adapted from [37]) 
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3 Results and Discussion 

Produced here are the numerical results based on the 

equations presented in section 2. When use is made of 

eqn. (16) along with eqns. (13) and (14), we have 

profiles of how the damped electric field 𝐄 behaves 

inside the human tissue. The targeted mmWave wave 

frequencies are (24, 30, 35, 40 and 45) GHz, 

respectively, while the values of conductivity and 

relative permittivity are arbitrarily selected as 1 S/m and 

6.9 for the purpose of computations. Generated profiles 

are shown in Fig. 2, from which the entries recorded in 

Table 1 emerged.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 2 Profiles of mmWave penetrations (a) 24 GHz, (b) 30 

GHz, (c) 35 GHz, (d) 40 GHz, (e) 45 GHz when (𝜀𝑟 , 𝜎) =
(6.9, 1 𝑆/𝑚), respectively 

 
Table1. Extracted data from Figure 2 

Frequency 
(GHz) 

(𝜀𝑟, 𝜎) = (6.9, 1 S/m) 

Penetration depth 

(mm) 

Percentage of tissue 

penetrated 

24  0.12000 0.71% Dermis 

30   0.10000 100% Epidermis 

35  0.09372 93.72% Epidermis 
40  0.08882 88.82% Epidermis 

45  0.08869 88.69% Epidermis 

 

It is shown that as soon as the wave penetrates into the 

tissue, a damped oscillation occurs where the wave 

attenuates to zero in each case. More specifically, as 

shown in Table 1, one can see that the penetration depths 

into the tissue are (0.12000, 0.10000, 0.09372, 0.08882, 

and 0.08869) mm, respectively, for the aforementioned 

frequencies.  

Four of the waves at frequencies (30, 35, 40 and 45) 

GHz terminate at the epidermis, as the waves taper to 

zero there, in each case. However, at the lowest 

frequency of 24 GHz, the mmWave penetrates further 

into the skin layer attenuating to zero at 0.12 mm depth 

which is right inside the dermis, further beyond the 

epidermis. What all these reveal to us is that, in the 5G 



   6                                                                     Iranian Journal of Electrical & Electronic Engineering, Vol. 20, No. 03, September 2024 

communications network, the mmWaves do not 

penetrate beyond the epidermis thereby retaining their 

influence close to the skin surface. These observations 

have not been reported before in the literature to the best 

of our knowledge. What one can safely conclude here is 

that 5G mmWaves are reasonably safe for human 

activities. Apart from inducing heat sensations on the 

surface of the skin, they do not penetrate deep into the 

human tissue to cause disturbances in the DNA structure 

of the human tissue.  

Having established this fact using the parametric 

selections of (permittivity, conductivity) identically 

equal to (6.9, 1 S/m), respectively, it proves adequate to 

examine how the electric field behaves inside the tissue 

for different combinations of those two parameters. This 

is examined in the succeeding sections. 

3.1 Characteristics of damped electric field oscillations 

for different combinations of (𝜺𝒓, 𝝈) 

Figure 3 shows the characteristics of the electric field 

in the tissue when (𝜀𝑟 , 𝜎) are equal to (6.9, 10 𝑆/𝑚), 

respectively. It ought to be borne in mind that the value 

of the conductivity has been increased tenfold from 

(𝜎 = 1 𝑆/𝑚) used in Figure 2 to (𝜎 = 10 𝑆/𝑚). 

Because of the stronger conductivity value, the 

penetration depths have considerably reduced to (11.350, 

10.040, 8.876, 8.050) µm for the respective frequencies 

(30, 35, 40 and 45) GHz. Figure 4 describes what 

happens when the relative permittivity is still chosen 

as 𝜀𝑟 = 6.9, and the conductivity 𝜎 = 0.5 𝑆/𝑚 is 

reduced by half of that of Figure 3, all the waves 

penetrate further into the skin, where they all attenuate to 

zero at the dermis. The penetration depths into the 

dermis are (0.1797, 0.1785, 0.1782, 0.1756) mm, for the 

four frequency band (30, 35, 40, 45) GHz, respectively.  

In Figure 5, the parametric values chosen are (𝜀𝑟 , 𝜎) =
(20.7, 10 𝑆/𝑚), respectively. That is to say, increasing 

the relative permittivity from 6.9 to 20.7 while the 

conductivity remains as 10 𝑆/𝑚. One can see that all the 

waves attenuate to zero at the epidermis. This means that 

in spite of the increased value of the relative 

permittivity, the high value of conductivity (𝜎 =
10 𝑆/𝑚) still restricts all the mmWaves to attenuate to 

zero at the epidermis without reaching the dermis. The 

situation when (𝜀𝑟 , 𝜎) = (3.45, 0.5 𝑆/𝑚) is portrayed in 

Figure 6. Increased penetrations occur in this case and 

all the waves attenuate to zero at the dermis.  

Table 2 presents the data extracted from Figures 3-6, 

describing relevant information obtained from 

computations. 

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

Fig. 3 Curves for wave penetration of (a) 24 GHz, (b) 30 GHz, 

(c) 35 GHz, (d) 40 GHz and (e) 45 GHz when (𝜀𝑟 , 𝜎) =
(6.9, 10 𝑆/𝑚), respectively 

 
(a) 

 
(b) 

 
(c) 

 

(d) 
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(e) 

Fig. 4 Curves for wave penetration of (a) 24 GHz, (b) 30 GHz, 

(c) 35 GHz, (d) 40 GHz and (e) 45 GHz when (𝜀𝑟 , 𝜎) =
(6.9, 0.5 𝑆/𝑚), respectively 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 5 Curves for wave penetration of (a) 24 GHz, (b) 30 GHz, 

(c) 35 GHz, (d) 40 GHz and (e) 45 GHz when (𝜀𝑟 , 𝜎) =
(20.7, 10 𝑆/𝑚), respectively. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 6 Curves for wave penetration of (a) 24 GHz, (b) 30 GHz, 

(c) 35 GHz, (d) 40 GHz and (e) 45 GHz when (𝜀𝑟 , 𝜎) =
(3.45, 0.5 𝑆/𝑚), respectively 

 

The numerical values for the characteristics extracted 

from Figures 3-6 are portrayed in Table 2 accordingly. 

Columns 2 and 4 contain penetration depth of mmWave 

in mm while columns 3 and 5 present information about 

the percentage of the skin layer where the mmWave 

attenuates to zero. In addition, rows 3-7, columns 2 and 

3 have data extracted from Figure 3, rows 3-7, columns 

4 and 5 depict those from Figure 4. Rows 9-13, columns 

2 and 3; rows 9-13, columns 4 and 5 contain extracted 

data from Figures 5 and 6, respectively. 

Table 2. Extracted data from Figures 3-6 
Frequency 

(GHz) 
Penetration 

depth 

(mm) 

percent of 

tissue  

depth 

(mm) 

percent of 

tissue 

(𝜀𝑟, 𝜎) = (6.9, 10 S/m) (𝜀𝑟, 𝜎) =(6.9, 0.5 S/m) 

24  0.01162 11.62% 

Epidermis 

0.1818 2.92% 

Dermis 
30   0.01135 11.35% 

Epidermis 

0.1797 2.85% 

Dermis 

35  0.01004 10.04% 
Epidermis 

0.1785 2.80% 
Dermis 

40  0.008876 8.876% 

Epidermis 

0.1762 2.72% 

Dermis 
45  0.008054 8.054% 

Epidermis 

0.1756 2.70% 

Dermis 

 (𝜀𝑟, 𝜎) = (20.7, 10 S/m) (𝜀𝑟, 𝜎) = (3.45,0.5 S/m) 

24  0.01685 16.85% 

Epidermis 

0.1525 1.88% 

Dermis 

30   0.01681 16.81% 

Epidermis 

0.1516 1.84% 

Dermis 

35  0.01638 16.38% 

Epidermis 

0.1511 1.83% 

Dermis 

40  0.01595 15.95% 

Epidermis 

0.1501 1.79% 

Dermis 

45  0.01568 15.68% 

Epidermis 

0.1478 1.71% 

Dermis 

 

It is observable from entries of Table 2 that increase in 

the values of conductivity is associated with reduction in 

the depth of mmWave penetration. This is obvious from 

comparison of entries of Table 1 where the conductivity 
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of (𝜎 = 1 𝑆/𝑚) is used, which is one-tenth of that of 

Table 2, rows 3-7, columns 2 and 3. From Table 1, 

percentage penetrations into the epidermis are (100, 

93.72, 88.82, 88.69) %, respectively, for (30, 35, 40, 45) 

GHz, respectively. Whereas for the same band when 

(𝜀𝑟 , 𝜎) = (6.9, 10 S/m), percentage penetrations into the 

epidermis reduce to (11.35, 10.04, 8.876, 8.054) %, 

respectively. This is an indication that the conductivity 

plays a pivotal role in the penetration characteristics of 

the mmWave. When the relative permittivity is kept 

constant at 𝜀𝑟 = 6.9 while the conductivity 𝜎 = 0.5 𝑆/
𝑚, all the waves penetrate further into the dermis layer 

of the skin with percentage penetrations of (2.85, 2.80, 

2.72, 2.70) %, respectively, for the above stated four 

frequency band.  

The effect of increasing the relative permittivity while 

the conductivity is kept constant is shown in rows 9-13, 

columns 2 and 3 where the value of the relative 

permittivity is increased from 6.9 to 20.7 while the 

conductivity remains as 10 𝑆/𝑚. All the waves attenuate 

to zero at the epidermis. What can be deduced from 

these results is that, notwithstanding the increased value 

of the relative permittivity, the high value of 

conductivity still restricts all the mmWaves penetration 

to the epidermis layer of the skin. This position is further 

reinforced by entries of rows 9-13, columns 4 and 5, 

where a low value of conductivity used, is seen to induce 

increased penetration into the dermis layer.  

It ought to be noted that the results presented in this 

paper in the form of penetration curves at different 

frequencies do not indicate any change other than 

damping of oscillating wave in the tissue inside the 

body. This behavior is attributable to the assumption of 

constant constitutive electrical parameters (permittivity 

and conductivity) across the skin model, thereby 

excluding the need to account for potential multiple 

reflections at the skin layer boundaries. 

3.2 Validation 

The electrical parameters of human skin (relative 

permittivity and conductivity) at frequencies (10-100 

GHz) were sourced from the ITIS Foundation website 

[38] and used to simulate mmWave propagation at those 

frequencies in the human tissue. Obtained results for 

depth of wave penetration into the skin are compared 

with results presented for the same frequency range in 

[27]. Table 3 presented parameters obtained from [38] 

alongside corresponding depth of penetration obtained 

using method presented in this work while Figure 7 

depicts comparison of our results with those presented in 

[27].  

It can be inferred from entries of column 4 of Table 3 

that computed penetration depth of mmWave into the 

skin decreases with increase in the frequency. Figure 7 

that shows comparison of computed depth of mmWave 

penetration into the human skin, using the approach 

presented in this paper, indicates good agreement of our 

results with those available in the literature. This gives 

credence to our formulation.  

Table 3. Electrical parameters of human skin obtained from 

[38] and computed depth of mmWave penetration 

Frequency 

(GHz) 

Relative 

Permittivity [38] 

Conductivity 

(S/m) [38] 

Penetration 

Depth mm) 

10 31.30 8.01 3.8002 

15 26.40 13.80 2.0636 

20 22.00 19.20 1.3819 
25 18.30 23.60 1.0462 

30 15.50 27.10 0.8533 

35 13.30 29.80 0.7299 
40 11.70 31.80 0.6484 

45 10.40 33.40 0.5874 
50 9.40 34.60 0.5424 

55 8.61 35.60 0.5066 

60 7.98 36.40 0.4781 
65 7.46 37.00 0.4551 

70 7.04 37.60 0.4351 

75 6.69 38.00 0.4190 

80 6.40 38.40 0.4048 

85 6.15 38.70 0.3927 

90 5.94 39.00 0.3818 

95 5.76 39.20 0.3727 

100 5.60 39.40 0.3644 

 

 

Fig. 7 Comparison of the variations of depth of penetration of 

mmWave into the human skin at different frequencies 

4 Concluding Remarks  

This paper has investigated how millimeter wave 

energy, specifically at frequencies above 24 GHz, 

interacts with the human tissue. It focuses on frequencies 

crucial to 5G, including 30, 35, 40 and 45 GHz. Through 

numerical simulations, the study reveals that at these 

frequencies, the penetration depths into the human tissue 

are (100.00, 93.70, 88.69, 88.82) µm, respectively, for 

the aforementioned targeted frequencies; and that 

millimeter wave energy attenuates to zero at the 
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epidermis (the layer near the skin’s surface), without 

reaching the dermis which is the layer beneath. These 

findings are significant for 5G mobile communications, 

suggesting minimal energy absorption into the human 

tissue. This research also introduces previously 

unreported data. Additionally, at the lower frequency of 

24 GHz, computer simulations show a deeper 

penetration depth of 0.12 mm, which reaches the dermis. 

The observation aligns with physical principles, 

reinforcing the paper’s reliability. Collectively, the 

results indicate that millimeter wave absorption in 

human tissue has limited relevance when assessing 

compliance with electromagnetic field standards at 

millimeter wave frequencies.  

Motivated by growing anxiety about the human body 

absorbing millimeter wave radiation: this research is 

prompted by health-related safety apprehension, 

specifically the potential for heating of the eyes and skin 

resulting from prolonged exposure to millimeter wave 

within the human body. Fortunately, what this study has 

revealed, quite clearly, is that our bodies reflect 

millimeter wave radiation rather than absorbing a 

significant amount of it. Even at its highest energy 

levels, millimeter wave radiation is over a thousand 

times less energetic than its neighbor ultraviolet 

radiation on the electromagnetic spectrum, making it 

non-ionizing and incapable of causing cancer through 

the cleavage of DNA bonds. Drawbacks of millimeter 

wave include reduced sensitivity in receiving systems 

due to the smaller antenna size and significant 

attenuation at extremely high frequency, limiting its use 

for long-distance communications.  

What we have elucidated in this work is that 

millimeter wave can penetrate to a depth of 0.1478 mm 

at 45 GHz, only affecting structures within 1.72% of the 

dermis. It ought to be pointed out that the downside of 

millimeter wave is that, while millimeter wave offers 

high bandwidth and low latency, it is not suitable for 

long-distance communications. Millimeter wave’s 

emissions are absorbed by the moisture in the human 

body and do not penetrate beyond the outer layers of the 

skin. Although we have considered frequencies in the 

(10 - 100 GHz) band in this study, millimeter wave 

actually spans frequencies between (30 - 300 GHz) 

bands. 
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