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Abstract
Theaccuracy of electromagnetic (EM) exposure assessments dependsmainly on the resolution
of a voxel human body model. The resolution of the conventional human body model is lim-
ited to a few millimeters. In the millimeter wave (mmWave) frequency range, EM waves are
absorbed by the superficial tissues in the human body. Therefore, resolution and skin thick-
ness of the human body model are important for accuracy of the EM wave exposure metrics
recommended by international human safety guidelines. Realistic thickness modeling of the
skin tissue on the human body may provide greater accuracy in the EM exposure assessment,
especially at mmWave frequency range. In this paper, effects of the skin thickness on the EM
exposure metrics in one-dimensional multi-layered models obtained from different regions of
the body model are investigated using the dispersive algorithm based on the finite-difference
time-domainmethod over the frequency range from 1 to 100GHz. Furthermore, effects of eye-
lid tissue in a human eye on the EM exposuremetrics are studied over the frequency range.The
EM exposure metrics such as absorbed power density, heating factor, and power transmission
coefficient are calculated up to 100 GHz to evaluate the limits of EM wave exposure.

Introduction

The rapid advancements of wireless and satellite communications technologies and radar tech-
nologies require radio-frequency electromagnetic (EM) waves radiated at higher operation
frequencies to achieve higher data transfer rates and greater bandwidth. The EM waves radi-
ated from devices operated at millimeter wave (mmWave) frequency range have raised many
concerns about potential health risks to a human body. Numerous studies [1–4] have been con-
ducted on the adverse health effect of EM radiation at mmWave frequency range. There are
many health risks to humans that have not been scientifically proven, such as ocular effects
[4], male fertility, glucose metabolism, skin burns, sleeping disorders, and EM hypersensitivity
[4] due to exposure to non-ionizing radio-frequency EMwaves. Additionally, some researchers
[5, 6] investigate the relation between very long-term radio-frequency EM exposure generated
by a cellular telephone and the risk factor of brain tumor formation.

To protect the human body from the adverse health effects of EM wave exposure, basic
restrictions for EM wave exposure metrics such as specific absorption rate (SAR), incident
power density (IPD), and absorbed power density (APD) are recommended for the public
and occupational exposure scenarios over the frequency range from 100 kHz to 300 GHz
by international human safety guidelines/standards which are International Commission
on Non-Ionizing Radiation Protection (ICNIRP) [7] and IEEE International Committee on
Electromagnetic Safety (IEEE-ICES) [8] revised in 2020 and 2019, respectively. The SAR aver-
aged over 10-gram tissues (SAR10g) is an appropriate measure for local temperature rise in
tissues over the frequencies below 6 GHz. The SAR10g is no longer a meaningful measure to
evaluate EM exposure over the frequency range above 6 GHz. Therefore, these guidelines rec-
ommend the APD which is defined as a new EM exposure metric at frequency range between
6 GHz and 300 GHz and directly related to IPD over an area of 1 cm2 and 4 cm2. The IPD
considered as a reference level in the ICNIRP guideline is defined as 10 W/m2 and 50 W/m2

at frequencies above 2 GHz for the public and occupational exposure scenarios, respectively.
Furthermore, heating factor defined as a ratio of the temperature rise to APD is a useful metric
for evaluating the thermal effect due to EM wave exposure at frequencies above 6 GHz. The
ratio of total power deposition (TPD) and IPD gives the power transmission coefficient (PTC)
[9], which is used to evaluate transmission from air to the skin tissue of the human body.

For EM dosimetry analysis of the human body, computational EM methods play an
important role due to the lack of analytical solutions for the human body. In most EM
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dosimetry studies, the finite-difference time-domain (FDTD)
method has been used due to its suitability for complex, inhomo-
geneous, dispersive, and voxel-based structures such as a human
body. The interaction between three-dimensional (3D) human
body parts such as a head model and EM exposure sources
[10–18] at frequencies below 6GHzhas been investigated using the
FDTDmethod. Furthermore, one-dimensional (1D)multi-layered
human body models due to EM waves radiated by the far-field
sources have been investigated in [19–23] using the FDTDmethod.
The EM waves propagating from EM sources penetrate deeply
into biological tissues because the frequency-dependent penetra-
tion depth is approximately higher than 15 mm at frequencies
below 6 GHz [22]. Above 6 GHz, most EM waves are absorbed
by the superficial tissues of the human body, especially by the
skin tissue. The effects of EM waves generated by near-field and
far-field exposure sources on the 3D realistic human body parts
such as head, eye, and forearm models have not been analyzed
except for a few studies [24–29] due to the cell size constraint
of the FDTD method at mmWave frequency range. In order to
satisfy the Courant–Friedrichs–Lewy (CFL) condition [30] in the
FDTDmethod, the cell size must be at least one-tenth of the mini-
mum wavelength of the tissues. Due to the cell size constraint, the
FDTD computational domainmay contain more than hundreds of
millions of cells, which require very long computation time and
large computer memory and could be impossible to perform EM
analysis of the human body, especially if ordinary computers are
used. However, in themmWave frequency range, the whole human
body model is not essential for the EM dosimetry analysis because
EM waves cannot penetrate deep tissues. Therefore, a 3D multi-
layered cube model, instead of the whole human body model, has
been analyzed due to a near-field exposure source [28–31] in the
mmWave frequency range. The realistic 1D multi-layered human
bodymodels presented in [22] and a simple 1D four-layeredmodel
in [9–23] are analyzed using the FDTD method at mmWave fre-
quency range. In [32], a simple four-layered model is analyzed to
show the effect of thickness of tissue layers on the temperature
rise using Monte Carlo simulation over the frequency range from
10 GHz to 1 THz. However, EM analysis of 1Dmulti-layered mod-
els obtained fromdifferent regions of the human body has not been
extensively investigated using the FDTD method at mmWave fre-
quency to show the effects of different multi-layeredmodels on the
EM wave exposure metrics.

At mmWave frequency range, effects of skin thickness for the
simple 1D four-layered model on the EM wave exposure metrics
have been studied in [9]. These metrics are significantly affected
by the change of skin thickness. Therefore, it is important to con-
sider the realistic thickness of the skin tissue on the human body
because more realistic modeling of skin thickness on the human
body provides higher accuracy for the EM dosimetry, especially
in the mmWave frequency range. The realistic skin thickness val-
ues on the five different regions (forehead, eye, chest, forearm, and
thigh) of the human body are presented in [33] for Korean adults
and listed in Table 1.The human bodymodel [34] used in this work
is originally surrounded by a 2 mm thick skin tissue, whereas the
skin thickness of different parts of the realistic human body is not
the same. The effects of skin thickness in the different regions of
the humanmodel on the EMwave exposure metrics have not been
extensively investigated. Furthermore, effects of an eyelid in case of
open and closed eye on the EM wave exposure metrics due to EM
exposure have been studied in [35] from 0.9 to 10 GHz and in [36]
at 30 GHz. However, they have not been extensively investigated
over the frequency range between 1 and 100 GHz.

Table 1. Skin thickness [33] of different regions in the realistic human body

Body regions Realistic skin thickness (mm)

Forehead 0.90

Eyelid 0.57

Chest 1.39

Forearm 1.17

Thigh 1.16

To show the effect of skin thickness and tissue arrangement,
realistic 1D multi-layered models obtained from five different
regions (forehead, eye, chest, forearm, and thigh) having different
skin thicknesses due to EM far-field exposure are analyzed using
the dispersive algorithm based on the FDTD method in the fre-
quency range from 1 to 100 GHz. These models with the realistic
skin thickness listed in Table 1 are also analyzed to observe the
effect of skin thickness on the EM dosimetry analysis. The skin
thickness makes a difference in the heating factors of the models
up to 100 GHz. The distribution of APD in the models is highly
affected by the skin thickness and tissue arrangement of themodels
at the frequency range between 1 and 100 GHz, whereas the APD
values on the skin surface are slightly affected by the skin thickness
at higher frequencies. In addition, eye models with and without
eyelids for a thickness of 2 mm and 0.57 mm are investigated over
the frequency range up to 100 GHz.

Computation methods and models

FDTDmethod and dispersive algorithm

The FDTD method is one of the well-known numerical meth-
ods and has been widely used for EM dosimetry analysis of the
human body due to its suitability to handle inhomogeneous tis-
sues of the human body. For the numerical accuracy of the FDTD
method, the CFL condition depending on the cell size of the com-
putational domain must be satisfied. The cell size (Δi) must be at
least one-tenth of the minimum wavelength of the tissues in the
computational domain because the finer cell size provides solutions
with better accuracy, especially at higher frequencies.Therefore, to
ensure this condition and obtain accurate solutions over the fre-
quency range up to 100GHz, the cell size of the human bodymodel
is set to Δi = 0.0625 mm in this study.

The total-field scattered-field (TF/SF) formulation [30] inte-
grated into the dispersive FDTD algorithm is used to generate an
incident plane wave on the TFSF boundary. The incident plane
wave considered as a far-field source is a Gaussian waveform
including the frequency range up to 100 GHz. To terminate the
FDTD computational domain, the convolution perfect matched
layer boundary [30] condition is used in a dispersive algorithm
proposed in [17, 18]. The dispersive algorithm consists of three
sub-calculations. In the first sub-calculation, EM analysis of the
human body model with dispersive tissues is performed using the
Debye models integrated into the FDTD method with the auxil-
iary differential equation to obtain solutions up to 100 GHz in a
single simulation. Secondly, SAR, APD, and PTC recommended
metrics by the ICNIRP guideline to evaluate EM wave expo-
sure in the tissues are calculated at over the mmWave frequency
range up to 100 GHz. Finally, calculation of the temperature rise
due to the EM wave exposure is performed for all frequencies of
interest.
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Table 2. Three-term Debye parameters of human tissues from 20 GHz to 100 GHz [37]

Tissue 𝜀∞ 𝜀s1 𝜀s2 𝜀s3 𝜏1 [e−9] 𝜏2[e−9] 𝜏3 [e−9]

Skin 4.368 2.711 22.538 17.662 0.002 0.006 0.019

Fat 2.566 0.339 1.182 1.424 0.001 0.005 0.017

Muscle 4.490 3.793 29.742 19.355 0.002 0.006 0.017

Bone cortical 2.647 0.695 2.683 6.163 0.001 0.006 0.019

Bone marrow 2.565 0.335 1.158 1.407 0.001 0.005 0.016

Blood 4.498 3.684 32.111 26.674 0.002 0.006 0.021

White matter 4.315 2.212 18.093 14.502 0.002 0.006 0.018

Gray matter 4.428 3.123 25.887 20.335 0.002 0.006 0.019

CSF 4.614 4.717 39.895 31.694 0.002 0.006 0.024

Cerebellum 4.403 2.954 24.443 20.383 0.002 0.006 0.023

Lung 4.418 3.061 25.394 19.870 0.002 0.006 0.018

Heart 4.499 3.591 29.594 23.813 0.002 0.006 0.020

Kidney 4.491 3.497 28.628 24.139 0.002 0.006 0.022

Liver 4.345 2.401 20.938 20.001 0.002 0.006 0.019

Lens 4.376 2.803 23.427 18.053 0.002 0.006 0.017

Eye sclera 4.460 3.447 28.933 22.031 0.002 0.006 0.019

Cornea 4.465 3.452 28.828 22.807 0.002 0.006 0.022

Retina 4.460 3.447 28.933 22.031 0.002 0.006 0.019

The three-term Debye parameters (𝜀∞: relative permittivity at
infinite frequency, 𝜀sk: static relative permittivity, and 𝜏k: relax-
ation time at kth term) of 54 different tissues in the human body
are based on the values presented in [37] and provide EM solu-
tions at frequencies up to 100 GHz. These parameters of selected
tissues from 20 GHz to 100 GHz are tabulated in Table 2. The
complex relative permittivity (𝜀*

r (𝜔)) in equation (1.a) and con-
ductivity (𝜎 (𝜔)) in equation (1.b) for tissues is obtained from these
parameters.

𝜀*
r (𝜔) = 𝜀′

r (𝜔) + j𝜀′′
r (𝜔) = 𝜀∞ +

3

∑
k=1

𝜀sk − 𝜀∞
1 + j𝜔𝜏k

(1.a)

𝜎 (𝜔) = −𝜀′′
r (𝜔) * 𝜔 * 𝜀o (1.b)

where 𝜀o is the permittivity of free space.

Human bodymodel and 1Dmulti-layeredmodels

A 3D realistic human body voxel model, named TARO in [34] and
shown in Fig. 1(a), is used in this study and consists of 51 dif-
ferent tissues such as skin, fat, muscle, bone cortical and marrow,
blood, white and gray matter, CSF, cerebellum, lung, heart, kidney,
liver, eye tissues, etc. with a resolution of Δi = 2 mm. The height
and weight of the human body model used are 173 cm and 65 kg,
respectively.

To satisfy the CFL conditions, the human body model with
Δi = 2 mm is resampled with all tissues to achieve a new human
body model with Δi = 0.0625 mm. 1D multi-layered models are
then extracted from different regions of the human body model,
including forehead, chest, forearm, thigh, and eye tissues with a

high resolution. Therefore, effects of tissue arrangements of the
models on the EM wave exposure metrics can be investigated.
These 1D models presented in Fig. 1(b) and named forehead,
eye, chest, forearm, and thigh models are marked as dashed lines
on two-dimensional (2D) cross-sectional views of five different
regions in the human body. The skin thickness and tissue arrange-
ment of each model in the human body are different. Therefore,
the forehead, chest, forearm, thigh, and eyelid models with differ-
ent tissues arrangement, thickness of tissues and skin thickness are
analyzed to have a more accurate assessment of EM dosimetry up
to 100 GHz.

EMwave exposure metrics calculation

The SAR defined in [7, 8] is calculated to determine howmuch EM
power absorbed per unit mass of tissues.

SARi = 𝜎i
2𝜌i

|Ei|
2 (2)

where |Ei| [V/m], 𝜎i [S/m], and 𝜌i [kg/m3] are the total elec-
tric field strength, the electric conductivity, and mass density of
the ith indexed cell of the tissues, respectively. The APD [29, 32,
38, 39] crossing a unit area at ith indexed cell is calculated as
follows:

APDi = 1
2Real [Ei × H*

i ] (3)

where Ei andH*
i are the electric field and the complex conjugate of

the magnetic field at ith indexed cell, respectively. For the assess-
ment of the transmittance from air to skin tissue, the PTC [9] is the
ratio of TPD and IPD.The TPD is calculated in equation (4) for the
1D multi-layered model.
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Figure 1. (a) 3D human body model [34], (b) 1D multi-layered
models shown as dashed lines and derived from 2D cross
sectional views (from top to bottom: forehead, eye, chest,
forearm, and thigh models).

TPD = 1
2

imax

∫
i=0

𝜎i|Ei|
2di (4)

where imax is larger than penetration depth.

Thermal calculation

The resting state temperature distribution in the human body
model is calculated based on the Pennes bioheat equation [39]
in the absence of a heating source (SAR = 0). The SAR distribu-
tion is considered as the heating source in the bioheat equation.
Then, the final temperature rise distribution is computed by solving

the bioheat equation again in the presence of the heating source
(SAR ≠ 0). Finally, the temperature rise distribution is obtained
by taking difference of the resting state and final temperature
distributions.

The Pennes bioheat equation [40] is solved with the finite-
difference approximation [21] at ith indexed cell of 1D multi-
layered models with a resolution of Δi as follows:

Tn+1
i = Tn

i +
Δtemp,i

Ci

× [SARi−
Bi
𝜌i

[Tn
i −Tb] + Ki

𝜌i ⋅ Δi
2 [Tn

i+1 + Tn
i−1−2Tn

i ]] (5)
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where Ci [J/(kg⋅∘C)], [W/(m⋅∘C)], and Bi [W/(m3⋅∘C)] are the heat
capacity, the thermal conductivity, and the blood perfusion rate at
ith indexed cell of 1D multi-layered models, respectively. Tn

i is the
temperature [∘C] at time n and at ith indexed cell, and Tb is the
blood temperature [∘C] set to 37∘C. The thermal time increment
(Δtemp) [10], used in the iterative calculation of the temperature
in equation (5), must satisfy the numerical stability.

Δtemp,i ≤ 2 ⋅ 𝜌i ⋅ Ci ⋅ Δi

12 ⋅ Ki + Bi ⋅ Δi
2 (6)

At the interfaces of skin-air and internal cavity-air, the convec-
tive boundary condition is solved by the finite-difference approx-
imation to model the heat exchange at the interfaces of skin-air
and internal cavity-air. The convective boundary condition [10] is
defined as

Tn+1
imin

=
Ki ⋅ Tn

imin+1 + Tair ⋅ H ⋅ Δi

Ki + H ⋅ Δi
(7)

where Tair is the air temperature set to 20∘C, n is the unit normal
vector to the interfaces, andH is the convection heat transfer coef-
ficient of 10.5 [W/(m2⋅∘C)] from the skin to air [10]. The mass
density and thermal parameters of the human body tissues are
based on the values presented in [41].

The heating factor based on the APD, which is defined as a ratio
of the temperature rise to APD, is calculated as a function of fre-
quency up to 100 GHz. Above 6 GHz, the maximum heating factor
should be at most 0.025 [∘C⋅m2/W] based on [32].

Numerical results

The human body tissues in the 1D multi-layered models analyzed
in this study are laid in the y-direction in which the incident plane
wave propagates. The polarization of the incident plane wave is in
the z-direction. The IPD of the incident plane wave is assumed
as 10 W/m2 at above 2 GHz. To verify the accuracy of the dis-
persive algorithm, the local SAR, SAR1g, and SAR10g values of the
1D multi-layered forehead model analyzed in this study are tab-
ulated in Table 3 and compared with those values published in
[22–25]. In [25], a thermal measurement has been made on the
skin of a human forearm due to EM wave exposure for the IPD of
100 W/m2, and then the temperature rise was found to be around
0.7∘C at 77 GHz. In this study, the temperature rise in the 1D fore-
armmodel presented in Fig. 1(b) is 0.75∘Cat 77GHz. Furthermore,
a 3D voxel male head model with the resolution 0.5 mm has been
analyzed numerically in [26] due to EMwave exposure for the IPD
of 100 W/m2 from 1 GHz to 10 GHz. At 10 GHz, the maximum
SAR10g and resulting temperature rise on the eye of the 3D head
model are presented as 4.8 W/kg and 0.85∘C in [26], respectively.
For the comparison, the maximum SAR10g and temperature rise in
the 1D eye model without eyelid presented in Fig. 1(b) are found
to be 4.28 W/kg and 0.84∘C, respectively. The obtained results in
this study are in good agreement with published results in [22] and
[25, 26].

EM analysis of 1Dmulti-layeredmodels

The realistic 1D multi-layered models consisting of forehead, eye,
chest, forearm, and thigh tissues with 2 mm skin thickness shown
in Fig. 1(b) are analyzed using the dispersive algorithm for the
frequency range from 1 GHz to 100 GHz. Therefore, effects of

Table 3. Comparison of maximum local SAR, SAR1g, and SAR10g for the
forehead model with IPD of 10 W/m2

Freq. (GHz) Comparison of results LocalSAR SAR1g SAR10g

77
[25] 27.2 0.58 0.27

[22] 24.51 0.58 0.27

Proposed here 25.37 0.58 0.27

100
[25] 33.90 0.62 0.29

[22] 28.98 0.61 0.28

Proposed here 29.25 0.62 0.29

Figure 2. APDs of five different models and 1D forearm model presented in [32]
when the IPD is 1000 W/m2 for 30 GHz.

five different 1D models on the EM exposure metrics are investi-
gated due to the EM far-field public exposure based on the ICNIRP
guideline.

For the sake of comparison, the APDs of the 1D multi-layered
models with 2 mm skin thickness presented in Fig. 1(b) and a
simple four-layered 1D forearm model with 1 mm skin thickness
presented in [32] are shown in Fig. 2 as a function of tissue depth
at 30 GHz for the IPD of 1000 W/m2. It can be noticed from Fig. 2
that APDs of the forearmmodels presented in Fig. 1(b) and a fore-
armmodel presented in [32] are in good agreement inside the first
1 mm thickness of the skin. Then, the thickness of the skin and
other tissues makes a difference on the APDs of the forearm mod-
els. After 2 mm skin tissue depth, the APD of the closed-eye model
decreases faster than the APDs of other models because tissues
in the eye models are different from the tissues in other models,
and the APDs of other models decreases at different rates toward
deeper tissues because the arrangement and thickness of tissues in
all models are different.

The heating factors of the 1D forehead, chest, and forearmmod-
els are calculated up to 100 GHz for the IPD of 10W/m2. In Fig. 3,
the obtained heating factors of the 1D models are compared with
those presented in [23] of a simple 1D planar model. They have
good consistency. Above 6 GHz, the maximum heating factors of
all 1D models in the skin are less than 0.025 [∘C⋅m2/W], which is
the maximum value of the heating factors recommended in [32].
Also, the heating factors of all models are in good consistence with
those of a 2D multi-layered model presented in [29] which are
around 0.02 [∘C⋅m2/W] at frequencies above 10 GHz. As can be
seen from Fig. 3, the heating factors of the models are different
over the frequency range, and they are all frequency-dependent
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Figure 3. Heating factors of the simple 1D model in [23] and 1D models with 2 mm
and realistic skin thickness.

at frequencies below 60 GHz, but not frequency-dependent at fre-
quencies above 60 GHz. The heating factors obtained in [23] for a
simple 1D model and obtained here for different 1D multi-layered
models are in acceptable agreement.

Effect of skin thickness in the 1Dmulti-layeredmodels on the
EM exposure metrics

In Fig. 3, the heating factors of all 1D models having realistic skin
thickness are compared with those having 2 mm skin thickness
to show the effect of skin thickness. It can be seen from Fig. 3
that the heating factors of the models with realistic skin thickness
are greater than those with 2 mm skin thickness above 30 GHz.
Therefore, the heating factors of allmodels are significantly affected
by the change in the skin thickness.

Figure 4 shows theAPDdistributions in the forehead, chest, and
thigh models with the skin thickness of 2 mm and realistic values
in Table 1 for the IPD of 1000 W/m2 at 30 and 60 GHz. In Fig. 4,
there is no significant difference in the APD distributions inside
the skin tissues of the models, whereas different skin thickness of
the models makes respectable difference on the APD distributions
in the deeper tissues. It can be seen from Fig. 4 that APDs of the
models with realistic skin thickness in the deeper tissues are higher
than those of the models with 2 mm skin thickness.

PTCs of the forehead, chest, and thigh models with 2 mm and
realistic skin thicknesses are shown in Fig. 5.The PTCs of different
models are significantly affected by the change of skin thickness,
especially at frequencies below 30 GHz. The PTC values of the
models with 2 mm skin thickness are the same above 30 GHz
due to their same skin thicknesses, whereas the change in the skin
thickness makes a difference in the PTCs values of the models
below 60 GHz. The fluctuations occurred in PTC depend on the
frequency of EM exposure and the skin thickness of the mod-
els because the skin tissue of the models acts as an impedance
matching layer.

EM analysis of eye layer with open and closed eyelid

Effects of the eyelid and its thickness in the eye model given in
Fig. 1(b) on the EM wave exposure metrics are investigated up
to 100 GHz. In the original voxel body model, the thickness of
eyelid is 2 mm, whereas the realistic eyelid thickness is 0.57 mm,
presented in Table 1.

Figure 4. APDs of different models with 2 mm and realistic skin thickness for the
IPD of 1000 W/m2 at (a) 30 and (b) 60 GHz.

Figure 5. PTCs of the forehead, chest, and thigh 1D models with 2 mm and
realistic skin thickness.

Figure 6 shows the PTCs of the open and closed eyemodels with
2mmand 0.57mmeyelid thickness.The power transmission in the
eye models is significantly affected by the presence and thickness
of eyelid in the eye model. Above 10 GHz, the presence of the eye-
lid significantly increases the power transmission, while the eyelid
thickness does not make a significant difference in PTC values. It
can also be noticed at frequencies between 3 GHz and 10 GHz
that the power transmission in the eye model with 2 mm eyelid
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Figure 6. PTCs of the open-eye and closed-eye models with 2 mm and 0.57 mm
eyelid thicknesses.

Figure 7. Heating factors of the open-eye and closed-eye models with 2 mm and
realistic eyelid thicknesses.

thickness is higher than others.The heating factors of the open-eye
model and closed-eye model with 2 mm and 0.57 eyelid thickness
are shown in Fig. 7.The heating factors are affected by the presence
and thickness of eyelid in the eye model. It is clearly seen that the
heating factor values in the absence of the eyelid are higher than in
the presence of the eyelid.The heating factors for all eyemodels are
less than the recommended value of 0.025 [∘C⋅m2/W] in [32]. It is
also worth noting that EM absorption by the eye model may also
be affected by the curvature of the eye and the presence of other
curved tissues on the face, such as the nose.

Conclusion

In this paper, realistic 1D multi-layered models obtained from dif-
ferent regions of the human body model with 2 mm skin thickness
are extensively investigated using the dispersive algorithmbased on
the FDTD method over the frequency range from 1 to 100 GHz.
Then, 1D multi-layered models with realistic skin thickness val-
ues presented in Table 1 are analyzed to show the effect of skin
thickness on the EM wave exposure metrics up to 100 GHz. The
calculated EM wave exposure metrics are highly affected by the
tissue arrangement and skin thickness of the 1D multi-layered
models. Numerical results show that the distributions of APD in
the tissues of models, PTC, and heating factors of the models are
really affected by the change of the skin thickness and frequency.
The skin thickness and tissue arrangement of the models highly

affect the PTC values at below 20 GHz, whereas they are only
affected by the skin thickness at frequencies above 20 GHz. The
heating factors of the models highly depend on the tissue arrange-
ment and the skin thickness of the 1D models at frequencies up to
100 GHz. Furthermore, the effect of an eyelid and its thickness in
the eye model on the EM wave exposure metrics are investigated
up to 100 GHz. The presence of the eyelid makes a significant dif-
ference on the power transmission and heating factor, especially at
frequencies above 10GHz.The eyelid thickness significantly affects
the heating factor and PTC at frequencies between 2 and 10 GHz,
but not at frequencies above 10GHz.Thefindings on the numerical
results at mmWave frequency range may be useful in evaluating
experiments of EM dosimetry and developing the human safety
guidelines.
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