Indonesian Journal of Electrical Engineering and Computer Science
Vol. 33, No. 1, January 2024, pp. 82~92
ISSN: 2502-4752, DOI: 10.11591/ijeecs.v33.i1.pp82-92 a 82

Homogenous and multilayer electromagnetics models for
estimating skin reflectance

Amani Yousef Owda?, Majdi Owda?

!Department of Natural, Engineering and Technology Sciences, Faculty of Graduate Studies, Arab American University, Jenin, Palestine

2Faculty of Data Science, UNESCO Chair on Data Science for Sustainable Development, Arab American University, Jenin, Palestine

Article Info

ABSTRACT

Article history:

Received Oct 3, 2023
Revised Oct 17, 2023
Accepted Nov 6, 2023

Keywords:

Electromagnetics modeling
Millimeter wave
Signatures

Skin diseases

Skin reflectance

Reflectance measurements of human skin are widely limited over the
millimeter wave (MMW) band in literature. This is due to the cost and
technical difficulties of the experimental setup. This paper proposes
homogenous and multilayer skin models for estimating the reflectance of the
forearm and palm of the hand skin over the MMW band 30-100 GHz.
The simulation results demonstrate that the differences in reflectance between
the homogenous and multilayer models of forearm skin are limited to 0.014,
indicating that the thin stratum corneum (SC) layer in the multilayer skin
models has a minimal impact on the interaction with MMW of the forearm
skin. However, in the palm of hand skin, there is a substantial difference in
reflectance calculations between the homogenous and the multilayer skin
models in the range of 0.099 to 0.143. These differences are attributed to the
presence of a thick SC layer in the palm of the hand. Thus, the simulation
results suggested that two-layer should be used for the palm of hand skin as it

better captures the reflectance characteristics of this region. The importance
of having those models are in calculating the skin reflectance that can be used
for the non-invasive diagnosis of skin conditions.
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1. INTRODUCTION

The electromagnetic spectrum's millimeter-wave (MMW) is an area of radio waves ranging from
30 GHz to 300 GHz [1], [2]. Signatures of the skin in the MMW band were measured in two ways: active
sensing [3]-[5], which involves exposing the target area of the skin to non-ionizing radiation [6], [7], and
passive sensing technology [8], [9], which does not involve exposure to any form of artificial radiation. Active
sensing uses MMW radiation to measure the skin reflectance and signature, while passive sensing collects
MMW emission to quantify the reflectance of the skin [10].

MMW frequency band offers potential for novel medical applications such as body sensing [11], [12],
non-invasive diagnoses of skin diseases [8], [13], [14], and early detection of skin cancer [15]. Researchers'
findings in [3], [4], [16], [17] suggest that significant variations in the dielectric properties and reflectivity of
the skin exist between different locations. This can be attributed to variation in water content, as skin with
higher water content tends to have higher reflectivity and lower dielectric properties than skin with lower water
content [18]. To measure the reflectance and dielectric properties of the skin, the researchers in [3], [4], [16]
used open-ended coaxial probes. This approach has been used widely in the literature to measure the reflectivity
and the skin properties such as the relative complex permittivity. Experimental measurements obtained in [19]
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showed a well define contrast in reflectance between healthy skin and skin with basal cell carcinoma (BCC).
These results identified the tumor's boundaries, and this helping out the healthcare professional to identify the
margin of the BCC accurately. This provides a more accurate treatment of BCC. Researchers in [4], [18] found
that wet skin i.e. (skin after adding water) has higher dielectric properties and reflectance compared with normal
skin. These results are consistent with the other studies conducted on normal and wet skin in [5], [20] and indicated
that increasing the water content makes the skin more reflective. Reflectance measurements applied on ex vivo
porcine skin samples in [21] indicated that the reflectance of burn-damaged skin was lower than that of normal
skin. These differences in signatures between healthy and burn-damaged skin are due to lower water content in
burn-damaged skin. These results prove that water content has a clear impact on the reflectance of the skin.
Although coaxial probes have been used widely in literature for the non-invasive diagnosis of skin
diseases, there are many challenges and limitations for the use of the probe that can be addressed as follows:
i) the probes are very sensitive to alignments and thus making it difficult to get accurate measurements as well as
difficulty in calibrating the probes. ii) It is required to maintain constant pressure on the target area of the skin to
get accurate and precise measurements [4], [22]. iii) The probes must be allocated in direct contact with the skin
region and this makes it difficult to perform reflectance measurements on diseased skin such as burns and cancer
[4], [22]. Figure 1 illustrates the use of the coaxial probe for measuring the dielectric properties of the human skin.

Healthy Skin (Orange)

\ Probe

b
Diseased Skin (Red)—__
\\\“\\\‘__A ‘ Hand of Probe for Applying Constant Pressure

Figure 1. Open-ended coaxial probe for measuring the dielectric permittivity

Radiometry as a passive and a non-contact sensor has been suggested to measure the reflectance and
the emissivity of healthy and diseased skin in the MMW region [23] as illustrated in Figure 2. The study
conducted in [12] indicated substantial differences in the reflectance between normal and burn-damaged skin,
and these differences are found to be increased with the degree of the burn. This indicates the potential of using
radiometry in the non-invasive diagnosis of diseased skin. Similarly, the study in [23] demonstrated for the
first time the use of radiometry as a non-contact sensor for the early detection of skin diseases and disorders in
tens of seconds and without the need of being in a healthcare clinic. The radiometric measurements in this
study [23] were performed on healthy skin and non-healthy skin having burns, melanoma skin cancers, and
eczema. Experimental results in [23] demonstrate the potential of using radiometry for detecting skin diseases
and conditions. The study proposed in [24] indicates that the reflectivity of the skin at 45 GHz can provide a better
assessment of diabetic neuropathy. Das et al. [25] proposes a simulation approach for estimating the absorption
of the skin using the reflectance database. Monte Carlo simulation in [26] was used to assess the interaction of
clothing with the skin at 60 GHz. The skin models in [27] were used for presenting the complex tissue structures
of the skin.
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Figure 2. Radiomerter measuring the skin reflectance
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In the literature review, comprehensive research has been done to investigate the feasibility of MMW
technology in the non-invasive diagnosis of skin diseases using reflectivity and dielectric properties
measurements as summarized in Table 1. The main limitation of active sensing techniques is that they are
incredibly expensive, as the devices are available over specific frequency bands, and changing the frequency
band is required to change the devices to fit the frequency band and this needs significant financial resources.
Not only is the initial cost high but maintenance can also be costly. Furthermore, depending on the frequency
band in use, it may require a new device each time the frequency band is changed, which can add up quickly.
As a result, these techniques can be a major financial burden as well as technical difficulties and complexity in
conducting the measurements. As an alternative, this paper proposed electromagnetics models of the forearm
(thin skin) and palm of the hand (thick skin) that can be used for estimating the reflectance of the skin in the
whole MMW band.

Table 1. Methods used for measuring skin reflectance in the MMW band

Frequency (GHz) Method used Skin type References
30-40 Open-ended probe Healthy skin [4]
Dry and wet
Burn damaged skin
37-74 Open-ended probe Healthy skin [20], [28]
30-100 Open-ended probe Healthy skin [22]
30-60 Coaxial slim probe Healthy skin [29]
30-60 Waveguide Healthy skin [30]
57-100 Free space method Dry and wet skin [5]
90-100 Free space method Dry and wet skin [5]

This paper proposes single and multilayer electromagnetics models of the forearm and palm of the
hand skin. The models extracted reflectance of the skin over a wide range of frequencies (30 GHz to 100 GHz)
using the dielectric permittivity of the skin that can be obtained directly from the debye equation described in
section 2 (19). The proposed models herein can estimate the reflectivity of the skin automatically by converting
the dielectric permittivity to reflectivity without the need of involving the human subject. Moreover, the models
reveal that the interaction of MMW doesn’t go beyond the dermis layer of the skin. This is due to the low
penetration of the millimeter wave radiation in the human skin as a result of the attenuation effect that is caused
by the water content. This makes MMW frequency band suitable for assessing skin diseases and conditions.

2. METHOD

This section provides details about the main methodology used for building the skin models as
illustrated in Figure 3. The first step is data collection in which the dielectric properties of the forearm and
palm of hand skin were collected from different resources in the literature [20], [28], [31]. The second step is
building different electromagnetics models for the forearm and palm of hand skin namely: i) a homogenous
model, ii) a two-layer model, and iii) a three-layer model. The third step is model validation in which the
calculated reflectance from the three models was compared with reflectance measurements conducted in the
literature. Finally, featured applications of the skin models are introduced in the area of medical applications
to distinguish between non-healthy and healthy skin.

Data Collection:
Dielectric Properties of

Model Building: Medical Applications:

Electromagnetics Reflectivity Estimation

the Human Skin Model Can Help in Assessing
Skin Conditions
Human Skin Conditions
& ® L e
L 0.0
L _ bruise pityriasis acne witligo

Figure 3. Methodology used in developing the forearm and the palm of the hand models
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2.1. Mutilayer electromagnetics model

In this paper, the multilayer electromagnetic model is constructed and developed to calculate the
reflectance of the palm of hand skin and forearm skin. Each layer of the model is characterized by three parameters;
permittivity (¢), permeability (1) and thickness of the layer (k). The first and the last layer of the model are semi-
infinite. The structure of the multilayer electromagnetic model is presented as illustrated in Figure 4.

layerj_q: €1 pj—1 hj—y

layer;: €jpu;hy
layerjys: 641 Mjs1 hja

Figure 4. Multilayer electromagnetic model; each layer of the model is characterized by three parameters and
those are permittivity (¢), permeability («) and thickness of the layer (h)

The permittivity of the skin € is described in (1). It is a complex quantity that is consisted of two
terms, namely: the free space permittivity, €,= 8.85 x 102 F/m and the relative complex permittivity, €,. The
relative complex permittivity €, is described in (2). The real part of the complex permittivity, e, represents the
dielectric constant of the skin. Whereas, the imaginary part of the complex permittivity, €/ represents the loss
factor of the skin, w is the angular frequency, and o is the conductivity of the skin.

€ = €,6, @

& =e—je =e[1-2 @

The S-polarized plane wave propagating in the j-1 layer of an n-layer structure is presented in (3)
and (4). The wave vector, Kj is described in (5). Whereas, the wave number in free space, k is expressed
in (6). The speed of the light, ¢ is equal 3x108m /s and @ is the angle of incidence in the semi-infinite incident
medium. In (3) and (4) can be expressed in a matrix format as illustrated in (7). For simplification, the recursion
relation can be written as illustrated in (8) and (9).

Eo4j-1 =0.5 (1 + Z;—j_ki) e(_ikf—lhf‘l)g'mj +0.5 (1 - z;;—j_ki) e(_ikf‘lhf‘l)EO—j (3)
Eo_jo1 =05 (1 - Z;—Jl_"i) e(kj-1hi-)E . 4+ 0.5 (1 + Z;—j_"i) elikj-ahj-)f 4)
k; = kO\/Ej”j_El.UISinz @) 5)
ko= (6)
0.5 (1 + Hj—1kj> e(-ikjahj1) g5 <1 _ #j—lkj) o (—ikj_1hj 1) :
E_, = Hjkjq Hjkjq ~0+j] )
! 0.5 (1 — A f‘“‘") e(tkj-thj-1) 05 (1 +e f‘“‘") e(kj-1tj-1) | LEo-
ujkj_1 ujkj_q
El = Mz ....Mj_anEn (9)

In (8) and (9) can be written in a matrix format for j and n-layer as illustrated in (10). G; and G,
in (10) are 2x2 matrix presented in (11). The two components of the electric field £, , and E,_,are presented
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in (12) and (13). Since there is no reflected wave in the n'" layer, replace g, 2Eq_, and gn, ,Eo_, With zero
in (12) and (13). This simplify the equations as illustrated in (14) and (15).

E; = GjEj and E; = GLE, (10)
=l gl and 6=[g7)) 5] @y
Eop1 = gn1,1E0+n + gnl,ZEO—n (12)
Eoy = gn2,1E0+n + gnZ,ZEO—n (13)
Eot1 = gn11Eoin (14)
Eo_1 = gn21Eo4n (15)

From (14) and (15), reflectivity I" and transmissivity T can be expressed as illustrated in (16) and (17).
The application of conservation of energy, results in the relationship between the reflectance R = |I'|?, and
transmittance T = |7]|? from the skin’s as shown in (18). The relative complex permittivity is required for
reflectance calculations. The data of the relative complex permittivity for each model are calculated from debye
equation i.e. (19) and the parameters of the equation are obtained from [20], [28], [31]. In (19);i = V-1,
€, and €, present the relative permittivity below and above the relaxation frequency respectively, o, is the
static conductivity and t is the central relaxation time.

[ =gt (16)
Eo+1  gnia
Eg4n 1
= =— 17
t Eo+1 Inia ( )
R+T=1 (18)
€s—€c0 . Os
&=t T Tl 19

Based on (3)-(18); the three models of the skin were developed to calculate the reflectance of the
forearm and palm of hand skin. The relative complex permittivity is required for reflectance calculations. The
data of the relative complex permittivity for each model of the skin are calculated using debye equation with
single relaxation time [16], [31], [32]. Figure 5 shows the structure of the three models of the skin and those
are: i) homogenous unilayer skin model, ii) two-layer skin model, and iii) three-layer skin model. In the
homogenous unilayer model in Figure 5(a), the skin is assumed to have a single homogenous semi-infinite
layer. In the two-layer model illustrated in Figure 5(b), the skin is assumed to have two layers and those are:
i) finite thickness stratum corneum (SC) layer and ii) semi-infinite epidermis plus dermis layer. In the three-
layer model in Figure 5(c), the skin is assumed to have three layers namely: i) finite thickness stratum corneum
layer, ii) finite thickness epidermis plus dermis layer, and iii) semi-infinite fat layer. The thickness of each
layer of the skin in multilayered models is specified as illustrated in Table 2. The thicknesses of skin layers in
Table 2, show that the palm of hand skin is thicker than the forearm skin.

Air: Semi-infinite Layer

Stratum Corneum (SC) Layer

Skin: Homogenous Unilayer

(@)

Stratum Corneum (SC) Layer

Epidermis plus Dermis Layer

(b)

Epidermis plus Dermis Layer

Semi-infinite Fat Layer
(Hypodermis)

(©

Figure 5. Homogenous and multilayer models used for estimating the reflectance of forearm and palm of
hand skin; (a) homogenous model, (b) two-layer model, and (c) three-layer model
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Table 2. Thicknesses of skin layers used in multilayer models of forearm and palm of hand skin
Region Two-layer Three-layer
. . . SC thickness: 0.015 mm
Forearm skin SC thickness: 0.015 mm [20], [28] Epidermis plus Dermis thickness: 1.45 mm [20], [28]
SC thickness: 0.43 mm
Epidermis plus Dermis thickness: 1.85 mm [20]

Palm of hand skin SC thickness: 0.43 mm [20]

3. RESULTS AND DISCUSSION

Reflectance of the palm of hand and the forearm skin obtained from the homogenous model, two-
layer model and three-layer model are presented and discussed in the following sections: i) section 3.1 presents
reflectance of palm of hand skin, ii) section 3.2 presents reflectance for forearm skin, iii) section 3.3 presents
models validation, and iv) section 3.4 shows featured application of the proposed models.

3.1. Reflectance of Palm of Hand

This secton presents the reflectance of palm of hand skin obtained from the three models described in
section 2. The reflectance of palm of hand skin is calculated over the frequency band 30-100 GHz using the three
models as illustrated in Figure 6. Three models were used namely: i) homogenous skin model Figure 6(a), ii) two-
layer skin model Figure 6(b), and iii) three-layer skin model Figure 6(c). Reflectance results in Figure 6 indicate
differences in reflectance values obtained from homogenous skin model as in Figure 6(a) and multilayer skin
models as in Figures 6(b)-6(c). Results in Figure 6(d) show that the differences in reflectance between the
homogenous and multilayer skin models is substantial and it is varied in the range of 0.099 to 0.143 over the
frequency band 30-100 GHz. The presence of thick SC layer in the two and the three-layer skin models makes
the difference in reflectance substantial due to the significant interaction of the thick SC layer with the MMW
[20], [28]. However, the differences between two-layer and three-layer skin models are not more than ~0.003 as
the presence of semi-infinite fat layer in the three-layer skin model doesn’t affect the reflectance calculations since
the penetration depth of the MMW in the palm of hand skin is reported to be (1.2-0.65) mm [20], [28]. This
penetration is less than the thickness of epidermis plus dermis layer 1.85 mm [20], [28], [33]. In addition, the fat
layer of the skin contains large amount of water that attenuates the MMW [20]. As a result of low penetration
depth and attenuation, the fat layer in the three-layer model of the skin doesn’t cause significant difference in the
reflectance calculations. Therefore, the results obtained from two and three-layers models are not dissimilar and
this makes the two-layer model of the skin is sufficient for modelling the reflectance of palm of hand skin.

0.65

o
=
™

—e— Homogenous model ~® Two layer model
o 0.60 - 060
N
<
o 0.55 5 0.55 L]
£ oso £ -
m 0 3 050 -
6 s .
o 045 o 045
st S “m
E c 5
il = o
4 0.40 5 040 -
% 3
% 035 = 035
0.30 +— T T u T 0.30 +— T y T T T
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
Frequency (GHz) Frequency (GHz)
(@) (b)
0.65 0.65
-4 Three layer model —e— Homogenous model
0.60 0.60 ~m Two layer model

~%- Three layer model

o
c
g -
= 0.55 "-‘__\ 0.55
E Tree
5 050 e 0.50
5 el
@ 045 A S 045 -
£ - S,
T 040 LN 0.40 Wiy,
% A v
< 035 0.35

0301 — - . . . - . - 0.30 1 — : : : : . ; .

30 40 50 60 70 80 20 100 30 40 50 60 70 80 90 100
Frequency (GHz) Frequency (GHz)
(c) (d)

Figure 6. Reflectance of palm of hand skin using; (a) homogenous model, (b) two-layer model, (c) three-
layer model, and (d) the results obtained from the three models are compared with each other’s
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3.2. Reflectance of forearm

This section presents the reflectance of the forearm skin obtained from the three models described in
section 2. The reflectance of forearm skin is calculated in the frequency band 30-100 GHz using three models
of the skin as illustrated in Figure 7. Homogenous skin model as in Figure 7(a), two-layer skin model as in
Figure 7(b), and three-layer skin model as in Figure 7(c). The simulation results in Figure 7(a) show the
variation in the reflectance of forearm skin over the MMW frequency band 30-100 GHz. The reflectance of
forearm skin was found to be varied in the range of 0.61 (at 30 GHz) to 0.47 (at 100 GHz). The results obtained
from three models are consistent as illustrated in Figure 7(d). The differences in the reflectance between
homogenous and multilayer skin models was found to be not more than 0.014. The presence of thin SC layer
and semi-infinite fat layer in the three-layer of forearm skin model doesn’t affect the reflectance calculations
of the forearm skin. This is due to the penetration depth of the MMW in the forearm skin that is reported to be
0.8 mm to 0.35 mm in the band (30-100) GHz [23]. This penetration is less than the thickness of the epidermis
plus dermis layer of the forearm skin that is reported to be 1.45 mm [20], [28]. As a result of low penetration
depth; the interaction of the MMW with the fat layer is very limited and it can be neglected since most of the
MMW radiation is attenuated close to the skin surface [8]. Therefore, homogenous unilayer skin model is found
to be sufficient for modelling the reflectance of forearm skin.
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Figure 7. Reflectance of the forearm skin using; (a) homogenous skin model, (b) two-layer skin model,
(c) three-layer skin model, and (d) the results obtained from the three models are compared with each other’s

3.3. Models validiation

The reflectance calculations from the proposed models were compared with experimental
measurements from the literature review. Table 3 shows a comparison in reflectance between two-layer palm
of hand skin model and experimental measurements in [18], [20], [28]. The comparison in Table 3 indicates
that reflectance calculation from two-layer model of the palm of the hand is very closed to that obtained from
the experimental measurements in the literature. This indicates that the two-layer model gives an accurate
estimation of the reflectance of the palm of hand skin.

Table 4 shows a comparison in reflectance between homogenous forearm skin model and
experimental measurements in [18], [20], [28]. The comparison in Table 4 indicates that reflectance calculation
from homogenous model is very closed to that obtained from the measurements in the literature review. This
indicates that the homogenous model can provide precise estimation of the reflectance of the forearm skin.
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Table 3. Reflectance comparison for palm of hand skin from two-layer model proposed in this paper and
experimental measurements performed in literature

Frequency (GHz)  Palm of hand multilayer models  Palm of hand measurements  References
30 0.574 0.565 [20], [28]
40 0.554 0.547 [20], [28]
50 0.515 0.516 [20], [28]
60 0.486 0.484 [20], [28]
70 0.459 0.456 [20], [28]
80 0.434 0.435 [18]
90 0.410 0.412 [18]
100 0.388 0.385 [18]

Table 4. Reflectance comparison for forearm skin from homogenous model proposed in this paper and
experimental measurements performed in literature

Frequency (GHz)

Forearm homogenous model

Forearm measurements

References

30

0.603
0.583
0.561
0.540
0.520
0.503
0.486
0.470

0.601
0.577
0.562
0.535
0.518
0.502
0.484
0.470

[20], [28]
[20], [28]
[20], [28]
[20], [28]
[20], [28]
[18]
[18]
[18]

3.4. Featured application: non-invasive diagnosis of skin diseases

In this research, the dielectric permittivity of healthy and diseased skin that measured in literature [34]
were used to estimate the reflectance of healthy and diseased skin using homogenous skin model of forearm
skin as illustrated in Figure 8 (for dry and healthy skin) and Figure 9 (for healthy skin and skin with malignant
lesions). The models proposed in this research provide us with the reflectance values of the skin over a wide
range of frequencies (30-100 GHz) for healthy and diseased skin. These values will help us to determine a
threshold of healthy skin reflectance values over a wide range of frequency bands so, any deviations from this
threshold can be identified as either high or low levels of the reflectance values. The main advantage of relying
on reflectance as a quantity for assessing the skin conditions is that it can be measured using a non-contact
sensor (radiometry) whereas the dielectric permittivity of the skin requires a coaxial probe in direct contact
with the skin and this makes the probe not suitable to be used in the cases of diseased skin as it is painful and
not comfortable to a patient suffering from skin conditions or diseases such as burn and malignancy.

Simulation results of the reflectance in Figure 8 indicate that there is 0.023 difference in reflectance
values between healthy skin and dry skin over the frequency band from 30 GHz to 100 GHz. Dry skin here
means any skin having lower water content due to age, eczema or psoriasis. These findings are in a good
agreement with the reflectance measurements at 90 GHz [23]. The model presented herein allows us to extract
the reflectance over a wide range of frequencies rather than at a single frequency.
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Figure 8. Reflectance calculation of dry and healthy skin over the frequency 30-100 GHz
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Simulation results of the reflectance in Figure 9 indicate that there is 0.05 difference in reflectance
values between healthy skin and skin with malignant lesions over the frequency band from 30 GHz to 100
GHz. These differences are due to variations in water content between healthy and diseased skin. These results
agree with the reflectance measurements at the frequency of 90 GHz [23]. This indicates that the reflectance
of the skin can be used for non-invasive diagnosis of skin diseases.
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Figure 9. Reflectance calculation of skin with malignant lesions and healthy skin

4.  CONCLUSION

This paper proposes electromagnetics models for calculating the reflectance of the forearm and palm
of hand skin. The reflectance of forearm skin was found to be varied in the range of 0.61 (at 30 GHz) to 0.47
(at 100 GHz), whereas it is in the range of 0.57 to 0.39 for the palm of the hand skin over the same frequency
band. The importance of creating such a model for estimating skin reflectance across a wide range of MMW
frequencies in which we can identify the range of reflectance across the human body. This will help in
identifying abnormal reflectance values that will give indicators about the state of health of the human body as
well as early detection of skin diseases. Moreover, MMW technology and devices are very expensive, and
proposing skin models that can provide accurate calculations for human skin reflectance will be beneficial for
healthcare professionals. For future work, it is recommended to collect more data and calculate the reflectance
of the skin and then use these calculations to identify the threshold for healthy skin so any value that deviates
from the norm will consider as an exceptional data point that indicates unhealthy skin.
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