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Abstract-Nowadays, with the extensive use of mobile phones, the
Electromagnetic (EM) radiation penetration from Radio
Frequencies (RFs), particularly into the human head, is an issue
that needs resolving. Some serious biological hazards occur inside
the human body due to RF radiation accumulation. The RF
radiation can be minimized by embodying shielding and coating
materials on the front side of the mobile handset. The novelty of
the proposed work is the use of mathematical analysis in
calculating the Specific Absorption Rate (SAR) absorbed by
planar four-layer adult and child head models when exposed to
mobile smartphone RF radiation. The variation of SAR with the
Angle of Incident (Aol) of the EM wave considers Transverse
Electric (TE) and Transverse Magnetic (TM) Polarization. The
SAR absorption alteration with the Aol of the EM wave is
calculated with the help of the shielding effectiveness parameter
of the external Polyethylene Terephthalate (PET) shield coated
with conductive copper (Cu) mesh, forming a laminated shield
using the methodology of the transmission line method.
Furthermore, the SAR variation with Aol for both human head
models is calculated theoretically at Sub-6 GHz mobile
frequencies of 4.5GHz and 3.6GHz. SAR of 7.41e-12 W/kg and
4.41e-11 W/kg is achieved theoretically for adult and child head
models respectively, at 89° TE polarization at 4.5GHz.

Keywords- specific absorption rate; shielding effectiveness;
transverse electric polarization; transverse magnetic polarization;
Jfour-layered head model
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I. INTRODUCTION

Mobile handsets [1-3] are used worldwide, but their
introduction brought unforeseen adverse effects. These mobile
handsets emit RF energy, a kind of non-ionizing
electromagnetic radiation that severely affects human head
tissues during their usage. More power in the form of biogenic
magnetite crystals gets deposited in the human brain at higher
frequencies. The brain is a target organ for EM radiation, and
the different received dosage is categorized into ionizing and
non-ionizing radiation [4]. The Fifth Generation (5G)
technology features high cell density and higher data
transmission rates. The frequency bands 5G mobile
communication uses are below 6GHz, and known as the Sub-6
GHz band and FR-2 [5]. The amount of radiation emerging
from a handset and entering the brain layer is estimated using
the Specific Absorption Rate (SAR) parameter [6-7]. The
dependent parameters of SAR are the conductivity (o), the
mass density of human head tissues (p), and the tissue incident
electric field (£). From the ICNIRP guidelines [8], the
permissible SAR is around 2W/kg. Hence, any mobile handset
causing SAR more than the allowable is unauthorized for
usage.

Embodying a transparent shield material [9] with
conductive coating helps reducing SAR. After incorporating a
shield, the shield performance is estimated using a parameter
called Shielding Effectiveness (SE). This parameter depends on
the calculated Total Transmission Coefficient (TTC) using the
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Transmission Line Method (TLM) for two planar four-layered
head models representing humans of different age. The
incoming EM radiation can be incident at any arbitrary angle.
The calculation of SAR for the head models includes both TE
and TM polarization of the incident EM wave. Mobile phone
antenna performance and design are not examined in the
current work. All SAR calculations are evaluated considering a
planar four-layered head model. The planar head model in
Figure 1 has four layers, namely skin, fat, bone, and brain. The
considered parameters are electrical conductivity (o), relative
permittivity (&,) and relative permeability (i,.).
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Fig. 1. A 4-layered planar human (adult/child) head model with PET
shield and Cu coating. (a) Parallel polarization, (b) perpendicular polarization
of the EM wave incident on the shield surface transmitted through the head
tissues.

Many researchers have worked on estimating and reducing
the SAR absorbed by human adult and child head models at
various mobile frequencies. Authors in [10] studied the mutual
effect of interaction between mobile phones and the human
head with the FDTD method to find the SAR distribution in the
head near the hand-held receiver. The mobile frequencies used
are 900MHz and 1800MHz. Maximum 1g and 10g averaged
SAR using the FDTD method were calculated in adult and
child scaled head models in [11] at GSM 900MHz and
1800MHz. The effect of a plane wave that is obliquely incident
on a six-layered head structure at 900MHz and 1800MHz was
analyzed mathematically by deriving the exact formula for the
electric field. The SAR distribution concerning various
distances between the source and head model is plotted and
compared in [12]. Authors in [13] studied the SAR
distributions and temperature elevation with FDTD modeling
of mobile phones and WLAN networks when a plane wave is
excited with an obliquely incident wave in a head model of six
layers. SAR and temperature rise are calculated and studied for
each head layer at 900MHz, 1800MHz, and 2400MHz at
parallel and perpendicular polarization. Authors in [14]
investigated the relationship between peak SAR and
temperature elevation averaged over 10g of human head tissues
in head models in the 1 to 300GHz range.

The novelty of the proposed work is the numerical and
mathematical evaluation of SAR by utilizing the TLM taking
shield parameters such as SE of different planar-aged human
head models with no shield condition and with the mesh coated
thin film as a laminated shield. The SAR estimation and
reduction using the transparent mesh coated film is not

available in literature for mobile phone applications up to 5G
frequencies. The novelty of the current work is the study of the
theoretical analysis of SAR with the usage of a transparent
metal mesh of minimum thickness with the TLM.

II.  ANALYSIS OF SHIELDING EFFECTIVENESS OF HUMAN
HEAD

A. Shielding Material and Parameters of Mesh

A shield is required to control the radiation from the
handset and its design should be able to control the SAR
imposed on the planar four-layered human head. This can be
achieved by designing a transparent laminated shield, i.e.
coating a polymer film coated with a conductive film. In the
current work, the considered polymer is Polyethylene
Terephthalate (PET), and the conductive coating is Copper
(Cu). The combination forms a laminated mesh. The material
parameters of thickness, conductivity, relative permittivity, and
relative permeability are included, whereas the mesh
parameters, as shown in Figure 2, are mesh spacing and width
[15]. The mesh spacing and the mesh width are used to find the
Cu-mesh impedance [16]. The parameters involved in the
impedance equation are:

Nuesh = Tcu—mesh T JXcu—mesn (1)

2

1

— g
Tcu—Mesh = =7 *a
aCuS(l—e 5)

Xcu-Mesh = _%[ln(ﬂ'n (%l)] *1o (3)

Equations (1)-(3) are used in the impedance calculation of
coating film used in the analysis of the TTC from which the
shielding effectiveness is derived. The shield on which the
coating film is embedded is the polymer PET and its properties
are shown in Table I. The impedance of the PET shield can be
calculated from [17]. Therefore, the impedances of the films
are calculated from (1)-(3), which help in determining the TTC.
It is also necessary to resolve the tissue impedance of the
human models, as described.

TABLE L PARAMETERS OF THE SHIELDING MATERIAL
Material PET film Cu mesh film
Thickness 100 pm 100 nm

Conductivity (S/m) 7.80E-13 5.96E+07
Relative permittivity 34 1
Relative permeability 1 1

Mesh spacing Not applicable 300 pm
Mesh width Not applicable 15 pm

B. Human Head Models and Tissue Parameters

In the current work, a planar four-layered head model of the
adult/child human head is considered. The model properties
differ significantly in their water content and tissue thickness.
The tissues include the skin, fat, bone, and brain. These tissues
vary in thicknesses, as shown in Table II. However, their
properties vary with the operating frequency of the mobile
phone device (f). The electrical conductivities (o), relative
permittivities (&), and also the relative permeabilities (u,) of
the tissues change with frequency. But since all the tissues are
biological, all the relative permeabilities are equal to unity.
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Also, the impedances of the tissues depend on the operating
frequency. The tissue impedance is generally given by 1,k
for Skin, Fat, and Bone with (4) as the corresponding equation
for impedance calculation:

Th<k>f 4)

O<k>

77<k> = (1 +})

From (4), the corresponding tissue relative permeability and
conductivity at the mobile phone operating frequency are found
by substituting all tissue impedances.

2a
3

Fig. 2. Mesh parameters of a copper coating film.
TABLE II. TISSUE THICKNESS OF HEAD MODELS [18-19]
. Tissue thickness (mm)
Tissue
Adult head | Child head
Skin 1 1
Fat 2 0.5
Bone 7 6.5
Brain 70.5 62.3
TABLE IIL ELECTRICAL CONDUCTIVITY AND PERMITTIVITY OF
TISSUES WITH FREQUENCY
Frequenc, . Electrical Relative
(éle) ' Head tissue conductivity (S/m) permittivity
Skin 2.085 36.92
36 Fat 0.161 5.1641
’ Bone 0.637 10.74
Brain 2.724 47.159
Skin 2.687 36.18
45 Fat 0.212 5.0766
’ Bone 0.844 10.28
Brain 3.58 45.862

C. Effect of Polarization on the Impedance of Shield Medium
and Tissues

Electromagnetic radiation can be incident over a wide range
of the angle (6). In the case of a TE/TM polarized wave, the
impedances of the shield or any medium or tissue are altered by
a ratio of cos 6. The angle of incidence (6) would range for all
acute angles (0° to 90°)—the polarization effect results in
different transmission coefficients than the ones considered
without polarization. Therefore, a variation is introduced in the
SE of the head, and the SAR is absorbed. The interpretation of
SAR considering the Aol of EM wave for polarization and

head models is considered. Irrespective of medium or tissues,
the impedance variation with polarization is:

Zas> === (for TE)  (5)

cos

Zcg> = Negs> * cos O (for TM)  (6)

D. SE and SAR Calculations using the Transmission Line
Method

During the estimation of SAR, its relatively dependent
parameter SE needs to be calculated. SE can be calculated by
determining the corresponding TTC (T) of the wave radiated
by the TLM. The reflection coefficients at the interfaces of the
tissues are calculated by taking the impedances introduced by
them under TE and TM polarization. Once the total
transmission coefficient is calculated through the TLM, the SE
can be determined [20-21].

SE(dB) = —20log,o(T) (7)

Bone

T = p [R5kl (1 — qepse ™2V <kolcix) e V<kolck> (8)

T=p Hggﬁ’”[(l _ q<k>e—21’<k>l<k>)]e—1’<k>l<k> 9)

The step-by-step numerical procedure to evaluate the SAR
absorbed into human head is:

Step 1: The mathematical finding of the transmission
coefficient 7 without shield and with the PET/Cu coated
laminated mesh as shield is obtained from (8) and (9). k ranges
from PET shield and Cu mesh coat to brain layer. g, gives
the reflection coefficient at the interface of the layered medium,
Y<k> 1S the respective propagation constant of the layered
medium, and [ is the thickness of each medium.

Step 2: The SE of any barrier in terms of electric field E is:
Ej
SE = 201logy, (ET) (10)

Step 3: The incident electric field (E;) from (10) is obtained
from the power density incident on the head from the
guidelines issued by ICNIRP [8] which is 40W/m* for
frequency greater than 2GHz.

Step 4: The transmitted electric field (E;) into the brain can
be determined from the shielding effectiveness of the human
head models without shield and with the PET and Cu laminated
mesh.

Step 5: Equations (7) and (11) are necessary for SAR
calculation, and thus, (8) and (9) give the variation of SAR
with polarization for both head models.

oE¢

2
SAR =5 (1)

III. RESULTS AND DISCUSSION

From (8), the SE from the TLM varies according to the Aol
range from 0° to 90° for both TE and TM polarizations. The
results are obtained by simulations in Matlab. The variations
with Aol are plotted and compared. The SE and SAR
calculations with changing operating frequency are listed in
Tables IV and VI
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TABLE IV. SHIELDING EFFECTIVENESS OF HUMAN HEAD MODELS IN VARIATION WITH ANGLE OF INCIDENCE AT TWO SUB- 6 GHZ FREQUENCIES
Shielding effectiveness (SE in dB)
Frequency 4-layer adult head model 4-layer child head model
(GHz) Aol Without shield With PET/Cu laminated shield Without shield With PET/Cu laminated shield
(degrees) TE ™ TE ™ TE ™ TE ™
polarization | polarization | polarization polarization | polarization | polarization | polarization polarization
0 9.83 9.83 68.75 68.75 2.46 2.46 61.34 61.34
30 9.62 10.08 70.26 67.28 2.21 2.74 62.80 59.92
3.6 45 9.35 10.48 72.45 65.26 1.90 3.20 64.92 57.98
60 9 11.33 76.41 61.96 1.48 4.16 68.76 54.78
89 8.13 31.80 127.74 36.61 041 25.15 119.98 29.96
0 12.30 12.30 70.87 70.87 4.72 4.72 63.02 63.02
30 12.12 12.51 72.49 69.29 4.52 4.95 64.59 61.49
4.5 45 11.91 12.84 74.85 67.14 4.27 5.32 66.89 59.40
60 11.61 13.56 79.14 63.63 3.93 6.12 71.08 56.00
89 10.90 32.69 132.24 37.55 3.08 25.55 124.37 30.40
TABLE V. RESULT COMPARISON
Freql;;:[llcl)zf)range SAR assessment technique Obtained SAR absorption values (W/Kg) Head model Reference
Finite-Difference Time-
900, 1800 Domain (FDTD) 0.037 Adult [11]
900, 1800 FDTD 0.42 at TE polarization, 0.83 at TM polarization Adult [12]
900, 1800, 2400 FDTD 1.8 at TE polarization, 2 at TM polarization Adult [13]
1.51E-06 at TE and 5.38E-05 for TM polarizations for adult model with
3600, 4500 TLM laminated shield and 9.42E-06 for TE and 3.03E-04 for TM polarizations Adult and child Current work
for child model with laminated shield.
TABLE VI SAR ABSORBED BY BRAIN IN BOTH HEAD MODELS IN TE AND TM POLARIZATION AT TWO SUB-6 GHZ FREQUENCIES
SAR (W/kg)
4-layer adult head model 4-layer child head model
Frequency Aol Without shield With PET/(;u laminated Without shield With PET/(;u laminated
(GHz) (degrees) shield shield
TE ™ TE ™ TE ™ TE ™
polarization polarization polarization | polarization | polarization | polarization | polarization | polarization
0 12.71 12.71 1.63E-05 1.63E-05 66.68 66.68 8.63E-05 8.63E-05
30 13.34 12 1.15E-05 2.29E-05 70.63 62.52 6.17E-05 1.20E-05
3.6 45 14.2 10.95 6.95E-06 3.64E-05 75.86 56.23 3.78E-05 1.87E-04
60 15.39 9 2.79E-06 7.79E-05 83.56 45.08 1.56E-05 3.91E-04
89 18.81 0.08 2.06E-11 0.027 106.91 0.36 1.18E-10 0.12
0 7.3 7.3 1.02E-05 1.02E-05 40.73 40.73 6.03E-05 6.03E-05
30 7.61 6.97 7.00E-06 1.46E-05 42.69 38.64 4.20E-05 8.57E-05
4.5 45 8 6.45 4.06E-06 2.40E-05 45.21 35.45 2.47E-05 1.38E-04
60 8.56 5.46 1.51E-06 5.38E-05 48.86 29.53 9.42E-06 3.03E-04
89 10.1 0.07 741E-12 2.18E-02 59.38 0.34 441E-11 1.10E-01
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Fig. 3. SE plot of the head without shield and PET-Cu mesh Laminated
Shield (LS) for Aol in the 4-layered adult head at 3.6GHz fixed-mobile
frequency for TE and TM polarization.

o

In Figures 3 and 4, the comparison of the SE variation with
the operating frequency for a four-layered adult head is made.
It is observed that at 3.6GHz, the SE values for TE polarization
appear to be constant. However, they decrease drastically
without the shield. With the shield, the SE values increased
sharply from 30° to 89°. In the case of TM polarization without
a shield, the SE values increased symmetrically about TE
polarized SE values from 72° to 89°. However, it can be seen
that the SE values with shield at TM polarization abruptly
decrease from 30° to 89°. At 4.5GHz, the phenomenon remains
the same, but the difference is that at 4.5GHz, the SE values are
higher than at 3.6GHz.

Figures 5 and 6 compare the SE variation with the
operating frequency of the mobile phone for the four-layered
child head. At 3.6GHz, the SE values for TE polarization
appear constant, but they decreased drastically without the
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shield, while they increased with the shield. In the case of TM
polarization and without a shield, the SE values increased
symmetrically about the TE polarized SE values. We see that
the SE values with the shield are more significant than those
without it. Moreover, the SE values in the model of the child
head are always less than in the adult head model.
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Fig. 4. SE plot of the head without shield and PET-Cu mesh LS for Aol in
the 4-layered adult head at 4.5GHz fixed-mobile frequency for TE and TM
polarization.
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Fig. 5. SE plot of the head without shield and PET-Cu mesh LS vs angle
of incidence in the 4-layered child head model at 3.6GHz fixed-mobile
frequency for TE and TM Polarization.
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Fig. 6. SE plot of the head without shield and with PET-Cu mesh LS vs
angle of incidence in the 4-layered child head model at 4.5GHz fixed-mobile
frequency for TE and TM polarization.
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From Figures 3-6, for TE polarization with PET and Cu
shield, the SE started to increase sharply at 35°, and for TM
polarization, it abruptly decreased from 35° to 89°. The values
of SE of head variation for particular angles of incidence of
EM waves are listed in Table IV, and their corresponding SAR
values in Table VI. It is observed from Table V that with an

increase in the SE of the four-layered adult/child head with
frequency, the SAR absorbed by the brain consistently
decreased to a negligible level much lesser than the prescribed
SAR limit. The comparison of the results of the proposed
method with the existing results is exhibited in Table V.

IV. CONCLUSION

The current paper compares the effect on human head
models of the penetration of RF EM radiation for varying Aol
from the sub-6 GHz operating frequency mobile phone. In TE
and TM polarization, the SAR of the child model without a
shield dominated over the adult model without a shield. When
using a PET with a Cu laminated shield mounted on the front
part of the mobile handset, the SAR is decreased in both
models. Based on the operating mid-band 5G mobile
smartphones and the incident angle polarization, the SAR
variations are observed in both the head models without and
with the laminated shield. In contrast, at the same operating
frequency, for TE polarization, the SAR absorbed by the brain
of the child model without a shield varied from 40.73 to
50.38W/kg for 0° to 89° angle of incidence variation. In
contrast, the SAR decreased from 6E-05 to 4.41E-11W/kg with
the PET and Cu lamination in TE polarization. For TM
polarization and the same child head model, operating
frequency, and Aol variation, the SAR decreased from 40.73 to
0.34W/kg, and with PET Cu mesh, it increased from 6.03E-05
to 0.11W/kg. Also, the minimum absorbed SAR was found at
4.5GHz for the adult head model in TE polarization at 89°, and
the maximum absorbed SAR by the brain tissue was observed
at 3.6GHz in the child head model in TE polarization at 89°.
Therefore, the adult model absorbed more negligible radiation
than the child head model with the PET/Cu mesh. However,
compared to SAR without the laminated shield in a child's
head, incorporating PET and Cu-based transparent film in the
mobile handset has considerably decreased the SAR absorbed
by the brain.
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