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Abstract — Numerical study of electromagnetic
interaction between an adjacent antenna and a human
head model requires long computation time and large
computer memory. In this paper, two speeding up
techniques for a dispersive algorithm based on finite-
difference time-domain method are used to reduce the
required computation time and computer memory. In
order to evaluate the validity of these two speeding
up techniques, specific absorption rate (SAR) and
temperature rise distributions in a dispersive human head
model due to radiation from an antenna integrated into a
pair of smart glasses are investigated. The antenna
integrated into the pair of smart glasses have wireless
connectivity at 2.4 GHz and 5" generation (5G) cellular
connectivity at 4.9 GHz. Two different positions for
the antenna integrated into the frame are considered in
this investigation. These techniques provide remarkable
reduction in computation time and computer memory.

Index Terms —5G, dispersive head, FDTD method,
SAR, smart glasses, temperature rise, Wi-Fi.

I. INTRODUCTION

Due to recent increase of wireless and mobile
communication capabilities with the 5" generation (5G)
technology and the use of higher frequencies for
smart communication devices, there is a great need to
assessment of electromagnetic (EM) wave penetration
and related temperature rise in the human head.

With the recent introduction of 5G technology, the
use of smart wearable devices such as smart watches and
smart glasses has increased in popularity. Currently,
smart glasses, manufactured by different companies [1-
3], utilize wireless connectivity based on Bluetooth and
Wi-Fi around the 2.4 GHz band. Future smart glasses
would include antennas operating for Wi-Fi and 5G
cellular connectivity. It is universally recognized that
the EM fields radiated from the adjacent antennas to a
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human head may be harmful to human health. As a
consequence, it is important to assess the effects of EM
fields on the human head and report the corresponding
SAR and temperature rise distributions.

The numerical calculation of EM interaction
between an antenna and a three dimensional (3D) human
head model has been performed in [4-9] using the finite-
difference time-domain (FDTD) method. It requires long
computation time and large computer memory because
the number of cell in the computational domain is more
than several millions, especially for high frequencies
with proper resolution. This makes such calculations
impossible on ordinary desktop computers. A dispersive
algorithm proposed in [9] provides remarkable reduction
in the computation time to analyze a dispersive head
model at multiple frequencies of interest in a single
simulation. However, as the frequencies get higher, this
reduction is not sufficient to simulate the entire human
head model with the ordinary desktop computers.

The effect of EM radiation produced by a cellular
phone on a human head with regular glasses made
of metallic frames was investigated using an EM
commercial software [10-12] and the traditional FDTD
method [13-14]. By using an EM commercial software,
the effects of an antenna integrated into the pair of smart
glasses for Wi-Fi connectivity [15-18] and 4G cellular
connectivity [19-23] on the human head have been
studied to investigate the radiation pattern and SAR
distribution in the head. In the previous studies [15-23],
analysis of SAR in the human head due to the smart
glasses was performed at only one frequency of interest
using a single simulation while ignoring the dispersive
characteristics of the biological tissues of the head. The
temperature rise in the head due to an integrated antenna
into the pair of smart glasses has not been considered yet.

In this paper, the algorithm proposed in [9] is
used to obtain radiation pattern, SAR and temperature
rise distributions in the dispersive head at multiple
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frequencies of interest in a single simulation. This
algorithm, which will be referred to as a dispersive
algorithm, is based on the Debye model of the head
tissue parameters to be used in auxiliary differential
equation (ADE) formulation of the FDTD method [24].
Then the calculations of SAR and temperature rise with
the help of Pennes bioheat equation [25] are performed.
In the Debye model, the three-term Debye coefficients
calculated and tabulated in [26] are used as the dispersive
EM properties of the human head tissues to obtain
solutions at a wide range of frequencies (500 MHz to 20
GHz). The work presented here is an extension of the
preliminary work presented in [27].

The effect of the integrated antenna into the pair
of smart glasses on a realistic head model is investigated
to evaluate the validity of two speeding up techniques
for the dispersive algorithm. The integrated antenna is
designed to operate at two frequency bands for Wi-Fi at
2.4 GHz and 5G cellular at 4.9 GHz. In order to show
the effect of the position of the integrated antenna on the
pair of smart glasses on the human head, the antennas
integrated into the frame have been placed in two
different positions closest to the eye, the most sensitive
organ. The spatial-peak SAR over any 1 gram of tissue
(SARyg), 10 gram of tissue (SARiqg) in the head, and
temperature rise distributions in the head at 2.4 and 4.9
GHz are computed for each antenna position. Numerical
results show that the speeding up techniques would be
efficient for analyzing the head model due to EM waves
of higher frequencies.

Two speeding up techniques are used here and the
electromagnetic effects of smart glasses on the human
head are investigated using the dispersive algorithm with
these techniques. The speeding up technique proposed in
[28] for anisotropic materials is applied to the dispersive
algorithm and based on dividing the computation domain
into two regions: one is the dispersive region analyzed
using the dispersive formulation [24] and the other is
non-dispersive region analyzed using the non-dispersive
formulation [24]. The other speeding up technique is
to use a half head model instead of the full head model
in the FDTD simulations. These speeding up techniques
provides more than 50% reduction in computation time
and computer memory.

Il. COMPUTATION METHODS AND
MODELS

A. 3D human head model with dispersive tissues

A human head model generated in [29] and used in
this work consists of eight tissues (skin, muscle, bone,
blood, fat, lens, and white and grey matter). Figure 1 shows
a sample of a horizontal slice of the human head model
which consists of 172 (width) x 218 (depth) x 240 (height)
cubic cells.

The EM parameters of all tissues in the human body

ACES JOURNAL, Vol. 36, No. 2, February 2021

are frequency dependent. Therefore, with a traditional
FDTD solution one can obtain results due to only one
frequency in a single simulation. The numerical technique
proposed provides the three-term Debye coefficients
tabulated in [26] for the biological tissues in the frequency
range between 500 MHz and 20 GHz. The complex
relative permittivity (e;(w)) for the three-term Debye

coefficients is defined [26] as:

A€

€r(w) =€, + Ziﬂka: Ae, = Ag(es — €x), (1)

where €., is permittivity at high frequencies, Ae is pole
weight, and 7, is relaxation time.

In order to ensure the numerical stability in the
FDTD method, the cell size (A) should be less than
Aminl10 [6-7] and expressed as:

[

_ Amin _
A= 10 10fimgr/real(en)’ )

where A, is the wavelength of the highest frequency
(finax) in the head model and c is the speed of light in
free space. The head model is rescaled to have a cell size
of A=0.9 mm (about 4,,;,/10 in the head model exposed
to EM waves at 4.9 GHz) in all directions to ensure the
numerical stability.

B. Speeding up techniques

In the dispersive algorithm, the electric and magnetic
field components, and additional field terms due to
Debye dispersive tissues [24] are calculated for every
FDTD time-step in the entire computational domain. It
has been realized that additional field terms do not
need to be calculated in every cell of the computational
domain. Therefore, a speeding up technique proposed
similarly in [28] is used to reduce the computation time
and computer memory. This technique called as domain
division technique (DDT) is based on dividing the
computation domain into two regions: one is called
dispersive region which contains a dispersive head and
the other is called non-dispersive region which contains
air layer, convolution perfect matching layer (CPML)
[24], and non-dispersive materials, as shown in Fig. 2.
In the dispersive region, the dispersive formulation is
performed to calculate the field components, whereas, in
the non-dispersive region, the regular FDTD formulation
in [24] is performed to update the field components.

y
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Fig. 1. Horizontal slice of the 3D realistic head model.




The penetration depth is a function of frequency and
a measure of how deep the electromagnetic wave is
affecting the biological tissues. In [30], the penetration
depth of the electromagnetic wave for one-dimensional
human head model has been extensively studied from
500 MHz to 100 GHz. According to [30] and the best of
our knowledge, the penetration depth in the human head
model is less than 100 mm at 500 MHz and becomes
smaller as the frequency increases. It can be said that the
electromagnetic waves radiated by the antenna placed on
one side of the human head cannot send a significant
amount of waves to the other half of the head. Therefore,
it is not necessary to simulate the full head model. As the
other speeding up technique, a half head model instead
of full head model is used in the simulation to reduce
the computation time and computer memory. In this
technique, it is assumed that the cut side of half head
model is terminated by 10 cell layers of CPML [24]
extending to inside of the head tissues and other sides of
the head model is terminated by 10 cell layers of CPML
with 10 cell air layers. The number of cells for the half
head model, shown in Fig. 3, cut in the x- and y-directions
is 7,657,440. However, the number of cell is 15,314,880
for the entire computational domain including the full
head model, 10 cell air layers and 10 cell layers of CPML.
These two techniques used in this work provide more
than 50% reduction in the computation time and computer
memory.
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Fig. 2. Entire FDTD computational domain divided into
the dispersive and non-dispersive regions.

C

Fig. 3. Horizontal slice of the half head model cut in the
(@) x- and (b) y-directions.
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C. Smart glasses model and antenna

The smart glasses includes non-dispersive materials
which are plastic frames, metallic hinges, lens, and
antenna. The relative permittivity of lens and frame of
the smart glasses is 4.82 and 3.5, respectively, and the
wires of antenna are made of PEC. The configuration of
the smart glasses is shown in Fig. 4 with all dimensions.
In order to obtain solutions at multiple frequencies in a
single simulation, the antenna integrated into the frame
of the smart glasses requires to operate at least two
frequency bands which will be Wi-Fi and 5G cellular
connectivity for this work. The antenna, as shown in
Fig. 5, consists of a dipole with two passive wires which
create double resonances. The length and radius of the
dipole antenna and passive wires are given in Fig. 5. Two
passive wires are placed at a distance of 2.7 mm at the
two sides of the dipole antenna. Two different positions
for the antenna in the frame are considered: left arm of
the frame and bridge of the frame as shown in Fig. 4. The
combination of the dipole antenna and the two passive
wires were simulated using the thin-wire formulation
[24] based on the FDTD method. The input reflection
coefficients (Si11) at the terminals of the integrated
antenna placed into the frame with and without the head
model are shown in Fig. 6. The resonance frequencies of
the antenna have been slightly affected by the presence
of the human head and a third resonance frequency
appeared.

Fig. 4. Geometry of the smart glasses included lens,
frame, and antenna.

Distance
2.7 mm

Voltage
source

Passive wires
Length: 14.4 mm
Radius: 0.25 mm

Dipole antenna
Length: 39.6 mm <«—
Radius: 0.40 mm

Fig. 5. Integrated dipole antenna with two passive wires.
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Fig. 6. S11 of the integrated antenna into the frame with
and without the human head model.

D. SAR calculation

SAR is the ratio of absorbed RF energy per unit
mass of biological tissues. The SAR values in the
biological tissues are computed by using the FDTD
method. The electric fields in time-domain are calculated
on the edges of each cell during each FDTD time-step.
The twelve-field component approach proposed in [31]
is used to obtain the averaged electric field components
in the center of each cell. Then, these averaged electric
field components are transformed to frequency domain
by using the discrete Fourier transform (DFT). After EM
simulation is completed, the electric field components
are obtained for the calculation of the steady-state SAR
distribution in the human head model at each frequency
of interest. In order to make a comparison with existing
studies in [19-22], all calculated SAR values are
normalized to the antenna input power of 0.25 W for
each frequency of interest. For calculating SARyy and
SAR1qq in the head model, the IEEE standard in [32] is
used. The obtained SAR;4 values are considered as RF
heat source in the temperature rise calculation.

E. Temperature rise calculation

After performing the EM simulation and SAR
calculation for the head, the temperature rise calculation
using the Pennes bioheat equation [25] is carried out
in two parts for each frequency of interest. In the first
part, the steady-state temperature distribution in the
head is calculated by solving the bioheat equation with
no RF heat source (SARiy=0). In the second part,
the temperature distribution due to RF heat source is
calculated by substituting the SARyg distribution into the
bioheat equation. By taking the difference between the
temperature distributions obtained in the two parts, the
temperature rise distribution in the head is obtained. The
bioheat equation computes the temperature distribution
based on the tissues mass density, heat capacity, thermal
conductivity, blood perfusion rate, and blood temperature.
All these parameters for the tissues along with the
convective boundary condition for the bioheat equation
applied to the skin-air and internal cavity-air interface
are presented in [4] and [9].
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IHl. NUMERICAL RESULTS

To verify the validity of the dispersive algorithm for
the smart glasses application, the SAR4 values in the
head using the dispersive algorithm are compared with
those reported in [17] at 2.4 GHz and with those reported
in [20-21] at 1.9 GHz when the antenna is placed into the
left arm of the frame. The maximum SARyq4 value in the
head at 2.4 GHz obtained using the dispersive algorithm
is 0.548 W/kg, whereas that obtained in [17] using an
EM commercial software is 0.557 W/kg when the input
power was set to 63.095 mW. The obtained maximum
SARyq value in the head at 1.9 GHz using the dispersive
algorithm is 1.75 W/kg, whereas that obtained in [20-21]
using an EM commercial software is 1.64 W/kg when
the input power was set to 0.25 W. The compared results
are in good agreement with acceptable differences. The
reason for these differences in the compared results
would come from the use of different head model and
head resolution, and from different types of antennas
used in the studies.

In order to show the performance of applying DDT
and using a half head model, and the effects of the
antenna positions into the frame of the smart glasses on
the SAR1g, SAR1gg, and temperature rise distributions,
two different antenna positions in the frame of the glasses
are evaluated at 2.4 and 4.9 GHz using the dispersive
algorithm. The specification of the computer used in this
work is Intel® Core™ j7-8700 CPU and 16 GB RAM.
The FDTD program is developed on the 64-bit MATLAB
version 8.2.0.701 (R2013a).

A. SAR and temperature rise due to the antenna
integrated into the left arm of the smart glasses

The maximum SARg, SAR1oq, and temperature rise
values in the full head model without DDT and half
head with DDT at 2.4 GHz and 4.9 GHz are obtained and
tabulated in Table 1. It can be seen that applying DDT
and using half head model do not affect the results. The
distributions of SARyy and temperature rise obtained in
the full head model without DDT and in the half head
model with DDT are evaluated at 2.4 and 4.9 GHz and
shown in Figs. 7 and 8, respectively. It can be realized
from these figures that there are no difference in the
obtained distributions and the maximum SAR:y and
temperature rise occur at the left side of the head because
the antenna is placed into the left arm of the smart
glasses. It can be also realized that the temperature rise
distributions depend on the SAR distributions. In order
to show the effect of the human head on the antenna
radiation patterns, the radiation patterns of the antenna in
the left arm of the frame with and without the human
head at the resonance frequencies are calculated and
shown in Fig. 9. It can be seen from the radiation patterns
on the xy and xz plane cuts that the presence of the human
head model greatly attenuates the radiation of the antenna



towards the head and increases in the other direction.

In Table 2, the computation time and computer
memory for the EM analysis of the full human head
without DDT and half human head with DDT using the
dispersive algorithm are tabulated. It can be seen from
Table 2 that applying DDT and using half head model
in the simulations provides more than 60% reduction
in computation time and 50% reduction in computer
memory.
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Fig. 7. SARyy and temperature rise distributions in the
full head model at (a) 2.4 and (b) 4.9 GHz.
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Fig. 8. SARyy and temperature rise distributions in the
half head model at (a) 2.4 and (b) 4.9 GHz.
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Fig. 9. Radiation patterns at (a) 2.4 and (b) 4.9 GHz with
and without the head in the xy, xz, and yz plane cuts.

Table 1: Max. SAR and temperature rise values obtained
for the full head without DDT and half head with DDT

Freq. Head SAR1g SAR1g | Max. Temp.
(GH2) Model (W/kg) (W/kg) Rise (°C)
24 Full Head | 2.1696 1.1467 0.2990
' Half Head | 2.1541 1.1409 0.2971
49 Full Head | 1.1379 0.4676 0.1538
' Half Head | 1.1375 0.4674 0.1534

Table 2: Computation time and computer memory of full
and half head model

Computation Computer
Model Time (min.) | Memory (MB)
Without DDT | Full Head 2178 8870
With DDT | Half Head 871 4380

B. SAR and temperature rise due to the antenna
integrated into the bridge of the smart glasses

The maximum SAR1g, SAR1oq, and temperature rise
values in the full head model without DDT and half head
with DDT at 2.4 GHz and 4.9 GHz are obtained and
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tabulated in Table 3. It can be seen that applying DDT
and using the half head model do not affect the results.
The distributions of SAR1g and temperature rise obtained
in the full head model without DDT and in the half head
model with DDT are evaluated at 2.4 and 4.9 GHz and
shown in Figs. 10 and 11, respectively. It can be realized
from these figures that there are no difference in the
obtained distributions and the maximum SAR:y and
temperature rise occur at the front side of the head
because the antenna is placed into the bridge of the smart
glasses. The radiation patterns of the antenna in the
bridge of the frame with and without the human head at
resonance frequencies are shown in Fig. 12. It can be
seen from the radiation patterns on the xy and yz plane
cuts that the presence of the human head model greatly
attenuates the radiation of the antenna towards the head
and increases in the other direction.

In Table 4, the computation time and computer
memory for the EM analysis of full human head without
DDT and half human head with DDT using the
dispersive algorithm are tabulated. It can be seen from
Table 4 that applying DDT and using half head model
in the simulations provides more than 60% reduction
in computation time and 50% reduction in computer
memory.

3.57
(a)
SARyg (W/kg) .
357
(b)
SARyg (W/kg) .

Fig. 10. SARy4 and temperature rise distributions in the
full head model at (a) 2.4 and (b) 4.9 GHz.
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Table 3: Max. SAR and temperature rise values obtained
for the full head without DDT and half head with DDT

Freq. Head SARyg SAR1g | Max. Temp.
(GH2) Model (W/kg) (W/kg) Rise (°C)
94 Full Head | 3.5735 1.2419 0.3606
' Half Head | 3.5730 1.2415 0.3607
49 Full Head | 2.8160 0.2670 0.2456
' Half Head | 2.8171 0.2672 0.2501
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Fig. 11. SAR14 and temperature rise distributions in the
half head model at (a) 2.4 and (b) 4.9 GHz.
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Table 4: Computation time and computer memory of full
and half head model

Computation Computer
Model Time (min.) | Memory (MB)
Without DDT | Full Head 2165 8820
With DDT | Half Head 837 4320

C. Comparison of results obtained due to the antenna
into two different positions

The maximum SARyg, SAR1qq, and temperature rise
values in the head at 2.4 GHz and 4.9 GHz are tabulated
in Tables 1 and 3 when the antenna is placed into two
different positions in the smart glasses. The electric
conductivities of the tissues become larger as the
frequency is increased, hence the magnitude of EM
waves penetration in the head decreases significantly.
Therefore, the SAR1g, SAR10g, and resulting temperature
rise values in the head decrease at higher frequencies. It
is well known that the SAR values are dependent on
the frequency, the type of antenna, the input power of
the antenna, the EM parameters of tissues, antenna
polarization, the distance between the human head and
the antenna, etc.

The limits of maximum SARy; and SAR1oq values
are determined by the RF exposure guidelines and
standards in [33-34]. The SARy values reported in
Tables 1 and 3 are generally above the limit of 1.6 W/kg,
whereas the SAR1oq Values reported in these tables are
always less than the limit of 2 W/kg when the antenna
input power is set to 0.25 W. These high values above
the limit would require this power to be reduced to
comply with the RF exposure guidelines and standards.

It must be noted that the distance between the
antenna and human head is 13.5 mm and 7.2 mm for
left arm and bridge of the frame, respectively. These
distances are closer than those reported in [4-9]. The
SAR and resulting temperature rise values obtained due
the antenna in the bridge of the frame are higher than
those obtained due to the antenna in the left arm of the
frame because the integrated antenna in the bridge of the
frame is closer to the head and eye which is one of the
most sensitive organs in the human head for EM field
exposure.

The maximum temperature rises reported in Tables
1 and 3 are less than the temperature rise limit of 4.5 °C
[35] for tissue health injury, but they are not negligible.
The maximum temperature variations at 2.4 and 4.9 GHz
due to the antenna placed into two different positions in
the glasses frame as a function of time are shown in Fig.
13. It can be seen that the maximum temperature rises
increases exponentially over the first 6 minutes, then
they slow down, and the maximum temperature rises are
reached after 30 minutes of exposure.
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Fig. 13. Maximum temperature rise at 2.4 and 4.9 GHz
due to the antenna placed into position-1 and position-2.

V1. CONCLUSION

The electromagnetic interactions between a 3D
dispersive human head model and electromagnetic fields
radiated by an antenna integrated into a pair of smart
glasses at 2.4 and 4.9 GHz are investigated using a
dispersive FDTD algorithm. Additionally, in order to
show the effect of the position of the integrated antenna
on the SAR and temperature rise distributions in the
head, two possible positions for the antenna into the
frame of the smart glasses are considered. In order to
reduce to computation time and computer memory of the
simulations, two speeding up techniques used in this
work are based on dividing the computational domain
into two sub-regions and using a half head model instead
of a full head model. Applying these techniques provides
more than 50% in the computation time and computer
memory. These techniques would be efficient for
analyzing the human head due to electromagnetic waves
of higher frequencies.
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