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Abstract ─ In this paper, the effects of radio frequency 

electromagnetic fields produced by base stations on a 

human head are investigated with the aid of a 

multiphysics model at multiple frequencies using a 

single simulation. This multiphysics model is based on 

integrating the Debye model of human head dispersive 

tissues parameters into the finite-difference time-domain 

method by using the auxiliary differential equation 

approach and then calculating the specific absorption 

rate and temperature rise distributions in the head with 

the use of bioheat equation. The effects of frequency and 

incident angle of radio frequency electromagnetic fields 

on the specific absorption rate and temperature rise 

distributions in the head are analyzed.  

 

Index Terms ─ Biologic effects of electromagnetic 

radiation, dispersive head, FDTD method, multiphysics 

model, specific absorption rate, temperature rise. 
 

I. INTRODUCTION 
In recent years, the number of the base stations 

mounted on towers and rooftops has increased with the 

use of mobile phones. As a consequence, it is important 

to consider the possible harmful effects on human tissues 

due to radio frequency (RF) electromagnetic fields by  

the base station antennas. The maximum permissible 

exposure limits from the base station antenna are 

determined for occupational and general public 

exposures. For the occupational exposure, RF worker 

needs to work very close to the base station antennas, 

whereas, for the public exposure, people received RF 

fields stay far away from the base station antennas.  

Many international protection organizations [1-3] have 

presented safety standards for limiting RF exposure. 

These standards have basic restriction and reference 

levels for occupational and public exposures which are 

dependent on the frequency ranges.   

The thermal effect of the RF electromagnetic fields  

on a human head has been studied due to far-field [4-8] 

and near-field exposures [8-12] from different types  

of the antennas using the traditional finite-difference  

time-domain (FDTD) method. Additionally, several 

researchers have investigated the thermal effect on a 

human eye, one of the most sensitive organs in the 

human head for the RF field exposure, due to far-field 

exposure [13-16] and near-field exposure [16-18]. In the 

previous works [4-18], temperature rise and specific 

absorption rate (SAR) distributions in the human head or 

eye were calculated at only one frequency of interest in 

a single simulation because of frequency dependent of 

the electromagnetic properties of the biological tissues. 

Therefore, these distributions cannot be calculated for 

multiple frequencies of interest in a single simulation.  

A multiphysics model based on the FDTD method 

proposed in [19] allows to calculate these distributions  

at multiple frequencies in the human head due to a 

wideband antenna using a single FDTD simulation.  

During the last few years, a fifth generation (5G) 

mobile communication has gained enormous popularity 

and extensive research interest. Its possible effects on a 

human head are not studied significantly. In this paper, 

the interaction between a human head and the RF 

electromagnetic fields due to the 5G base stations for the 

occupational and public exposures are investigated using 

the multiphysics model. Thus, SAR and temperature  

rise distributions in the head are obtained at possible 

operating frequencies of the 5G base stations using a 

single simulation. In this investigation, the frequency 

ranges of the RF electromagnetic fields radiated by the 

5G base stations are 3.4-3.8 GHz and 4.4-4.9 GHz. 

In the multiphysics model, the Debye model is 

integrated into the FDTD method using the auxiliary 

differential equation (ADE) as presented in [20], then the 

SAR and temperature rise with the use of Pennes bioheat 

equation [21] are calculated. In the Debye model, the 

three-term Debye coefficients (the relative permittivity 
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of medium at infinite frequencies, the static relative 

permittivity, and the relaxation time) calculated and 

tabulated in [22] are used as the dispersive EM properties 

of the human head tissues for a wide range of frequencies 

(500 MHz to 20 GHz).  

In this paper, a realistic head model [23] under  

RF electromagnetic fields exposure due to the 5G  

base stations is analyzed to prove the validity of the 

multiphysics model. The SAR and temperature rise 

distributions in the head at multiple frequencies 3.4, 3.8, 

4.4, and 4.9 GHz are calculated using the multiphysics 

model in a single simulation as well as using the 

traditional FDTD method in multiple simulations. The 

effect of incident angle of the RF fields on the SAR  

and temperature rise distributions in the head is also 

investigated.  
 

II. MULTIPHYSICS MODEL 

A. Human head model with dispersive tissues 

A three dimensional realistic head model generated 

in [23] is used in this work. The head model used here 

consists of eight tissues (skin, muscle, bone, blood,  

fat, lens, and white and grey matter) and 172(width)× 

208(depth)×240(height) cubic cells. In order to ensure 

the numerical stability in the FDTD method, the cell size 

should be less than 𝜆min/10, where 𝜆min is the wavelength 

of the highest frequency in the head model. Therefore, 

the head model is divided into 0.9 mm cells in all 

directions to satisfy this criterion.  

The complex relative permittivity (𝜀𝑟
∗(𝜔)) for the 

three-term Debye coefficients is defined [22] as: 
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where ∆𝜀𝑘 = 𝜀𝑠𝑘 − 𝜀∞, 𝜀∞ is the relative permittivity at 

infinite frequencies, 𝜀𝑠𝑘 and 𝜏𝑘 are the static relative 

permittivity and  the relaxation time constant of kth term, 

respectively. They were obtained using a numerical 

technique developed in [22] for the frequency range 500 

MHz to 20 GHz.  

 

B. FDTD method and incident plane wave  

The RF electromagnetic fields radiated by the 5G 

base stations are considered as far-field sources generated 

somewhere outside of the FDTD problem domain. The 

FDTD problem domain involved the head model is 

illuminated by the incident plane wave produced from 

these sources. The power density of the incident plane 

wave are set to 50 W/m2 and 10 W/m2 which are 

maximum permissible exposure limits for occupational 

and public exposures [1-2], respectively. The incident 

plane wave is a Gaussian waveform containing each 

frequency of interest. The total-field/scattered-field 

formulation [20] used here generates the incident plane 

wave in the FDTD problem domain. The convolution  

perfect matching layer (CPML) [20] as an absorbing 

boundary is applied at the borders to truncate the FDTD 

problem domain. 

 

C. SAR calculation  

The RF energy absorbed per unit mass of biological 

tissue is defined as SAR. The spatial peak SAR value 

over any 1g tissue (SAR1g) for the occupational and 

public exposures cannot be exceeded 8 and 1.6 W/kg  

[1], respectively. After EM simulation is done and the 

steady-state fields are achieved using the discrete Fourier 

transform (DFT), the magnitudes of the averaged E field 

components are used for the calculation of the steady-

state SAR distribution at each frequency of interest. The 

SAR is defined at a given location as: 
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where 𝜎(𝑖, 𝑗, 𝑘) and 𝜌(𝑖, 𝑗, 𝑘) are the electric conductivity 

and mass density [kg/m3] of the tissue at a given location, 

respectively. In equation (2), an averaging of 𝐸 fields in 

all directions is performed to obtain the corresponding 

values at the exact location of interest. For calculating 

the peak SAR1g in the head, the IEEE standard C95.3-

2002 is considered [24]. These SAR1g values are 

considered as RF heat source in the temperature rise 

calculation. 

 

D. Temperature rise calculation 

After the SAR1g distribution in the head is calculated 

and recorded, the temperature analysis with the use of 

bioheat equation [21] is performed in two steps. In the 

first step, the steady-state temperature distribution in the 

head is calculated by solving the bioheat equation with 

no RF heat source (SAR1g=0). In the second step, the 

final temperature distribution is calculated by substituting 

the SAR1g distribution into the bioheat equation. The 

difference between the final and steady-state temperature 

distribution provides the temperature rise distribution in 

the head.  

The bioheat equation is given by: 

  2
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where 𝑇 is the temperature of the tissue at time 𝑡, 𝜌 is the 

mass density of the tissue [kg/m3], 𝐶 is the heat capacity 

of the tissue [J/(kg∙oC)], 𝐾 is the thermal conductivity  

of the tissue [J/(m∙oC)], 𝐵 is the blood perfusion rate 

[W/(m3.oC)], and 𝑇𝑏  is the blood temperature. The 

convective boundary condition [9] for the bioheat 

equation in (3) applied to the external and internal 

surface of the human head is expressed as: 

              air

T
K h T T

n


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

,                         (4) 

where 𝑇𝑎𝑖𝑟  is the air temperature, 𝑛 is the unit normal  
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vector to the skin surface or internal cavity, and ℎ is the 

convection heat transfer coefficient [W/(m2∙oC)]. The 

finite difference approximation of the bioheat equation 

in (3) and the convective boundary condition in (4) is 

given in [19]. The mass density and thermal parameters 

of the head tissues are given in [19]. The convection heat 

transfer coefficients (h) is set to 10.5 between the skin 

surface and external air and 50 between the internal 

cavity surface and internal air [5]. The air temperature 

(𝑇𝑎𝑖𝑟) and initial head temperature (𝑇𝑏) were set to 20 

and 37 oC, respectively. In order to ensure the numerical 

stability, the temperature time-step (∆𝑡) must satisfy the 

following criterion [9]: 
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III. NUMERICAL RESULTS 

In the first part of this section, the maximum SAR1g 

and temperature rise in the head are calculated at 1.5 

GHz using the multiphysics model and traditional FDTD 

method. The obtained results are compared with the 

results obtained in [5-6] in order to prove the validity  

of the multiphysics model. In the second part of this 

section, the effects of frequency and incident angle of the 

RF fields on the SAR and temperature rise distributions 

in the head are investigated using the multiphysics 

model. Finally, in the last part of this section, the 

performance of the multiphysics model is presented. The 

computer being used in this paper has Intel® Core™  

i7-4790 CPU and 16 GB DDR RAM. The program is 

written and compiled in 64-bit MATLAB version 

8.2.0.701 (R2013b). The total number of cells used in the 

simulations is 14,007,552. 

 

A. Comparison of results obtained using the 

multiphysics model and traditional FDTD method 

In order to confirm the validity of the multiphysics 

model, the maximum temperature rise and SAR1g values 

in the head calculated at 1.5 GHz using the multiphysics 

model are compared with those obtained using the 

traditional FDTD method and those reported in [5-6] for 

the occupational and public exposures. In this simulation, 

the human head with a cell size of 2 mm is illuminated 

by a θ polarized plane wave with the incident angles of 

θinc=90o and ϕinc=90o (from the front to rear of the head). 

The comparison in Table 1 shows that the results 

obtained using the multiphysics model agree very well 

with the results obtained using the traditional FDTD 

method. It is also realized that the maximum SAR1g 

value in the head is reasonably in good agreement 

whereas the maximum temperature rise in the head is 

slightly different with those reported in [5-6]. The reason 

for the difference in the compared results is due to the 

use of different head model. 

Table 1: Comparison of maximum SAR1g and maximum 

temperature rise in the head at 1.5 GHz 
Exposure Type Methods Max. SAR1g (W/kg) Max. Temp. Rise (oC) 

Occupation RF 

Exposure 

Multiphysics model 5.55 0.49 

Traditional FDTD  5.55 0.49 

Reported in [5] 5.62 0.35 

Public RF 

Exposure 

Multiphysics model 1.11 0.09 

Traditional FDTD  1.11 0.09 

Reported in [6] 1.12 0.069 

 

 

 

 

 

 

 

Fig. 1. (a) Front, (b) front-right, and (c) front-above. 
 

B. Effect of frequencies and incident angles on the 

SAR and temperature rise distributions in the head  

The temperature rise and SAR1g distributions in the 

head due to the occupational RF field exposure are 

calculated using the multiphysics model at 5G frequencies 

below 6 GHz (3.4, 3.8, 4.4, and 4.9 GHz) in a single 

simulation. In order to excite the human head, a θ 

polarized plane wave is considered with three different 

incident angles: first is called front incident with the 

angles of θinc=90o and ϕinc=90o, second is called front-

right incident with the angles of θinc=90o and ϕinc=45o, 

and third is called front-above incident with the angles 

of θinc=135o and ϕinc=90o, as shown in Fig. 1. 

For the front incident, the SAR1g and resulting 

temperature rise distributions in the x-y cross section of 

the head model at the listed frequencies are shown in  

Fig. 2. For the front-right and front-above incidence, the 

SAR1g and resulting temperature rise distributions in  

the x-y cross section of the head model at the listed 

frequencies are shown in Figs. 3-4, respectively. It can 

be realized from the figures that SAR1g distributions are 

correlated well with the temperature rise in the head. It 

can be seen from Fig. 3 that the SAR1g and temperature 

rise values in the right eye are higher than those in the 

left eye because the nose prevents the RF fields from 

penetrating in the left eye. The electric conductivities of 

the tissues become larger as the frequency is increased, 

then the magnitude of EM waves in the head decreases 

exponentially. Therefore, the SAR1g and resulting 

temperature rise values in the head decrease at higher 

frequencies. 

The maximum SAR1g value and temperature rise in 

the head at the listed frequencies are shown in Table 2 

for front, front-right, and front-above incidence. It is 

realized that the maximum values of the SAR and 

temperature rise obtained from the front-above incident 

are smaller than those obtained from other two incidence. 

The maximum temperature rise and SAR1g in the head 

are less than 1 oC and 8 W/kg for the occupational 

exposure, respectively. 
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Fig. 2. SAR1g and temperature rise distributions due to 

front incident at: (a) 3.4, (b) 3.8, (c) 4.4, and (d) 4.9 GHz. 
 

The maximum temperature variation in the head at 

3.4 GHz as a function of time is shown in Fig. 5 for the 

front, front-right, and front-above incidence. It can be 

seen from Fig. 5 that the temperature increases rapidly 

over the first 6 minutes, then temperature increase slows 

down, and the maximum (steady-state) temperature is 

reached after 30 minutes of exposure. The temperature 

rise due to the RF electromagnetic fields exposure is not 

significantly much to change the EM and thermal 

properties of the tissues.   
 

Table 2: Maximum SAR1g and temperature rise at listed 

frequencies for three different incidence 
Freq. 

(GHz) 

Max. SAR1g (W/kg) Max. Temperature Rise (oC) 

Front Front-right Front-above Front Front-right Front-above 

3.4 5.52 5.14 2.98 0.67 0.62 0.37 

3.8 4.01 3.66 2.99 0.56 0.45 0.31 

4.4 3.33 4.08 3.16 0.45 0.49 0.31 

4.9 3.24 3.65 2.82 0.44 0.43 0.31 

             
 

             
 

             
 

             
 
Fig. 3. SAR1g and temperature rise distributions due to 

front-right incident at: (a) 3.4, (b) 3.8, (c) 4.4, and (d)  

4.9 GHz. 

 
C. Performance of multiphysics model  

The SAR1g and temperature rise values at the listed 

frequencies obtained using the multiphysics model in a 

single simulation are found to be exactly the same as 

those obtained using the traditional FDTD method using 

multiple simulations. The complexity of the traditional 

FDTD method [20] is less than that of the multiphysics 

model. However, the traditional FDTD method provides 

solutions at a single frequency in a single simulation 

because of frequency dependent of the biological tissues, 

whereas the multiphysics model can provide solutions at 

multiple frequencies using a single simulation. To show 

the performance of the multiphysics model, the relative 

percentage time saving between the multiphysics model 

and the traditional FDTD method is shown in Fig. 6 

when the number of frequencies of interest is increased. 
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The relative percentage of CPU time saving between the 

multiphysics model and the traditional FDTD method is 

defined as: 

              100%
multiphyFDTD

savi

sics

ng

FDTD

t t
t

t

 
  
 

,                  (6) 

where tmultiphysics and tFDTD are the computation time of 

multiphysics model and the traditional FDTD method, 

respectively. It is realized that the multiphysics model is 

more efficient than the traditional FDTD method while 

obtaining solutions at more than one frequency. The 

solutions at frequencies above 20 GHz can be obtained 

using the multiphysics model once the three-term Debye 

coefficients of the tissues are determined using a 

numerical technique similar to that developed in [22]. 

 

             
 

             
 

                              
 

             
 

Fig. 4. SAR1g and temperature rise distributions due to 

front-above incident at: (a) 3.4, (b) 3.8, (c) 4.4, and (d) 

4.9 GHz. 

 

 
 

Fig. 5. Maximum temperature rise in the head at 3.4 GHz 

for front, front-right, and front-above incidence. 

 

 
 

Fig. 6. Relative percentage of CPU time saving. 

 

IV. CONCLUSION 
The interaction between a dispersive human head 

and RF electromagnetic fields radiated by 5G base 

station is investigated using the multiphysics model at 

multiple frequencies in a single simulation. The SAR1g 

and resulting temperature rise distributions in the head 

are calculated at 5G frequencies (3.4, 3.9, 4.4, and 4.9 

GHz) in a single simulation with the use of multiphysics 

model. Numerical results show that the SAR1g and 

temperature rise distributions in the human head are 

dependent on the frequency and incident angle of the RF 

fields. It is also realized that the maximum SAR1g and 

temperature rise values occur in the eyes of the head. The 

multiphysics model provides remarkable saving in the 

computation time when the analysis is performed at more 

than one frequency.  
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