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Abstract ─ This research article aims to investigate the 

thermal effects on human eye due to exposure of EM 

(electromagnetic) field at 5G frequencies. A secondary 

purpose of the article is to show that SPICE, one of the 

most commonly used tools in circuit analysis, can be 

used to solve complex EM and bioheat transfer problems. 

Both electric field and temperature distributions in human 

eye are simulated with transmission line modelling 

(TLM) method. Also, finite element method (FEM) 

calculations are carried out for comparison. Temperature 

distributions are calculated for 30 minutes of EM 

radiation exposure. As a subject of the simulation, a 

human is chosen that the power density of incoming  

field at the human eye is assumed as the maximum of  

the ICNIRP general public exposure limits. A good 

consistency between TLM and FEM based simulations 

is found. A new transmission line model based on Debye 

parametric model is generated for simulation of EM  

field distribution in the tissues. With this generated 

transmission line, the results for the frequencies of 

interest can be obtained via single simulation. Also,  

a new transmission line model is developed for the 

temperature distribution simulation in which the effects 

of noncompressible fluid flow such as non-unidirectional 

blood flow in tissues and flow in aqueous humor are 

taken into consideration. 

 

Index Terms ─ 5G, bioheat transfer, electromagnetic 

field, TLM. 

 

I. INTRODUCTION 
Wireless communication technologies have been 

advancing to meet constantly changing demands or  

to overcome the challenges such as capacity, quality  

of service, data rate, cost etc. [1]. To facilitate such 

increasing demands a new mobile cellular network 

architecture, 5G (fifth generation), is needed since,  

they cannot be provided sufficiently by the 4G (fourth 

generation) technologies [2].  

However, these advances in wireless communication 

technologies cause some public concerns about possible 

hazardous health effects of mobile communication. In  

the recent decades, concerns on EM (electromagnetic) 

power absorption by the human eye have been raised 

since as the wireless communication advances, the 

chance of direct EM radiation exposure of the eye in a 

GHz frequency band increases [3]. Naturally, the public 

looks for reassurance that they are not in any way 

harmful or dangerous environment.  

In the literature, numerous studies have been 

conducted to investigate the electromagnetic power 

absorption in the human eye with different models as 

well as for different frequencies. In Table 1, some of the 

related studies in the literature are given in terms of their 

eye model, frequency of interest and EM wave and 

bioheat transfer solution method. 
  

Table 1: Some of the studies on EM power absorption by 

the human eye in the literature 

Study 
Eye Tissue 

Content 

Freq. 

(GHz) 

EM 

Solution 

Method 

Bioheat 

Solution 

Method 

[3] 
ah, c, i, l, s, 

vh 
0.9−10 FDTD FDM 

[4] c, h, l, s 
6, 18, 

30 
FDTD FEM 

[5] ah, c, l, s, vh 0.6−6 FDTD FDTD 

[6] 
ah, c, i, l, pc, 

s, vh 
0.9 FEM FEM 

[7] 
ah, c, i, l, s, 

vh 
0.9−10 FDTD FDM 

[8] 
ah, c, i, l, pc, 

s, vh 
0.9, 1.8 FEM FEM 

[9] ah, c, l, s 0.6−6 FDTD - 

[10] ah, c, l, s 0.6−4 FDTD - 

[11] 
ah, c, ch, i, l, 

r, s, vh 
0.915 FDTD - 

[12] 
ah, c, ch, i, l, 

m, r, s, vh 

0.9, 2.6, 

28 
FIT - 

*ah: aqueous humor, c: cornea, ch: choroid, i: iris, l: lens, m: muscle, 

pc: posterior chamber, r: retina, s: sclera, vh: vitreous humor, FDTD: 

finite difference time domain, FDM: finite difference method, FEM: 

finite element method, FIT: finite integration theory. 
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In this study, thermal effects of EM waves at 5G  

frequencies on the human eye is investigated. Both  

EM field distribution and bioheat transfer in the eye is 

solved with transmission line modelling (TLM) method. 

Also, they are solved with FEM for comparison. The 

TLM based simulations are carried out in NGSpice 

environment while the FEM based simulations are 

carried out in COMSOL Multiphysics environment.  

TLM is used in the literature as a numerical solving 

method for some types of partial differential equations. 

These equations are wave equation that can be used  

to define EM propagation in lossless media, diffusion 

equation that can be used to define bioheat transfer and 

an equation that is linear combination of wave and 

diffusion equations which can be used to define EM 

propagation in lossy media. The main advantages of 

TLM are unconditional stability and non‐requirement of 

matrix inversion for time‐domain solutions [13]. 

The model of the eye is taken as described in [14]. 

It consists of six tissues: aqueous humor, cornea, iris, 

lens, sclera and vitreous humor as shown in Fig. 1. 

 

 
 

Fig. 1. 2D model of eye used in the study [14]. 

 

5G carrier frequencies considered in the study are 

0.7GHz, 3.6GHz, 26GHz, 32GHz and 42GHz. According 

to European Conference of Postal and Telecommunications 

Administrations (CEPT) report:  

- The Radio Spectrum Policy Group (RSPG) 

considers 0.7GHz band for indoor and 

nationwide 5G coverage. 

- The RSPG considers 3.6GHz band to be the 

primary band for introducing 5G based services 

- The RSPG recommends 26GHz band as a 

pioneer band. 

- The RSPG considers 32GHz band as a 

promising band and 42GHz band as a viable 

option in the longer term [15]. 

The paper is so organized that, Section 2 provides 

materials and method, Section 3 contains simulations 

and results, and Section 4 offers the conclusion. 

II. MATERIALS AND METHODS 
Transmission line circuit theory can be applied  

to solve wave equations when 𝜆 ≫ 𝑙 where 𝜆 is the 

wavelength and 𝑙 is the spatial resolution [16]. 

Wavelength of an EM wave travelling through a lossy 

medium can be calculated as follows: 

 .
r r

c

f
 =

 
 (1) 

Here 𝑐 is the speed of light in vacuum, 𝜀𝑟 is the relative 

permittivity of the medium, 𝜇𝑟 is the relative permeability 

of the medium and 𝑓 is the frequency. 

The wavelengths of EM waves travelling through 

the tissues for the frequencies of interest are given in 

Table 2.  
 

Table 2: Wavelengths (mm) of EM waves travelling 

through ocular tissues with respect to frequency  

Tissue 0.7GHz 3.6GHz 26GHz 32GHz 42GHz 

a 51.52 10.38 2.11 1.87 1.61 

c 57.12 11.81 2.39 2.11 1.80 

i 57.48 11.63 2.27 2.00 1.71 

l 71.13 14.55 3.02 2.66 2.27 

s 57.32 11.67 2.35 2.08 1.78 

v 51.63 10.16 2.07 1.88 1.68 
*a: aqueous humor, c: cornea, i: iris, l: lens, s: sclera, v: vitreous humor. 

 

In literature, thermal wave models of bioheat transfer 

(TWMBT) is proposed for solving bioheat transfer 

problems [17-19]. The wavelength of thermal waves can 

be calculated as:  

 
2 4 2

2 2
.

( / ) ( / ) 4( / )T T b b Tc c C k


 =

 +  + 
 (2) 

Here 𝑐𝑇 is the speed of thermal wave (𝑚/𝑠), 𝛼 is the 

thermal diffusivity (𝑚2/𝑠), 𝜔𝑏 is blood perfusion rate 

(𝑘𝑔/𝑚3/𝑠), 𝐶𝑏 is specific heat capacity of blood 

(𝑊𝑠/𝑘𝑔/𝐾) and 𝑘𝑇 is thermal conductivity of tissue 

(𝑊/𝑚/𝐾). The speed of thermal wave and thermal 

diffusivity is defined as follow: 

 , .T
T

T

k
c

C


=  =

 
 (3) 

Here 𝜌𝑇 is density of tissue (𝑘𝑔/𝑚3), 𝐶 is specific heat 

capacity of tissue (𝑊𝑠/𝑘𝑔/𝐾), and 𝜏 is thermal relaxation 

time of tissues (𝑠). 

There are several studies conducting on finding 

thermal relaxation time of tissues [20-23] and its value 

varies between 0.426 and 50 seconds. By examining (2) 

and (3) the thermal wavelength and thermal relaxation 

time are proportional. Thermal relaxation time selected 

as its lowest value to determine spatial resolution for 

solving bioheat transfer problem with TLM. For this 

value thermal wavelength values in the ocular tissues are 

given in Table 3.   

The wavelength values given in Tables 2 and 3 is used 

to determine the 2D-TLM mesh size to ensure the spatial 
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resolution is much smaller than wavelengths (𝑙 ≪ 𝜆). The 

mesh size will be given in Section III. 

 

Table 3: Wavelength (mm) of thermal waves travelling 

in ocular tissues 

Aqueous 

Humor 
Cornea Iris Lens Sclera 

Vitreous 

Humor 

1.64 1.61 1.57 1.53 1.57 1.63 

 

A. TLM for electromagnetic wave solution 

The field equations for a plane wave in a medium 

can be analogous to the circuit equations for a wave on a 

transmission line. This similarity can be favourably used 

for the analysis of a travelling EM wave in a medium 

based on transmission line analogy. 

It is assumed that the incoming EM wave is 

characterized by TM (transverse magnetic) fields (TM-

mode) to simplify the problem as in [6, 8, 24, 25]. 

Moreover, TM or TE (transvers electric) mode cavity 

resonators are usually employed in the current mobile 

base stations [26,27] and they will be still useful for 5G 

base stations [28]. 

It is very well established in the literature that TM 

or TE mode EM wave problems can be solved with 2D-

TLM method [29]. Hence, 2D-TLM shown in Fig. 2 can 

be used to solve TM mode EM wave problems.  

Consider a TM wave propagating along 𝑧 direction 

in a lossy medium. The only none zero field components 

are 𝐻𝑥, 𝐻𝑦 and 𝐸𝑧. Using Maxwell’s Equations, the 

following equations are obtained: 

 ,
yz

HE

x t


= 

 
 (4) 

 ,xz
HE

y t


= −

 
 (5) 

 .
y x z

z

H H E
E

x y t

  
− =  + 

  
 (6) 

By taking derivatives of (4) and (5) with respect to 𝑥 and 

𝑦 respectively, combine the resultants with (6) yields to: 

 
2 2 2

2 2 2
.z z z zE E E E

x y t t

   
+ =  +

   
 (7) 

For solving (7), the transmission line shown in Fig. 

2 can be used. In the figure 𝑉 is voltage, 𝑅, 𝐿, 𝐶 and 𝐺 

are resistance, inductance, capacitance and conductance 

per meter of the transmission line respectively and ∆𝑙 is 

the unit length of the transmission line in the both 𝑥 and 

𝑦 axis. If KVL (Kirchhoff’s voltage law) is applied along 

𝑥 and 𝑦 axis the followings are obtained, respectively: 

 ,x
x

IV
RI L

x t


− = +
 

 (8) 

 .
y

y

IV
RI L

y t


− = +
 

 (9) 

Then, if KCL (Kirchhoff’s current law) is applied to 

the node V shown in Fig. 2: 

 2 2 ,
yx

II V
GV C

x y t

 
+ = − −

  
 (10) 

is obtained. By taking derivatives of (8) and (9) with 

respect to 𝑥 and 𝑦 respectively and combine the 

resultants with (10) yields to: 

 
2 2 2

2 2 2
2 2 2 .

V V V V V
RGV RC LG LC

x y t t t

    
+ = + + + 

    
 (11) 

If the value of 𝑅 is taken as negligibly small or zero 

below equivalence can be established between (7) and 

(11):  

 
,  ,  ,

  

z x y y xV E I H I H

L C G

  − 

      
 (12) 

The electrical parameters of the tissues are given in 

Table 4 with respect to frequency.  
 

 
 

Fig. 2. 2D Lumped model of transmission line. 

 

Table 4: Electrical parameters of ocular tissues with 

respect to frequency [30] 

Tissue 0.7GHz 3.6GHz 26GHz 32GHz 42GHz 

a 
𝜀𝑟 69.20 64.40 30.0 25.1 19.7 

𝜎 2.34 4.69 41.4 48.0 56.3 

c 
𝜀𝑟 56.30 49.80 23.4 19.8 15.7 

𝜎 1.31 3.26 30.8 35.7 41.8 

i 
𝜀𝑟 55.60 51.30 25.8 22.0 17.5 

𝜎 0.88 2.65 31.6 37.2 44.4 

l 
𝜀𝑟 36.30 32.80 14.6 12.4 9.87 

𝜎 0.44 1.76 19.4 22.3 25.9 

s 
𝜀𝑟 55.9 51.0 24.1 20.4 16.1 

𝜎 1.1 3.0 31.4 36.5 42.9 

v 
𝜀𝑟 68.90 67.30 31.1 24.9 18.0 

𝜎 1.58 3.58 47.9 55.5 63.9 
*a: aqueous humor, c: cornea, i: iris, l: lens, s: sclera, v: vitreous humor. 

 

The value of 𝜇𝑟 (relative permeability) is selected as 

1, since human tissues are a non-magnetic material that 

their magnetic permeability is same as or very close to 

that of vacuum [31,32]. 
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In classical TLM method, it is not possible to solve 

a multi-frequency EM field distribution problem in a 

lossy media with a single simulation. Simulations must 

be carried as many as the number of the frequencies of 

interest. In this paper, a new transmission line model is 

design to make it possible to solve such multi-frequency 

EM field distribution problem with a single simulation. 

In the literature, there are studies that employ 

parametric model of tissues’ dielectric properties in 

order to solve a multi-frequency EM problem with a 

single simulation [33-35].  

There are two parametric models of tissues 

commonly employed in the literature. These are Debye 

and Cole-Cole [36] parametric models. In both models, 

the dielectric properties of tissues can be expressed as  

a function of frequency over some frequency range. 

Debye parametric model is usually preferred because of 

its lower computational complexity and it can be easily 

expressed in time and frequency domain. On the other 

hand, Cole-Cole parametric model offers higher accuracy, 

and it can model the dielectric properties of tissues for a 

very large frequency range (typically from Hz to THz). 

In this study, Debye parametric model is employed 

due to its lower computational complexity and it can be 

easily synthesized with an RC ladder network as it will 

be discussed in this section. 

The Debye parametric model that describes the 

complex permittivity of a lossy medium is given in (13): 

 ' ''

1
0

( ) ( ) ( ) .
1

ns i

i
i

j
j j

 =

 
  =   −   =  + +

 + 
  (13) 

Here ε′(ω) and ε′′(ω) relative permittivity and 

dielectric loss factor respectively, 𝑛 is the total number 

of Debye poles, ε∞ is relative permittivity at the highest 

frequency (usually in THz region), σs the static ionic 

conductivity, ε0 is the permittivity of free space, ∆εi is 

the change in the relative permittivity and τi is the 𝑖𝑡ℎ 

relaxation constant at 𝑖𝑡ℎ dispersion.  

The relation between conductivity of medium (𝜎) 

and dielectric loss factor ε′′(ω) is given in (14): 
 ''

0 ( ). =     (14) 

The parallel admittance per meter of the transmission 

line shown in Fig. 2 is given as: 
 Y( ) 2(G ).j C = +   (15) 

Using (12) and (14), the parallel admittance can be 

described in terms of Debye parameters as given in (16): 

 
' ''

0

0 1
0

Y( ) 2(G ),

2(G )

( ( ) ( )),

Y( ) ( ).
1

ns i

i
i

j C

j C j

j j j

j
j j

 =

 = + 

+  + 

+     −  

 
    + +

 + 


 
(16) 

The parametric model of the parallel admittance 

Y(ω) given in (16) can be easily synthesized with Foster 

II circuit synthetization method as an RC ladder network.  

The method is given in (17): 

 
1

( )
.

n i

i
i

YY
Y

j j j


 =


= + +

  +
  (17) 

Where 𝑌∞ is the parallel capacitance, 𝑌0 is the parallel 

conductance and 
𝐾𝑖

𝑗𝜔+𝛼𝑖
 term is the pole introduced by a 

parallel admittance of a series RC branch. Using the 

relation given in (17) transmission line model of the 

tissues based on Debye parametric model can be 

generated as in Fig. 3. Here the number of Debye poles 

is three. Moreover, the relation between the synthesized 

parallel admittance and Debye parameters are given in 

Table 5.  

 

 
 

Fig. 3. 2D transmission line model based on Debye 

parametric model.  

 

Table 5: Equivalence between parameters of transmission 

line in Fig. 3 versus Debye parameters 

TLM Parameters  EM Field/Debye Parameters 

L (H/m) ↔ μ (kgm/s2/A2) 

2Y∞ (F/m) ↔ ε∞ε0 (s4A2/kg/m3) 

2Y0 (1/Ω/m) ↔ σs (1/Ω/m) 

2K1 (1/Ω/m) ↔ 
ε0∆ε1

τ1
 (s3A2/kg/m3) 

2K2 (1/Ω/m) ↔ 
ε0∆ε2

τ2
 (s3A2/kg/m3) 

2K3 (1/Ω/m) ↔ 
ε0∆ε3

τ3
 (s3A2/kg/m3) 

𝛼1 (1/Ω/F) ↔ 
1

𝜏1
 (1/s) 

𝛼2 (1/Ω/F) ↔ 
1

𝜏2
 (1/s) 

𝛼3 (1/Ω/F) ↔ 
1

𝜏3
 (1/s) 
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Although the computational complexity of Debye 

parametric model is lower, its biggest drawback is it 

cannot describe complex permittivity of a medium very 

accurately [36]. In their study, Salahuddin et al. [37], 

Debye parametric model is optimized for 500MHz and 

20GHz frequency range to reduce the error introduced 

by the model. 

Debye parameters given in [37] is used for analysing 

EM distribution in the human eye problem for 700MHz 

and 42GHz frequency range. However, some of the 

frequencies of interest in this study are out of the 

frequency range given in [37]. Maximum deviation error 

is for the conductivities of the tissues is about 7% and for 

the relative permittivity is about 3%. This will introduce 

a computational error. However, it can be said that the 

error is negligible since the electric field magnitude at 

these higher frequencies of interest, as it can be seen  

in Fig. 8, is almost zero. The Debye parameters for the 

ocular tissues are given in Table 6. 
 

Table 6: Debye parameter values of the ocular tissues 

[37] 

Tissue ε∞ σs ∆ε1 ∆ε2 ∆ε3 
τ1 

[ps] 
τ2 

[ps] 
τ3 

[ps] 
a 8 1 100 48.4 11.2 674.8 7.111 20.94 

c 8.3 0.8 39.2 62.1 6.5 8.066 1200 40.11 

i 8.8 0.7 4.93 41 11.6 40.11 7.549 769.1 

l 6.3 0.6 2.4 8.3 30.1 153.1 19.27 6.822 

s 8 0.9 39.7 4 6.5 7.73 260.1 29.49 

v 6.5 1 100 57.6 5.4 1259 7.362 21.71 
*a: aqueous humor, c: cornea, i: iris, l: lens, s: sclera, v: vitreous humor. 

 

B. TLM for bioheat transfer 

Bioheat transfer in the human eye is calculated with 

Klinger’s model, a continuum model of Pennes’ model, 

in which the effect of non-unidirectional blood flow  

is taken into consideration [38]. It can also model 

noncompressible fluid flow in the tissues such as the 

flow in aqueous humor. Klinger’s model can be described 

as: 

 2( ) . ( ) .T T T T T b b b

T
C C u T k T C T T Q

t


 +   =  + − +


 (18) 

Where 𝜌𝑇 is density of tissue (𝑘𝑔/𝑚3), 𝐶𝑇 specific heat 

capacity of tissue (𝑊𝑠/𝑘𝑔/𝐾), 𝑇 is temperature (𝐾), 𝑡 is 

time (𝑠), �⃗�  is the velocity vector (𝑚/𝑠), 𝑘𝑇 is thermal 

conductivity of tissue (𝑊/𝑚/𝐾), 𝜔𝑏 is blood perfusion 

rate (𝑘𝑔/𝑚3/𝑠), 𝐶𝑏 is specific heat capacity of blood 

(𝑊𝑠/𝑘𝑔/𝐾), 𝑇𝑏 is the initial temperature value of blood 

(𝐾) and 𝑄 is the sum of metabolic heat generation rate 

and the electromagnetic power density absorbed by the 

tissues (𝑊/𝑚3). (18) can be rearranged as: 

 2 ( )
( ) .b bT T T T

b

T T T T

CC CT Q
T u T T T

k t k k k

 
 = +  + − −


 (19) 

Bioheat transfer problem can also be solved with 

TLM method [13, 39]. For this, transmission line model  

shown in Fig. 4 is used. 

In the literature, the studies on solving bioheat 

transfer problems with TLM method often ignore the 

effects of noncompressible fluid flow in the tissues. In 

some cases, this may lead to small spatial errors on the 

distribution of temperature at tissues. To cope with this 

drawback, transmission line model for solving bioheat 

transfer problems is modified by adding dependent 

voltage sources as shown in Fig. 4. Hence, the modified 

transmission line model can reduce the spatial temperature 

distribution errors. 

If the circuit analysis for the circuit shown Fig. 4 is 

performed as in the previous section, the following 

equation is obtained: 

 

2
2

2
2 2( ) 2

22
.

yx s s

V V
V LC LG RC RGV

t t

aa I I RV V L

l x l y l t l

 
 = + + +

 

 
+ + − −
      

 (20) 

Here 𝑅, 𝐿, 𝐶 and 𝐺 are resistance, inductance, capacitance 

and conductance per meter of the transmission line 

respectively, ∆𝑙 is the unit length of the transmission line 

in the both 𝑥 and 𝑦 axis, and the value 𝑎𝑥 and 𝑎𝑦 are the 

gain of the voltage controlled voltage sources. If the 

value of 𝐿 is taken as 0 (or 𝜔𝐿 ≪ 𝑅) the following is 

obtained: 

 2
22

2 2 .
yx s

aa I RV V V
V RC RGV

t l x l y l

  
 = + + + −

     
 (21) 

 

 
 

Fig. 4. Transmission line model for bioheat transfer. 

 

As it can be seen in (19) and (21) that their solutions 

are mathematically equivalent with: 

 
,  2 , 2 ,

22
 ,  .

b bT T

T T

yx s b b bT T T T
x y

T T T

CC
V T RC RG

k k

a C T QC Ca I R
u u

l k l k l k


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 + 
   

  

 (22) 

The value of lumped elements and sources in Fig. 4 can 

be calculated as: 
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2 2

2

, ,
4 4

1
, , ) .

2

T T
x yT T b b

T T
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T

C C
C C l a l a l

k k

R G C l I C T Q l
k l
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

 
(23) 

Thermal properties of the tissues are given in Table 7. 

 

Table 7: Thermal properties of the tissues [30] 

Tissue 𝜌𝑇 𝐶𝑇 𝑘𝑇 𝑄𝑚𝑒𝑡 𝜔𝑏 

a 993.8 3997 0.58 - - 

c 1062 3615 0.54 - - 

i 1091 3421 0.50 43899 32.3 

l 1076 3133 0.43 - - 

s 1032 4200 0.58 6073 6.74 

v 1005 4047 0.59 - - 
*a: aqueous humor, c: cornea, i: iris, l: lens, s: sclera, v: vitreous humor. 

 

III. SIMULATION AND RESULTS 
Simulations are performed for a far field radiation 

and the power density of the incoming electric field is 

assumed as the top of the general public exposure limit 

of ICNIRP (International Commission on Non‐Ionizing 

Radiation Protection) guideline. The limits are given in 

Table 8 for the 5G frequencies used in the study. 

 

Table 8: Reference level for general public exposure of 

EM field [40] 

Frequency 

(𝐺𝐻𝑧) 

E Field RMS 

Strength (𝑉/𝑚) 

Plane Wave Power 

Density (𝑚𝑊/𝑐𝑚2) 

0.7 36 0.35 

3.6 61 1 

26 61 1 

32 61 1 

42 61 1 

 

In the TLM based simulation, the proposed 

transmission line model based on three-term Debye 

parameters is used. In the TLM simulation, all the 

electric field distribution results obtained with a single 

simulation run for the frequencies of interest. Moreover, 

the lumped element values of the proposed transmission 

line are calculated from Debye parameters given in Table 

6 in accordance with the equivalence given in Table 5. 

On the other hand, FEM based simulations are carried 

out by the number the frequencies of interest, even 

though FEM based simulation supports the parametric 

model of the tissues. The reason for this is that the FEM 

based simulations are carried out for comparison and in 

these simulations dielectric properties of the tissues 

given in [30] are used. 

The simulation setup is shown in Fig. 5. In both EM 

and bioheat transfer problems, a square TLM mesh is 

used. The size of the mesh is 0.3mm X 0.3mm. A 2D 

TLM consists of two transmission line in each direction. 

Hence, the spatial resolution in each direction is the half 

of the side length of the square mesh. Since a 2D TLM 

shunt node is used in the problems, the spatial resolution 

is 0.15mm and this resolution value is less than a tenth 

of wavelengths given in Tables 2 and 3, hence, it can  

be said that the spatial resolution is much lesser than 

wavelength in all EM and bioheat transfer problems. 

In the simulation setup, cornea has a boundary with 

air medium while sclera has a boundary with head. The 

rest of the air and head medium in Fig. 5 are truncated 

with matched boundary condition as described in [29] for 

the electric field distribution calculation. The impedance 

connected at the matched boundary is chosen to be equal 

to the characteristic impedance of the medium. The region 

labelled as air in Fig. 5 is truncated with impedance that 

equals to the characteristic impedance of air and the 

region labelled as head in Fig. 5 is truncated with 

impedance that equals to the characteristic impedance of 

head tissue. The dielectric properties of the head tissue 

are taken as the average of that of white and gray matter 

as in [41]. 

 

 
 

Fig. 5. Simulation setup. 

 

Since the field considered to be come at right angles, 

the matched boundary condition will give good results 

with low computational complexity [29]. The circuit 

representation of matched boundary condition is given in 

Fig. 6.  
 

 
 

Fig. 6. Circuit representation of matched boundary 

condition. 
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The reflection coefficient at the boundary is 

calculated as follows: 

 0.Load TL TL TL

Load TL TL TL

Z Z Z Z

Z Z Z Z

− −
 = = =

+ +
 (24) 

For bioheat transfer problem convection boundary 

condition is used. The convection boundary condition is 

described as: 

 ( ).T T

T
k h T T

l


− = −


 (25) 

Here ℎ (𝑊/𝑚2/𝐾) is the heat transfer coefficient 

between two region and 𝑇𝑇 (𝐾) is the temperature at  

the boundary. In Fig. 7, the resistance 𝑅 is used to model 

the heat transfer coefficient and the voltage source 𝑉𝑇 is 

used to model the temperature at the boundary and their 

relations can be found in [42] and are given in (26): 

 
1

, .
2

T Th T V
R l




 (26) 

Convection boundary is considered for two different 

boundaries. First one is the boundary between air and 

cornea and the second one is between sclera and head 

regions. The heat transfer coefficients for these boundaries 

are taken as in [43]. Also, the ambient temperature is 

taken as 25℃ and the body temperature is taken as 37℃. 

The convection boundary in TLM is used as described in 

[42] and shown in Fig. 7. 
 

 
 

Fig. 7. Circuit representation of convection boundary 

condition. 

 

The electric field distribution in the human eye is 

calculated with both TLM and FEM methods and their 

results are given in Fig. 8. As it can be seen in the figure, 

both results of TLM and FEM based electric field 

distribution calculation are close to each other. 

As it can be seen in Fig. 8, at the lowest frequency, 

the electric field magnitude gradually decreasing as  

it travels inside the human eye, but it never reaches  

down to zero. For 3.6GHz frequency, the electric field 

magnitude inside human eye exceeds that of incoming 

field and the maxima occurs at a region between aqueous 

humour and lens tissues. Electric field distribution at the 

higher frequencies (26, 32 and 42GHz) can only be 

observed at near the cornea and at the other part of the 

eye electric field magnitude is almost zero. 

 

 

 

 
 

Fig. 8. Electric field distributions inside of the human eye 

at 700MHz ((a) TLM - (b) FEM), 3.6GHz ((c) TLM - (d) 

FEM), 26GHz ((e) TLM - (f) FEM), 32 GHz ((g) TLM - 

(h) FEM) and 42 GHz ((i) TLM - (j) FEM). 

 

Specific absorption rate (SAR) values of the ocular 

tissues for the frequencies of interest are calculated 

before calculation of temperature distribution in the 

human eye. SAR calculated by using (27): 
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2

.rmsE
SAR




=  (27) 

Here 𝜎 is the conductivity of tissue and 𝜌 is the 

density of tissue. The SAR in the human eye is calculated 

by using electric field distributions obtained from TLM 

and FEM based calculations and given in Fig. 9 for  

both methods. At the lower frequencies (700MHz and 

3.6GHz) maximum SAR value is observed at aqueous 

humor due to its higher conductivity. On the other hand, 

at the higher frequencies (26GHz, 32GHz and 42GHz) 

maximum SAR value observed at cornea for at these 

frequencies maximum of the electric field magnitudes 

are observed at the surface.   

 

 

 

 

 

 
 

Fig. 9. SAR distributions inside of the human eye at 

700MHz ((a) TLM - (b) FEM), 3.6GHz ((c) TLM - (d) 

FEM), 26GHz ((e) TLM - (f) FEM), 32 GHz ((g) TLM - 

(h) FEM) and 42 GHz ((i) TLM - (j) FEM). 

 

The temperature distribution in the human eye is 

also calculated with TLM method for two different 

cases. In the first one, the effects of fluid dynamics in 

aqueous humor are not considered while in the second 

one these effects are considered. As in the electric field 

distribution calculation, FEM based calculation of the 

temperature distribution in the human eye is also carried 

out for comparison. In the simulation, exposure time  

is assumed as 30 minutes. Also, the subject of the 

experiment is considered as in standing position. 

The temperature rise due to exposure to EM field at 

5G frequencies are given in Fig. 10 for the case where 

fluid flow in aqueous humor is neglected. As it can be 

seen in the figure the results of TLM, and FEM based 

calculations are very close to each other.  

For the second case where the effects of fluid flow 

in aqueous humor are considered, the temperature rise 

due to exposure to EM field at 5G frequencies are given 

in Fig. 11. As in the previous case, the results of TLM 

and FEM based calculations are very close to each other. 

As seen in Figs. 10 and 11, the highest temperature 

rise occurs at 3.6GHz and the lowest one occurs at 

700MHz. For the rest of the frequencies the temperature 

rise decreases as the frequency increases. There are two 

main reason for why the lowest temperature rise occurs 

at 700MHz. The first one is the power density is at 

700MHz is lower than at other frequencies and the 

second one is at 700MHz tissue conductivities are the 

lowest. The highest rise is observed at 3.6GHz since the 

magnitude of electric field distribution is the highest at 

this frequency. 

When both Figs. 10 and 11 are examined, there is  

a little difference between both figures in terms of 

temperature rise distributions. The difference can be 

easily observed at aqueous humor and its neighbour 

regions. However, the maximum temperature rises in 

both case at all frequencies is very close to each other.  
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Fig. 10. Temperature rise distribution in the human eye 

when the aqueous humor flow dynamics are neglected, 

after 30 minutes exposure to EM fields at 700MHz ((a) 

TLM - (b) FEM), 3.6GHz ((c) TLM - (d) FEM), 26GHz 

((e) TLM - (f) FEM), 32 GHz ((g) TLM - (h) FEM) and 

42 GHz ((i) TLM - (j) FEM).  

 

 

 

 

 

 
 

Fig. 11. Temperature rise distribution in the human eye 

when the aqueous humor flow dynamics are considered, 

after 30 minutes exposure to EM fields at 700MHz ((a) 

TLM - (b) FEM), 3.6GHz ((c) TLM - (d) FEM), 26GHz  

((e) TLM - (f) FEM), 32 GHz ((g) TLM - (h) FEM) 

and 42 GHz ((i) TLM - (j) FEM). 
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Since the effect of the aqueous humor (AH) flow 

dynamics on temperature rise distribution is not very 

apparent from Figs. 10 and 11, temperature rise 

distributions in the neighbourhood of aqueous humor at 

3.6 GHz for both FEM and TLM methods are given in 

Fig. 12.  
 

 

 

 
 

Fig. 12. Temperature rise distribution in the human eye 

after 30 minutes exposure to EM fields at 3.6 GHz (a) 

TLM without AH flow, (b) TLM with AH flow, (c) FEM 

without AH flow, and (d) FEM with AH flow. 

 

IV. CONCLUSION 
In this work, calculation of electric field distribution 

in human eye and temperature rise due to exposure to  

electric field is carried with TLM method. Temperature 

increase is calculated with Klinger’s bioheat transfer 

equation for 30 minutes exposure for a standing person. 

Moreover, both electric field distribution and its 

resultant temperature increase in human eye is calculated 

with FEM method. The all results of TLM based 

calculations are consistent with that of FEM based 

calculations. 

From temperature rise point of view, Bernardi et al. 

[4] defined the temperature rise limits as 0.3℃ for lens 

and 1℃ for cornea tissue. These temperature limits are  

a tenth of the temperatures at which thermal damage 

(cataract) to the eye can occur. For all the frequencies 

this limit is not exceeded in both cases except at 3.6GHz. 

At this frequency the maximum temperature rise on the 

cornea is 0.65℃, which is below the limit, while the 

maximum temperature rise at the lens is around 0.5℃ 

that its thermal effect may not be neglected and is needed 

to be investigated further. 
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