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ABSTRACT 
Exposure of humans to 5G mobile communication systems may result in a local surface temperature 
elevation, i.e. may cause heating skin, ears and eyes. For the frequencies less than transition frequency 
of 6 GHz the specific absorption rate (SAR) is used to quantify the volume heating. However, according 
to recently published ICNIRP 2020 safety guidelines, the surface heating above 6 GHz is quantified by 
absorbed power density (Sab). Furthermore, an alternative dosimetric quantity referred to as transmitted 
power density (TPD), is also used for internal dosimetry above 6 GHz. This paper aims to review some 
recently developed internal dosimetry methods based on the use of Galerkin–Bubnov indirect boundary 
element method for the assessment of human exposure to electromagnetic fields generated by 5G 
mobile systems. Different tissue models have been used in the paper. Some illustrative computational 
results have been presented. 
Keywords:  human exposure, 5G mobile communication systems, electromagnetic-thermal dosimetry, 
absorbed power density, transmitted power density, boundary element analysis. 

1  INTRODUCTION 
Local temperature increase at the human body surface is a well-established effect due to 
exposure to mobile communications systems of fifth generation (5G) [1], [2].  
     This surface heating is quantified by absorbed power density (Sab) above transition 
frequency of 6 GHz according to IEEE 2019 and ICNIRP 2020 guidelines [1], [2]. An 
alternative quantity transmitted power density (TPD) can be also used [3], [4]. Note that 
specific absorption rate (SAR) is preferable quantity for frequencies below 6GHz. 
     This work aims to review recent work of the author on the assessment of Sab and TPD in 
multi-layered tissue exposed to dipole antenna located horizontally to the interface by using 
boundary element method (BEM).  
     The assessment of Sab/TPD is carried out in three steps: 
 The first step in the assessment procedure is to determine the current distribution along 

the transmitting antenna using the Galerkin–Bubnov indirect boundary element method 
(GB-IBEM) to numerically handle the Pocklington integro-differential equation (IDE). 
The influence of the air-tissue interface is taken into account via the corresponding 
reflection/transmission coefficient.  

 The second step is the evaluation of the electric and magnetic field, respectively, 
generated by the antenna. Provided the current distribution along the antenna is 
calculated the irradiated fields are determined by numerically calculating the 
corresponding field integrals by means of BEM formalism.  

 The third step is to calculate Sab/TPD by integrating radiated electric and magnetic fields 
according to the definition of Sab/TPD.  

     More mathematical details pertaining to the formulation and related analytical/numerical 
procedures used to compute Sab /TPD have been reported elsewhere, for example, in Poljak 
et al. [5], [6]. 
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     It is worth noting that according to ICNIRP 2020 guidelines Sab is averaged over area of 
4 cm2 and 1 cm2, respectively, depending on the operating frequency. The two-layer and 
three-layer tissue models are studied and some illustrative results for Sab and TPD are given. 
     The present paper is organized as follows; Section 2 outlines the Pocklington IDE 
formulation for the assessment of the current distribution along the antenna, while the 
definitions for Sab and TPD are given in Section 3. Numerical solution method is addressed 
in Section 4. The results are presented in Section 4, while last section pertains to some 
concluding remarks. 

2  FORMULATION 
Geometry of interest is transmitting dipole antenna of length L and radius a positioned 
parallel to the air-tissue interface (Fig. 1). 
 

(a) (b)

Figure 1:   Dipole antenna in front of planar multilayered tissue. (a) 2-layered (SM) model 
(skin and muscle layers); and (b) 3-layered (SFM) model (skin, fat and muscle). 

     Fig. 2 shows the propagation of the field radiated from the dipole antenna above the 
interface through the tissue. 
     The current distribution I(x') flowing in the axis of straight wire antenna positioned 
parallel to a multilayered tissue is governed by the Pocklington integro-differential equation 
[7] 
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where Ex
exc is the electric field tangential to the wire due to an equivalent voltage source and 

g(x,x') represents the total Green function: 

 𝑔ሺ𝑥, 𝑥ᇱሻ ൌ  𝑔଴ሺ𝑥, 𝑥ᇱሻ െ 𝛤𝑔௜ሺ𝑥, 𝑥ᇱሻ, (2) 

where g0(x,x') is the free space-Green function: 

 𝑔଴ሺ𝑥, 𝑥ᇱሻ ൌ  
௘షೕೖబೃబ

ோబ
, (3) 

while gi(x,x') due to the image wire is: 
 



 
 

Figure 2:  Horizontal dipole antenna in front of planar multilayered tissue. 

 

 𝑔௜ሺ𝑥, 𝑥ᇱሻ ൌ  
௘షೕೖబೃ೔

ோ೔
, (4) 

where R0 and Ri are the distances from the source and its image to the observation point of 
interest, respectively, while k is the phase constant of free space. 
     The reflection coefficient Γ accounts for the reflection from the interface. More details on 
the derivation of reflection/transmission coefficient for multilayer structure are available 
elsewhere, for example, in Poljak et al. [5], [6]. 
     The key point in studying the wire antenna radiation is the assessment of the current 
distribution. Once the antenna current is calculated, or assumed, it is possible to determine 
the radiated fields. 
     Thus, the electric field components are [7]: 

 𝐸௫
ଵ

௝ସగఠఌ೐೑೑
ቂെ ׬

డூ൫௫ᇲ൯

డ௫ᇲ

డ௚൫௫,௬,௫ᇲ൯

డ௫
𝑑𝑥ᇱ௅

଴
െ𝛾ଶ ׬ 𝐼ሺ𝑥ᇱሻ𝑔ሺ𝑥, 𝑥ᇱሻ𝑑𝑥ᇱ௅/ଶ

ି௅/ଶ
ቃ, (5a) 

 𝐸௬ ൌ
ଵ

௝ସగఠఌ೐೑೑
׬

డூ൫௫ᇲ൯

డ௫ᇲ

డ௚൫௫,௬,௫ᇲ൯

డ௬
𝑑𝑥ᇱ௅

଴
, (5b) 

 𝐸௭ ൌ
ଵ

௝ସగఠఌ೐೑೑
׬

డூ൫௫ᇲ൯

డ௫ᇲ

డ௚൫௫,௬,௫ᇲ൯

డ௭
𝑑𝑥ᇱ௅

଴
, (5c) 

while the magnetic field components are given by integrals [4]: 
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     Calculating the electric and magnetic fields in the tissue the dosimetric quantities valid in 
GHz frequency range (above 6 GHz) can be determined.  
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3  ABSORBED/TRANSMITTED POWER DENSITY 
Dosimetry above 6 GHz requires calculation of absorbed power density (Sab), or the 
alternative quantity transmitted power density (TPD). Definition of Sab and TPD, 
respectively, is given in subsections below. 

3.1  Absorbed power density 

Widely adopted quantity for the internal dosimetry above 6 GHz according to relevant 
recently updated guidelines and standards [1], [2] is absorbed power density (Sab) stemming 
from the generalized conservation law of energy in the electromagnetic field given in the 
form of Poynting theorem [5] which describes a conservation of the energy stored in electric 
and magnetic fields within a volume V of interest enclosed by an area A. For the time-
harmonic quantities Poynting vector S is  

 𝑆 ൌ  
ଵ

ଶ
 𝑅𝑒൫𝐸ሬ⃗ ൈ 𝐻ሬሬ⃗ ∗൯, (7) 

where E and H are the electric and the magnetic field, respectively, due to some source of 
radiation. 
     Absorbed pover density Sab adopted in ICNIRP 2020 is defined as [1]  
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ଵ
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where Aav is the averaging area, as depicted in Fig. 1.  
     The choice of averaging area has been addressed in many papers. For example, a circular 
area of 1 cm2 has been used in Funahashi et al. [8], while some studies claim that the choice 
of averaging area of 2 or 4 cm2 can be correlated with the average mass of 10 g for local SAR 
[9]. Eventually, Finally, the use of averaging areas of 4 cm2 and 1 cm2 has been documented 
in IEEE [1].  
     The effect of actual averaging area on IPD and Sab due to the Hertz dipole radiation in free 
space and Sab in the presence of a lossy half-space is available in Poljak and Dorić [10], [11]. 
More realistic case of dipole antenna above a lossy medium has been recently addressed in 
Poljak et al. [12]. 

3.2  Transmitted power density 

The transmitted power density (TPD) is defined in terms of following integral [6] 

 𝑇𝑃𝐷 ൌ
ଵ

ଶ
׬ 𝜎|𝐸ሺ𝑟ሻ|ଶ𝑑𝑟

௥
଴

, (9) 

where r is the variable perpendicular to the body surface and point r = 0 pertains to the air-
body interface, and σ stands for a tissue conductivity. 

4  NUMERICAL SOLUTION 
Numerical solution of Pocklington eqn (1) is carried out using GB-IBEM [1] which was 
documented elsewhere, for example, Poljak [13] and Poljak and El Khamlichi Drissi [14]. 
The procedure is outlined below. 
     It is convenient to write (1) in an operator form  

 KI = Y , (10) 

where K is a linear operator, I is the unknown current to be found for a given excitation E. 
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     GB-IBEM starts by expanding the unknown current I(x) into finite sum of linearly 
independent basis functions fn(x) with unknown complex coefficients In, i.e. 

 
1

( ') ( ')
gN

n n n
n

I x I f x


  , (11) 

where Ng is the number of base functions. 
     Substituting eqn (11) into eqn (10) one has 

 ( )
1

n
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i
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
. (12) 

     The residual R is defined as 

  
1
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     In accordance to the inner product of functions in Hilbert function space the error R is 
weighted to zero with respect to certain weighting functions {Wj}, i.e. 

 * 0, 1,2,..,m g

L

R W dx m N   , (14) 

where (*) stands for the complex conjugate.  
     As K is linear, after some mathematical manipulation and by choosing Wm=fm, (the 
Galerkin–Bubnov procedure) one obtains the following system of equations  
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     Utilizing the weak formulation [13], [14] and performing the integration by parts one 
obtains 
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     Eqn (16) is the weak Galerkin–Bubnov formulation of IDE (1) now requiring the basis 
and weight functions from the class of order-one differentiable functions. 
     Within the framework of the weak formulation boundary conditions are easily 
incorporated into the global matrix.  
     Applying the GB-IBEM algorithm and discretizing the wire leads to the global system of 
equations in the form of generalized Ohm’s law 

 [ { { 1,2} }]
M

ji i j
i=1

Z I   =  V ,   j = ,...,M  (17) 

where M is the total number of wire segments, [Z]ji is the mutual impedance matrix 
representing the interaction of the ith source to the jth observation segment, respectively and 
{V}j is the voltage vector for jth observation segment. 
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     As functions f(x) are required to be once differentiable a convenient choice for the shape 
of functions over the elements is the family of Lagrange’s polynomials:  

 2
1( )

x x
f x

x





, 1

2 ( )
x x

f x
x





, (18) 

where x1 and x2 are the coordinates of the segment nodes and Δx= x2− x1 is the segment length. 
     Now matrix [Z]ji and vector {V}j are given by 
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where Δli, Δlj are the widths of ith and jth segments. 
     The voltage vector can be computed analytically for the case of delta-function source 
(antenna mode), or the plane wave excitation (scatterer mode). In the antenna mode the 
voltage vector vanishes outside the feed gap area.  
     The excitation field is  

 ginc
x

g

V(x)=E
l

 (21) 

where Vg is the feed voltage and Δlg = Δx (for convenience) is the feed-gap width. 
     Using the linear shape functions yields 
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     In the scattering mode for the simple case of normal incidence the wire is excited by the 
plane wave, i.e.: 

 0
inc
x (x)= EE , (23) 

and the voltage vector is given by: 
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     More details on the mathematical description of the method can be found elsewhere, e.g. 
in Poljak [13]. 

5  NUMERICAL RESULTS 
The results for Sab and TPD are presented in this section. The results obtained via numerical 
approach are compared against analytical results [5], [6]. Frequency dependent electrical 
parameters for the body tissues are available in ITIS Foundation [15].  

Table 1:  Frequency dependent parameters of body tissues [15]. 

 Skin Fat Muscle 
f (GHz) εr σ (S/m) εr σ (S/m) εr σ (S/m) 

6 34.9 3.89 9.80 0.872 48.2 5.20 
10 31.3 8.01 8.80 1.71 42.8 10.6 

 
     The first set of results deals with the results for Sab vs distance from the interface for 
different antenna lengths (L = λ/2, L = λ/4 and λ/10). The operating frequency of the 
transmitting antenna is f = 10 GHz. The control surface is A = 1 cm2 and 4 cm2, respectively. 
The results obtained via GB-IBEM are compared to the results obtained via assumed 
sinusoidal current distribution (Fig. 3). 
 
 

 
(a) 

 

 
(b) 

Figure 3:    Sab vs antenna-body distance at f = 10 GHz for different wire lengths and control 
surface. (a) A = 1 cm2; and (b) A = 4 cm2. 
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     Discrepancies in Sab values obtained via numerical/analytical approach are approximately, 
10% and 20% for wire lengths L = λ/4 and λ/10. Also, the discrepancies between SM and 
SFM models decrease as frequency and antenna-body distance increase. 
     Fig. 4 pertains to the assessment of TPD vs antenna-body distance for different antenna 
lengths for operating frequency f=10GHz.  
 

 
(a) 

 
(b) 

 
Height, h 5 mm 10 mm 15 mm 

Numerical -•- -•- -•- 
Analytical - - - - - - - - - 

Figure 4:    TPD versus tissue depth for different antenna lengths (L = λ/2, L = λ/4 and L = 
λ/10) above multilayered tissue. 

     TPD obviously grows until saturation rapidly. The discrepancy between 
analytical/numerical results is highest for 𝐿 = λ/2 and increases as antenna-body distance 
decreases. 

6  CONCLUSION 
The paper reviews BEM based approaches to determine the dosimetry quantities in GHz 
frequency range (millimetre waves); absorbed power density (Sab) and transmitted power 
density (TPD) being of interest for 5G mobile systems. Planar two-layer and three-layer 
tissue models exposed to dipole radiation have been addressed. Some illustrative 
analytical/numerical results for Sab and TPD are given. The obtained results show that Sab 
decreases rapidly with the increase of the antenna-body distance. The higher is the antenna 
length, the higher is Sab. Analysing the results for TPD it is obvious that the highest 
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differences between the analytical/numerical results are found for λ/2 dipole. The 
discrepancy decreases with the antenna length.  
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