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Stochastic-deterministic modelling of the thermal response of

the human body exposed to high frequency radiation

Abstract:

New generation of communication systems require the use of a frequency band above 3
GHz and below 6 GHz for fast data transmission over short distances with Line of Sight
(LOS) and transmission with minimal refraction. One of the biggest obstacles for
implementation of 5G systems from 2020. to 2025. is related to the potential effects of
electromagnetic fields generated by 5G systems, but it is clear that the effects are thermal
in nature. One of the simplest scenarios to assess the human exposure to high frequency
radiation is the human body exposed to the field radiated by thin wire antennas. Even with
the sophisticated new technologies coming along, a simple body model exposed to dipole
antenna radiation is of interest for quick dosimetry procedures, aiming to get a rapid
estimation of the phenomena.

The analysis of the radiation of the vertical dipole antenna requires numerical solution of
the Pocklington equation, and with a known current distribution along the wire, the
radiated electric field, and other dosimetric quantities can be determined. This process is
demanding in terms of computer memory and calculation time, which is a problem if we
want a fast dosimetric procedure.

The basic assumption of the doctoral thesis is that the application of the assumed current
distribution along the vertical electric dipole antenna enables the determination of the
values of E field close to the actual values. In this way, the numerical solution of
Pocklington's integro-differential equation is avoided, thus reducing computer resources
without significant loss of accuracy. Furthermore, the next assumption that enables the
analytical solution of the radiated electric field is the use of the Fresnel refraction
coefficient which is related to the first term in the asymptotic expansion of the
Sommerfeld integrals, which additionally saves calculation time.

For the second step, i.e. internal dosimetry, an assumption is made about the use of a
simple human model (parallelepiped or cylinder) positioned in the far field zone. Taking
into account the maximum value of the field on the surface of the parallelepiped or
cylinder and the transmission coefficient resulting from the Modified Image Theory
(MIT) approach, the corresponding dosimetric quantities of interest can be quickly
determined.

Finally, in the third step, the use of analytical methods enables a quick determination of
the thermal response in parallelepiped human body model. Taking into account the
maximum value of the field on the surface of the parallelepiped human body, a stationary
solution of the Pennes’ equation for temperature increase is calculated, assuming a



constant amount of power density in the tissue and assuming that the power density
exponentially decays with the tissue depth. A homogeneous single-layer and 3-layer
geometry of parallelepiped human body is used.

In fourth step stochastic-deterministic modelling of thermal response was performed.
Stochastic-deterministic modelling takes into account the uncertainty of input parameters
in thermal dosimetry analysis. In order to assess the influence of each of the input
parameters (which become random variables) on the output variable of interest, a
sensitivity analysis is performed.

The described, fully analytically solvable and simple, stochastic-deterministic model
consisting of a vertical dipole antenna of finite length and of a simple model of the human
body significantly saves computer resources, so the model can be used for rapid dosimetry
of human exposure to radiation from new communication systems in the lower part of the
frequency range.

Keywords:

analytical approach, vertical electric dipole, half space, electric field, internal field
dosimetry, specific absorption, simple body model, parallelepiped, cylinder, thermal field
modelling, stochastic analysis, steady-state, uncertainty quantification, stochastic
collocation;



Stohasti¢ko-deterministicko modeliranje toplinskog odziva

ljudskog tijela izloZenog zracenju visokih frekvencija

Sazetak:

Komunikacijski sustavi novih generacija zahtijevaju uporabu frekvencijskog pojasa ispod
6 GHz i iznad 3 GHz za brzi prijenos podataka na kratkim udaljenostima uz postojanje
linije vidljivosti (engl. Line of Sight, skra¢eno LOS) i prenos s minimalnom refrakcijom.
Jedna od najvecih prepreka za implementaciju 5G sustava od 2020. do 2025. odnosi se na
potencijalne ué¢inke EM polja koje generiraju 5G sustavi, ali je poznato da su oni u prirodi
toplinski. Jedan od najjednostavnijih scenarija za procjenu izlozenosti ljudi EM zrac¢enju
je ljudsko tijelo izloZeno zradenju tankih Zi¢anih antena. Cak i sa sofisticiranim novim
tehnologijama koje dolaze, jednostavan model tijela izloZzen zracenju dipolne antene je
zanimljiv za brze procjene i jednostavnije postupke dozimetrije.

Analiza zracenja vertikalne dipol antene zahtijeva rijeSavanje Poklinkton-ove jednadzbe
numericki, a zatim uz poznatu struju izraceno elektricno polje, 1 ostale dozimetrijske
veliine takoder se odreduju numeri¢kim metodama. Ovaj proces je zahtijevan u smislu
memorije racunala ali 1 vremena racunanja, Sto predstavlja problem ako Zelimo brz
dozimetrijski postupak.

Temeljna pretpostavka doktorskog istrazivanja je da primjena pretpostavljene raspodjele
struje duz vertiklalno pozicionirane dipol antene omogucava odredivanje izracenog E
polja bliskog stvarnim vrijednostima. Na ovaj nacin izbjegava se numericko rjeSavanje
Pocklington-ove integro- diferencijalne jednadzbe, ¢ime se smanjuju racunarski resursi
bez znacajnog gubitka tocnosti. Nadalje, sljedeca pretpostavka koja omogucuje analiticko
rjeSenje izracenog elektrikog polja je upotreba Fresnel-ovog koeficijenata refleksije
(engl. Fresnel Refraction Coefficient, skraceno RCM) koja je povezana je s prvim ¢lanom
u asimptotskoj ekspanziji Sommerfeld-ovih integrala, $to dodatno S$tedi vrijeme
racunanja.

Za drugi korak, odnosno unutarnju dozimetriju, uvodi se pretpostvka o upotrebi
jednostavnog ljudskog modela (kvadra ili cilindra) pozicioniranog u zoni dalekog polja.
Uzimajuéi u obzir maksimalnu vrijednost polja na povrsini kvadra ili cilindra i koeficijent
prijenosa koji proizlazi iz MIT pristupa mogu se brzo odrediti odgovarajuce veli¢ine od
interesa.

Kona¢no, u tre¢em koraku, upotreba analitickih metoda omogucava brzo odredivanje
toplinskog odziva. Uzimajuéi u obzir maksimalnu vrijednost polja na povrsini kvadra,
traZi se stacionarno rjeSenje Pennesove jednadZbe za temperaturni prirast pretpostavljajuci
konstantan iznos gustoe snage te pretpostavljaju¢i da gustoca snage eksponencijalno
opada po dubini tkiva. Za toplinski model koristi se homogeni i viSeslojni kvadar.

v



U cetvrtom koraku proveden je postupak stohastickog modeliranja toplinskog odziva.
Njime se uzima u obzir nesigurnost ulaznih parametara u analizi toplinske dozimetrije. U
svrhu procjene utjecaja svakog od ulaznih parametara (koji postaju slucajne varijable) na
izlaznu veli¢inu od interesa provodi se analiza osjetljivosti.

Opisani, u potpunosti analiticki rijesiv i jednostavan, stohasticko-deterministicki model
koji se sastoji od dipol antene konacne duljine jednostavnog modela ljudskog tijela,
znacajno Stedi racunalne resurse, pa model moze posluziti za brzu dozimetriju izloZenosti
ljudi zracenju novih komunikacijskih sustava u nizem dijelu frekvencijskog raspona.

Kljuéne rijeci:

analiticki pristup, vertikalna dipolna antena, poluprostor, elektricno polje, dozimetrija
unutarnjeg polja, specifi¢na apsorpcija, jednostavni modeli tijela, paralelopiped, cilindar,
modeliranje toplinskog polja, stohasticka analiza, stacionarno stanje, kvantifikacija
nesigurnosti, stohasticka kolokacija;
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CHAPTER 1

Introduction

1.1 Motivation

Electromagnetic (EM) fields are emitted by many human and natural sources daily, and
the introduction of new frequencies and new technologies, such as in Fifth Generation
(5G) networks, affects human exposure to these systems. More than 3 billion people are
exposed to the influence of EM fields worldwide on a daily basis [1], and generations of
new mobile technology require new methods for human exposure to EM fields analysis
[2]. Considering the upcoming implementation of the 5G system, and the fear of the
potential harmful effects of these systems on the overall health, the importance of
electromagnetic-thermal dosimetry has increased significantly.

Various organizations have proposed guidelines for limiting exposure to EM field, and
the most commonly used are defined by the International Commission on Non-lonizing
Radiation Protection (ICNIRP) [3] and Committee on Electromagnetic Safety of the
Institute of Electrical and Electronics Engineers (IEEE) [4]. Guidelines are given in terms
of Basic Restriction (BR) and/or Reference Levels (RL). BR are exposure indices inside
the body that must not be exceeded, and the specification depends on the operating
frequency. BRs must be respected when implementing the system, while compliance with
RL does not mean that BRs are also respected.

Since BRs are frequency dependent, it is worth to mention that 5G systems use two main
frequency bands: the frequency band below 6 GHz (Frequency Range 1, FR1) and the
millimetre wave band (Frequency Range 2, FR2) [5]. The advantage of transmission
below 6 GHz is the balance of capacity and coverage [5]. The SAR [4] is the BR defined
for the high frequency (HF) area (FR1), and it is specified in terms of the maximum whole-
body average SAR (SARyyg) and peak spatial average SAR [3]. Above 6 GHz (FR2) EM
fields are absorbed at the body surface, and exposure is described in terms of RLs for
maximum externally applied electric and magnetic field strength, and in terms of power
density. For local exposure to frequencies higher than 6 GHz, related to the temperature
increase in the surface layer, the use of Absorbed Power Density (APD) is recommended
in [6].

In FR1 and FR2, the dominant effect of excessive exposure to EM fields is tissue heating,
with adverse effects occurring when the temperature is elevated between 1-2 °C [7]. A



SARy g Vvalue bellow 0.4 e is considered safe for professional exposure, and a value

bellow 0.08 kﬂg is considered safe for public exposure [3]. Due to the different

thermoregulatory properties of different tissues in the human body, the peak limits for
spatially averaged SAR (1 g or 10 g, cubed) for exposure in controlled environments are

20 kﬂg for limbs and 8 kﬂg for head, neck and trunk. For exposure in uncontrolled

environments, the peak limits of spatially averaged SAR are 4.0 kﬂg for limbs and 1.6 kﬂg
for head, neck and trunk [4].

Electromagnetic dosimetry procedures provide the quantification of the energy absorbed
by the human body or its part exposed to HF EM fields. The assessment of dosimetric
quantities is based on theoretical or experimental techniques, and involves three steps:
incident field dosimetry, internal field dosimetry and the thermal dosimetry.

The first step is the assessment of the distribution of the incident EM field (external field
in the absence of the human body) which induces EM field inside the body (internal field).
The field interaction with the human body depends on the ratio of wavelength to body
size (human height at the resonance frequency is approximately 0.4 wavelengths of radio
frequency (RF) waves in free space [8]), and in FR1 and FR2 the absorption is at the
surface. Induced currents and fields can lead to thermal and non-thermal effects in general,
and in the HF region thermal effects are dominant. Since the basic dosimetric quantity in
FR1 is SAR, and direct experimental measurements of the thermal response in healthy
humans are not possible, many computational studies aim to link SAR and temperature
rise in the human body. Temperature elevation leads to third step in dosimetry also called
thermal dosimetry usually based on the model proposed by Pennes’ and related numerical
simulation method.

On the other hand, analytical solutions are very interesting due to the simplicity and speed
in the calculation of dosimetric quantities compared to experimental and numerical
calculations [9-12]. Therefore, simplifications of EM problems providing a faster
assessment and analytical solution are always welcome. Analytical solutions can be
validated through comparison with numerical methods or measurements if possible.

Various antenna systems are the usual electromagnetic interference (EMI) sources. Ever
since the beginning of the 19th century, vertical dipole antennas have been used in various
applications in the field of wireless communications [13]. The need for interference
reduction in the frequency band below 6 GHz in 5G systems, requires RF network
implementation with a large number of small cells, and base stations equipped with small
and directional antennas [14], such as a vertical electric dipole (VED). The simplest
approach for EM modelling of VED radiation is the approximation of free space in which
only the direct ray is considered, ignoring the field components reflected from surrounding
objects. Such approach is presented in [15, 16]. On the other hand, neglecting the reflected



components can significantly reduce the calculated value of the irradiated electric field
compared to the real-life scenarios. Therefore, to improve the accuracy of the calculation,
the antenna is placed above the ground with losses, which is formulated in terms of
Sommerfeld integrals. The traditional solution of Sommerfeld problem deals with Hertz
potentials, which cannot be solved analytically without a set of approximations.

Analytically based internal field dosimetry can provide a satisfactory level of accuracy
under certain conditions, which makes it attractive for engineering applications. In
addition to simplicity and speed, these models provide relatively accurate results for the
magnitude of the internal electric field even when canonical models of the human body
are used.

As is the case with incident and internal EM field dosimetry procedures, thermal
dosimetry procedures can be performed both analytically and numerically. Traditionally,
numerical methods are used when analytical solutions are not available, while analytical
methods are preferred because they are simple and fast [9]. Furthermore, analytical
methods can also be used for benchmarking.

Computational models used to describe the interaction of EM and thermal fields are
mostly deterministic in nature and thus provide results for a specific set of input
parameters. As measurements in vivo are not possible there is an inherent uncertainty in
the input data set [17]. This problem can be overcome by using stochastic modelling.

1.2 Scientific method and contribution

The goal of the research is to develop a simplified analytical deterministic-stochastic
model for rapid assessment of thermal response of the human body due to exposure to
external fields. The model consists of a VED placed at a height h above the real ground
and a human body modelled in the form of a parallelepiped or cylinder. Note that VED
could be considered as a simple representation of base station antenna. Plane wave
exposure is assumed, and complete dosimetric procedure includes 3 steps: incident field
dosimetry, internal field dosimetry and thermal dosimetry.

Within the incident field dosimetry, the electric field irradiated by finite-length dipole
antenna at any point of the upper half-space is obtained, using a rigorous numerical
approach, an approximate numerical approach with an assumed current distribution, and
an analytical approach.

The irradiated electric field of a finite-length VED at any point of the upper half-space, is
usually calculated numerically. The current distribution along the antenna is obtained by
numerically solving the Pocklington equation. In this thesis such approach is referred as
a rigorous numerical approach due to the minimum number of used approximations. If the



current distribution along the wire can be approximated by analytical expressions,
including trigonometric functions, as in [18, 19], solving the Pocklington equation can be
avoided without significant loss of accuracy. If the current distribution is assumed and
field integrals are solved numerically the approach is refered as an approximate numerical
approach with an assumed current distribution. If the current distribution is assumed and
field integrals are solved analytically the approach is refered as an analytical approach
with an assumed current distribution. In this thesis, within the framework of certain
conditions, a sinusoidal or triangular current distribution, respectively, along the wire is
assumed.

The results for the irradiated field in case of rigorous numerical approach, are obtained
using the Numeric Electromagnetic Code (NEC) [20]. Having solved the Pocklington
integral equation, numerical solution of the field integrals are performed. Within the
framework of the thesis, for approximate numerical approach with assumed current
distribution, a procedure for numerical solution of the field integral is developed.
Comparison of the results for the irradiated electric fields obtained for rigorous numerical
approach and the approximate numerical approach with assumed current distribution and
for different values of the model parameters, allows to define the conditions in which the
approximate approach can be applied. When used in proper conditions, approximate
numerical approach with assumed current distribution reduces computational costs. Both

models give similar results when the vertical dipole antenna is electrically short (L < 3—0)

and when the ratio of the height of the antenna above the ground and wavelength satisfies
h = 10A. The results obtained on the basis of the previous two approaches are also valid

in the near field, which means that they include the terms % and % :

The analytical solution is based on the far-field approximation (only term which contains
% dependence is used). By comparing the results for all three approaches, an additional

limitation is imposed. Namely, when the distance in the horizontal direction is above 60
m these three models agree satisfactorily. For small distances in the horizontal direction
(x < 40 m), due to the far field approximation used in proposed analytical approach, the
significant overestimation of the field values could be observed.

In the second step, the induced electric field, SAR and the TPD in the human body exposed
to VED radiation are obtained. Two simple body models are considered: the
parallelepiped human body model and the cylindrical human body model. In
parallelepiped incident field decreases exponentially with tissue depth. On the other hand,
the cylindrical model is based on solving Pocklington's integro-differential equation for
the so-called thick wire, which is solved by applying the general expression for the total
axial current in the form of the sum of sine functions. The procedure for determining the
coefficient of sine functions in the general expression for the axial current distribution is
represented in detail in [21]. The coefficients are expressed through integrals that are



calculated numerically, which makes cylindrical model difficult to apply in stochastic-
deterministic thermal modelling.

The difference between the SARyy g obtained in parallelepiped and cylindrical human body
models in the x horizontal direction is less than 10 % at 80 m away from source VED
antenna. A parallelepiped human body model can further simplify the internal dosimetry
and further save computational cost, specifically if thermal dosimetry is of interest.

In thermal dosimetry, the stationary Pennes’ equation of heat transfer in biological tissues
is considered. The disadvantage of this approach is that it does not take into account time
dependence, but the simplicity of the mathematical expression facilitates parametric
analysis [102] and provides simpler analysis in multi-layer tissue modelling, since the
internal structure of the skin plays a very important role in realistic calculation of
temperature elevation in human body [22].

Within the framework of the thesis, a planar multi-layer human body model (skin-fat-
muscle) is used. To solve the Pennes’ Bio-Heat transfer Equation (PBHE) analytically,
power density from external heat source related to the absorbed EM energy irradiated
from VED antenna, is assumed to either be constant, or exponentially decreasing with the
tissue depth. These two models are created under the assumption that the tissue is
homogeneous and isotropic, that the properties of the tissue are temperature independent,
that the heat generated by metabolism is constant, that the blood perfusion rate is spatially
and temporally uniform and independent of the tissue temperature, and that arterial blood
temperature is constant [23].

The PBHE can be solved by first reducing the number of parameters in the parametric
analysis, in such a way as to observe the state before exposure to the EM field, presented
by the initial temperature, and then introducing a new variable related to the temperature
change in the stationary state in relation to the state before exposure to the EM field,
instead of observing the final temperature in the stationary state. The resulting modified
equation describing heat transfer can be solved analytically for multi-layer media using
the classical theory of ordinary differential equations. Within each layer, the temperature
increase is described by the superposition of the solution of the homogeneous linear
equation and the solution of the particular linear equation (constant variation method).
The value of the constants in the general solution in each tissue layer can be determined
using appropriate boundary conditions (BCs) at the boundaries of the two layers. The
method of variation of the constants is rather suitable for linear systems, while it is more
difficult to apply this approach to non-linear systems [24].

The impossibility of in-vivo measurement of thermal parameters is the cause of
uncertainties in the set of input parameters, that is, in the set of corresponding input
variables. Namely, the input variables then can be modelled as random variables (RVS)
with a certain probability density function associated with them. In the simplest case, a



uniform distribution of the value of the RV around the mean can be assumed. For each set
of input variables, the calculation is performed, giving one output quantity. Output values
are presented in the form of stochastic values such as mean, variance, standard deviation
and confidence interval. For this purpose, within the stochastic part of the thermal models,
the uncertainty of input parameters is quantified using stochastic collocation (SC). The
thermal conductivity and the thickness of the tissues in three layers (skin-fat-muscle) are
chosen to be input RVs.

Furthermore, a sensitivity analysis of the corresponding input parameters is carried out.
The purpose of sensitivity analysis is to observe the influence of individual and collective
input variables on the output variable of interest. In other words, the sensitivity analysis
allows the ranking of the input parameters according to the level of influence on the output
value. A simple approach in sensitivity analysis is called "One-at-a-Time" (OAT), which
studies the variances of a one-dimensional problem. Thus, only one variable at the input
is changed, while the other variables are treated as constants. The main advantage of this
method is the ability to quickly rank the variables according to the level of influence on
the output value. However, the OAT method cannot provide information on the collective
influence of two or more input variables on the output quantity and mutual interaction
between input RVs. This shortcoming can be overcome using ANalysis Of VAriance
(ANOVA). Sensitivity analysis, based on variance decomposition in which the variance
of the model is split into members depending on the input factors and their mutual
interactions, provides the calculation of sensitivity indices of the first and higher orders
[25].

1.3 Thesis outline

The thesis is organized in seven chapters. Chapter 2 describes the interaction of HF fields
with living material. First, short explanation of interaction mechanisms is given, followed
by the main effect of EM fields in different frequency bands. Safety guidelines are further
elaborated. Chapter 2 ends up with some general aspects in dosimetry.

In Chapter 3 incident dosimetry methods are explained. Source of EM fields is VED
antenna above a lossy half space at height h. After presentation of incident field
calculation, some simplification from literature needed for analytical solution of incident
field calculation are introduced. The analytical approach to incident dosimetry developed
as part of thesis is explained along with the results obtained. The results from Chapter 3
are necessary for the next step related to the internal dosimetry procedure.

Chapter 4 provides an analysis of internal EM dosimetry. Coupling between external and
internal fields, followed by theoretical dosimetry basics and approaches to internal EM
dosimetry is given. This chapter, presents analytical approaches and simple human body
models, which provide closed form solution of internal dosimetric quantities.



Furthermore, analytical approach to internal EM dosimetry in parallelepiped and
cylindrical human body is explained in detail, and the calculated results are compared.

Chapter 5 deals with the thermal dosimetry based on the PBHE. Analytical approach to
thermal dosimetry from this study will be explained on single-layer muscle tissue and 3-
layer human body composed of skin, fat and muscle.

In Chapter 6 deterministic stochastic thermal dosimetry is presented. Starting from
explanation of need for stochastic-deterministic modelling, through uncertainty
propagation (UP) to basic concept of sensitivity analysis. Then approach to stochastic-
deterministic thermal dosimetry from proposed study is explained on 3-layer human body
composed of skin, fat and muscle. Concluding remarks are given in Chapter 7.



CHAPTER 2

Interaction of high frequency fields with living material

2.1 Interaction mechanisms

The interaction of EM waves with humans depends on the properties of the incident wave,
the environment and the human body. Interacting with the human body, one part of the
EM wave is absorbed and the other part is reflected. The absorbed part of the incident
wave is the trigger for the possible occurrence of any detectable, reversible or irreversible
changes in the organism. Harmful effects on human’s health are often accumulative in
nature, and are closely related to the time of exposure as well as the radiation dose [7].
Although it is currently known that certain levels of EM fields have a harmful effect on
humans, the impact of long-term exposure to levels significantly lower than the limit given
in the guidelines [3], is still being investigated.

Energy absorption is appriciately frequency dependent. At low frequencies (LFs) the
dominant effect of EM fields (EMFs) is stimulation of muscles, nerves and sensory organs
[26]. In HF region wavelengths of EM waves are comparable to dimensions of the human
organs, so tissue heating is dominant EM effect.

Assessment of the environmental impact and health implications of EM waves,
quantitative description of the EM fields and power deposition in the tissues is required.
The penetration or skin depth is considered as the depth of EM waves at which the

amplitude of transmitted power density (TPD) is attenuated by a value of elz [27]. The

intensity of EMFs in the human body decreases exponentially from the surface to the
interior of the tissue, which can be mathematically expressed:

I(z) =1,e™** (2.1)

where

- I stands for electric field intensity or magnetic field intensity as a function of
\%
depth z [;],

- Iy is the electric field intensity or magnetic field intensity at the surface [%], and

- o Is the attenuation coefficient [%]
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The penetration depth is a function the wave frequency, the strength of the field and the
electrical and dielectric properties of the human body [27]. The penetration depth is
smaller at higher frequencies, i.e. inversely proportional to the frequency of the incident
wave. The higher the frequency of the EMF the stronger the absorption at the human body
surface, therefore the higher the frequency the shorter the distance the field can penetrate
into the human body.

Dielectric and electrical properties play an important role in determining the energy
deposition and hence, temperature elevation in biological matter. They depend of the
composition of the tissues in the human body, and the amount of water in the tissue is the
most important factor. It is clear that in HF frequency region muscle, with a typical water
content of 75 %, exhibits a much higher permittivity and conductivity than does fat (which
typically has a water content of some 5 - 20 %) [28].

The dielectric properties of materials are obtained from their measured complex relative
permittivity [29].

e =& —jg (2.2)
g = — (2.3)
where

- g is the relative permittivity of the material and,

- g/ is the out-of-phase loss factor,

- g Is the vacuum permittivity [%],
- o is conductivity [%], and

- w is the angular frequency [i].

The relative permittivity of a tissue decreases at high frequencies, and may reach values
of up to 107 at frequencies below 100 Hz [29]. More details about theoretical aspects and
the main findings in this subject are described in [28, 30, 31]. In addition to the relative
permittivity, the conductivity also depends on the frequency and increases with increasing

frequency [32].
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2.2 Biological effects

Due to the use of a large number of electronic devices in everyday life, the human body
is simultaneously exposed to radiation of EM waves of different frequencies. As the
frequency of the EM energy spectrum changes from extremely low to Gamma rays, the
effects of EMFs on humans also change [33] (Fig. 2.1).

Increasing energy

Increasing frequency
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Increasing wavelength
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Figure 2.1 EMF effects vs frequency

Extreme LF (ELF) and Very LF (VLF) frequency band induce non-thermal effects, while
LF, Medium Frequency (MF), HF, Very HF (VHF), Ultra HF (UHF) bends lead to heat
generation (thermal effects) [33]. EMFs on aforementioned frequencies are classified as
non-ionizing radiation.

Broadly, nonionizing field are categorized as low frequencies (LF), with frequencies f <
~ 30kHz and high frequencies (HF) with frequencies ~ 30 kHz < f < ~ 300 GHz.
According to literature, LF fields may cause excitation of sensory, nerve and muscle cells
[34]. Namely, in frequency range up to 10 MHz, time-varying electric and magnetic fields
induce electric fields and currents inside the body, which cause stimulation of nerves and
muscles [35].

HF fields are absorbed by the body, and the related heating effects are dominant [34].
Thermal effects are associated with the heat created by EMFs in a certain area, and it is
possible that every interaction between HF fields and living tissues causes an energy
transfer resulting in a temperature rise [1]. At frequencies above 100 MHz, absorption of
EM energy results in an increase of body temperature, either general or local [35].
However, at frequencies above 10 GHz, the energy absorption is limited to the body
surface [35].

At ultra violet, X-Ray and Gamma Rays frequencies ionizing radiation occurs, which may
lead to different non-thermal effects, such as Deoxyribonucleic acid (DNA) damage,
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cancer, mutation and birth defects [33].

The introduction of new technology, such as 5G recently, has led to public health concerns
around the world. Two international organizations, ICNIRP and IEEE, have been
addressing this issue for decades. The goal is to provide human exposure limits that many
serve as a protection against established or substantiated adverse health effects, to be
further explained in more detail below.

2.3 Safety guidelines

Various organizations have proposed guidelines for limiting exposure to EMFs for
protection against all established adverse health effects. The most commonly used limits
are defined by ICNIRP [3] and by IEEE [4]. Threshold levels are defined according to
scientific and professional knowledge, which are often based on experimental research on
phantoms, in which a harmful effect on the body is proven. At dosimetric levels with
proven harmful consequences of EMFs, so-called safety factors (usually 2, 5, 10, or 50)
are applied, depending on whether it is a whole-body exposure or a local exposure.
Compared to occupational exposures, in the area of public, increased, and uncontrolled
exposure, larger safety factors are applied [3].

Guidance are given in terms of BRs and/or RLs (Fig. 1.2). BRs are exposure indices within
the body that should not be exceeded, and are specified in terms of non-measurable
internal electric field [3] and the current density in LF range.

= Exposure
dose
’ ' EM source
d l Interaction <<<( )>>>
' S
Basic
' -
restrictions Reference
levels

Figure 2.2 Quantities in the guidelines: BCs on the internal dose and RLs for the

external exposure
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The rate of RF energy absorption (SAR) [3] is the BR specified for HF range. Since
measurements of the SAR or internal electric field strength are often difficult to perform,
RLs for maximum human exposure to RF fields have also been specified. The RLs are
specified in terms of unperturbed, externally applied electric and magnetic field strength,
power density and in terms of electric currents in the body occurring from either induction
or contact with energized metallic objects.

While compliance with the BRs is required, non-compliance with the RLs does not
necessarily mean that the BRs are exceeded. In such cases, additional measurements or
calculations may be required to assess compliance. Further on, BRs are mainly addressed,
but additional information about RLs are offered in [3].

BRs are frequency dependent dosimetric quantities. For 3 kHz — 10 MHz frequency range
BRs for the avoidance of non-thermal effects are specified in terms of maximum internal
electric field strength within the body [3]. In the frequency range from 100 kHz to 300
GHz tissue heating must be restricted. Bellow 6 GHz limits are given in terms of specific
energy absorption rate or maximum SARyg and peak spatially-averaged SAR (averaged
over a small cubical volume) [3]. Above 6 GHz, EMFs are absorbed dominantly on the
surface, and expressed in terms of RLs for maximum unperturbed, externally applied
electric and magnetic-field strengths and in terms of power density.

In the frequency range 100 kHz < f < 6 GHz, exposure longer than t > 1 h with
average SARy, 5~6 kﬂg is causes a core body temperature change of ~1 °C [3]. Adverse

health effects (effect of vasodilation) may appear when body core temperature elevation
is between 1-2 °C [7], while thermoregulatory changes in skin appear for local increases
in skin temperature between 1-2 °C. With the incorporation of the safety factor, a whole

human body average SAR of 0.4 kﬂghas been chosen as the restriction that provides

adequate protection for occupational exposure [3]. An additional safety factor of 5 is
introduced for public exposure, giving an whole human body average SAR limit of 0.08

=31

Due to the different thermoregulatory properties of different tissues in the human body,
peak spatially-averaged SAR limits (1 g or 10 g, in the shape of a cube) for exposures in

controlled environments are 20 kﬂgfor the limbs and 8 kﬂg for the head, neck and trunk. For
exposures in uncontrolled environments, the peak spatially-averaged SAR limits are 4%;
for the limbs and 1.6 %{ for the head, neck and trunk [4].

Calculated dosimetric quantities are compared with BRs, to ensure that they are not

exceeded. Some general dosimetry aspects in calculating dosimetric quantities are
discussed in next section of this chapter.
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2.4 Dosimetry — general aspects

Dosimetry relies on theoretical or experimental techniques, and as already mentioned, is
carried out in three steps: incident field dosimetry, internal field dosimetry and thermal
field dosimetry. By the definition, electromagnetic dosimetry represents the quantification
of energy absorbed by the body or its part exposed to HF EMFs, where the first step is the
evaluation of external EM field distribution necessary for the assessment of internal fields.

Antennas are most commonly EMI sources. Of particular interest are thin wire antennas.
Various models of different antenna systems are used, such as: Norton model short VED
at the surface of the earth [36], Wait model for line current source above the ground [37],
King model for VED at height d in air [38, 39], Kurniawan and Wood model [18],
analytical model for broadband Power line communication (PLC) by Chaaban, Drissi, and
Poljak [19], Parise model for EMF of an overhead line current source [40], and Nazari
asymptotic solution for the EM scattering of a VED over plasmonic and non-plasmonic
half-spaces [41]. According to the differential and integral formulation of the problem,
respectively, domain, boundary or source simulation, numerical methods can be used [17].

Furthermore, the distribution of the induced field strongly depends on various parameters,
such as source (strength, frequency, polarization, direction of incidence, size, shape, etc.),
distance and location of the source with respect to the body, outer anatomy, inner anatomy,
body posture, and environment of the body (e.g. reflective objects). For the application of
analytical approaches in internal field dosimetry simplified human body models are
necessary. The most commonly used simplified models of the human body are the
spherical, parallelepiped and cylindrical models. Main featured of of analytical methods
are mathematical simplicity and low computational cost. Since, human body is complex
in geometrical sense and non-homogeneous in nature, more accurate results can be
obtained with numerical methods. A more detailed representation of the human body is
provided in numerical dosimetry with much higher computational cost.

As stated earlier, induced currents and fields may give rise to thermal and non-thermal
effects, and in HF range thermal effects are dominant. The basic dosimetric quantity is
SAR, and as direct experimental measurements of thermal response on healthy human
subjects is not possible, many computational studies aim to relate SAR and temperature
elevation in human body, which leads us to third step in dosimetry.

Third step in dosimetry is thermal field dosimetry where numerous models can be used to
describe the process of heat exchange, but the model proposed by Pennes’ is widely used.
The analytical solution using the Laplace transform method, a method based on modified
PBHE, method based on Bessel functions, the method based on Green's function and the
method based on Separation of Variables (SoV) are often used in analysed literature. Even
analytical methods are preferable in this step, some of the numerical approaches used to
solve PBHE are Boundary Element Method (BEM), the Finite Element Method (FEM),
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the Finite Difference Method (FDM), the Dual Reciprocity BEM (DRMBEM), and the
Monte Carlo (MC) method.

Research on the impact of EM radiation on the human body is based on the measurement
of standardized dosimetric quantities and their comparison with defined limits. The dose
of absorbed EMF energy is dependent of frequency. If the measured/calculated quantity
is above the permissible limit, short-term/long-term effects of this exposure may occur.
Even in the case of the mentioned effects, the studies are divided. Some have proven the
existence of these effects, but the influence is mostly experimentally unconfirmed.
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CHAPTER 3

Incident dosimetry methods for simple wire antennas

In this thesis EMI source of interest is VED. Analytical procedures for the assessment
of the irradiated field by VED are presented in this chapter.

3.1 Vertical Electric Dipole

Less than a decade after Heinrich Hertz demonstrated, through a series of experiments,
the existence and many of the properties of EM waves, Marconi explained their usage
in applications of long-range wireless communication. Ever since the beginning of the
19th century, VED antennas have been used in various applications in the field of
wireless communications [13]. The simplest approach for EM modelling of VED
radiation is the approximation of free space in which only the direct beam of radiation
is considered, ignoring the field components reflected from the substrate (soil) or
surrounding objects. This approach is presented in [15, 16].

The waves that propagate along the surface of the earth differ from those that travel in
free space. On the other hand, neglecting the reflected components can significantly
reduce the calculated value of the irradiated electric field compared to the real-life
scenarios. Therefore, to improve the accuracy of the calculation, the antenna is placed
above the lossy ground which is formulated by means of Sommerfeld integra approach.
The traditional solution of Sommerfeld problem uses Hertz potentials, which cannot
be solved analytically without significant approximations.

The EM field generated by a VED was analytically studied extensively beginning with
the classical work of Sommerfeld in 1908, and continuing in the work of many
researches e.g. [42-46]. The solution of Sommerfeld problem is given in terms of Hertz
potentials which are slowly convergent oscillatory integrals.

Fig. 3.1, shows a VED antenna of length L is placed in the air along the z-axis, above
a lossy half-space at height h. The resulting field is the superposition of a direct field
and earth-reflected field. VED antenna is assumed to satisfy the thin wire
approximation, as in [47-49].
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Human body

Direct wave

(x,y,2)

Figure 3.2 VED antenna above a lossy half space at height h

The thin wire approximation requires wire dimensions to satisfy the conditions [26]:
a KA (3.2)
a<kL (3.2)
where
- Ao is the wavelength of a plane wave in free-space,
- aisthe radius of the cross section of the wire, and
- Liswire length.

The antenna parameters depend on the current distribution along the wire, which is
obtained as a solution of the Pocklinton integro-differential equation in the frequency
domain. This equation is obtained from Maxwell's equations by expressing a time-
harmonic electric field by means of a vector magnetic potential and electric scalar
potential

ESt = —Vg — joA (3.3)

where

Esct is scattered electric field,
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- ¢ the electric scalar potential, and
- A magnetic vector potential.
By combining (3.3) with the continuity equation for potentials given by.
VA = —jwuee (3.4)

and by adopting the Thin Wire Approximation (TWA) [48] the electric field in z-axis
direction can be witten as:

1 [aZAZ
" jope L 822

+K3A, | (3.5)

Z

where

o is the angular frequency E],

- po = 4m x 107 is magnetic permeability ||,

£0=8.854x10712 is the permittivity in free space or air E] and

kg is air wave number.

The particular solution of the vector wave equation of the vector magnetic potential is

" hs
AZ = E h_% I(Z )g(Z,Z )dZ (36)

where
- I(z') is the unknown axial current along the wire, and
- g(zz") is total Green function given as
8(z,z") = go(z,2") + Rrugi(z,2") (3.7)
where

- go(z2') is the free space Green function, and

- gi(z,z") arises from MIT
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e~ JkoRo

go(zz") = R (3.8)
e JkiR;
gi(zz) = — (3.9)
1

where
- R, denotes the distance from the source to the observation point,
- R; denotes the distance from the source image to the observation point, and
- Rpp is the reflection coefficient for the transverse magnetic polarization.

The current distribution is governed by the Pocklington integro-differential equation
which can be determined by applying continuity conditions for tangential to the wire
field components on a Perfectly Electric Conducting (PEC) wire surface. The total
electric field, composed from an incident and scattered field, respectively, disappears
on the PEC wire [26]:

Einc 4+ Es¢t =0 (3.10)

where
EInc js the tangential to the wire incident field [%] and

- ES“is the scattered field.

Now, combining (3.5), (3.6) and (3.10) yields the Pocklington integro-differential
equations for the unknown wire current I(z'):

h+Z

. j 02 2 l; 1 !
B = - — [+ k| [ "2 1(2)g(z 2)dz (3.11)

WATE

Provided that current distribution along the wire is known, assumed, or obtained as a
solution of (3.11) the radiated field can be evaluated.

o jATwEg

2 hal
Esct = — [% + kg] fhjﬁ 1(z)g(z,z")dz’ (3.12)
2

Next subsection deals with the assessment of the irradiated field for VED antenna using
some analytical procedures.
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3.2 Incident dosimetry for Vertical Electric Dipole

Incident EMFs are defined as external fields in the absence of — i.e. without interaction
with — the human body, animals, or tissue samples. Incident fields couple with the
human body and induce EMFs and currents inside the body tissues. The induced fields
are the only exposure parameters that can interact with biological processes and,
therefore, provide the primary exposure metric [50].

One of the simplest scenarios to assess the human exposure to HF radiation is the
human body exposed to the EMF radiated by thin wire antenna. Even with the new
technologies coming along a simple human body model exposed to dipole antenna
radiation is of interest for quick dosimetry procedures, aiming to get a rapid estimation
of the phenomena. EM modelling of the radiation from VED antenna above a lossy
half space usually points the problem towards solving rigorous integrals that represent
the effect of the media interface. The traditional solution of the classical Sommerfeld
problem uses Hertz potentials which cannot be evaluated in a closed form.

Generally, because Sommerfeld type integrals are with infinite limits, they are highly
oscillatory, difficult to evaluate numerically [42] require intensive computational
resources, and the accurate evaluation of Sommerfeld integral expressions is not a
straightforward task.

As mentioned earlier the first step in calculating the electric and magnetic fields
generated by wire antennas is to determine the current distribution along the wire. The
current distribution along the wire is governed by electric field integral equation (EFIE)
for thin wires, known as the Pocklington’s integro-differential equation, whose
numerical solution is demanding per se in a sense of accuracy, convergence and kernel
quasi-singularity [51, 52]. Besides aforementioned analytical and numerical
techniques, the problem of quantification of the interaction of EM waves within the
exposed human body can also relay on experimental approaches.

As analytical methods offer simplicity, and reduce computational cost they are valuable
tool in many applications of EM dosimetry. In the rest of this chapter review of simple
analytical techniques for the assessment of VED radiated field is given.

3.21 Literature review

This subsection reviews some analytical techniques for the assessment of VEDradiated
field. The work of Somerfield on the problem of radiation of VED antenna continued
with work of Norton. Norton presented his model for short VED at the surface of the
earth in the of 1930s [36]. On Sommerfeld EMF radiated by an infinitesimal VED
located on the surface of the planar Earth, Norton introduced the attenuation function,
the ground effect, and the frequency dependence of the surface wave.
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Norton’s formalism starts from the Hertz vector composed of a direct wave, a reflected
wave (the sum is also called space wave) and the surface wave [36]. For small angles
and short distances, the surface wave term must be used together with direct wave and
reflected wave. As the distance increases, the direct wave and reflected wave are
sufficient for the full description of the field behaviour.

In 1960s, Wait presented pure analytical model which was an important contribution
since field expressions were derived through usage of the complex image theory. The
only drawback of the obtained formulas is that they are valid in the quasi-static regime
only, that is when the effects of the displacement currents in the air space are negligible
[37]. These results were later used in numerous studies.

In the quasi near-field region, the field in the air due to the flow of currents induced in
the ground can be described using a MIT. Namely, in this region, the distance from the
radiating object is small compared to the wavelength, but large enough compared to
the skin depth in the ground [16]. According to MIT, reflection coefficient is given as
[16, 53]:

__ Eeff—%0
Rmrr = P~ (3.13)
Eeff = Er€o — ]'% (3.14)

where
. . . .. [F
- gqf describes the effective permittivity [5]

Therefore, the reflected and total electric field, respectively:

EII\{/IIT = Rt * EIIVrIIICT (3.15)
Emit = EMir + Efur (3.16)

where
- ER,r describes the reflected electric field component,
ELlc. is a direct electric field component, and
Tot

- Epqr is the total electric field.

In order to remove the restrictions for the application of the Norton and Wait models
for the field of dipole over imperfectly conducting ground, King formulated a set of
equations valid everywhere in the earth and on boundary when the dipole is in either
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region, or at depth d in the earth. The conditions for applying the model are [38, 39].

|kZ| > k2 or |k,| = 3k, (3.17)

where

- ki = w\/[uo (81 —j%)] is the wave number of lower half space, z < 0,

- Mo Is vacuum permeability, and
-k, = wy/Ho€, is the wave numbers of upper half space (air), z > 0.

When the radial distance (p) is large compared the height (d) of dipole or height z of
the observation point, King model uses phase approximations (3.18, 3.19 and 3.20) and
amplitude approximations (3.22):

p2 > (z—d)? p? » (z + d)? (3.18)
r;~r, — dcos(0) (3.19)
r,~ro + dcos(6) (3.20)

ro = +/p? + 22 (3.21)

I‘1~I‘2~I‘0 (322)

In the beginning of 20th century Kurniawan and Wood presented the method which
takes into account the heuristic simplification in calculation of near EMF. Simple
closed-form analytical formulas of near fields from free space thin finite length dipole
are multiplying with correction factors (cg or cq), and the calculations are valid in lossy
homogeneous medium [18]. Correction factors to compute the induced near electric
field E are introduced heuristically:

Kk, 1
s= = = |/ (3.23)

K, Lin<| LZ| d)]

kg,

k_h for 0.75<|l;—ﬁ|<0.95

= k

il e—o.ooz|ﬁ% for |l;—;|<o.75 (3.24)

1 E—L>0.95

h
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where

- kg, is wavenumber for the insulator (that accounts for the lossy dielectric
medium surrounding antenna),

- ky, is the wavenumber of ambient lossy dielectric medium,
- lq is the dipole length,

- Ais wavelength, and

- pisradial distance.

Chaaban, Drissi, and Poljak [19] presented an analytical model for broadband Power
line communication (PLC). The mathematical model for EMF calculation is based on
integral equitation formulation in frequency domain, and approach assumed spatial
current distribution. The PLC line is segmented into an infinite number of elementary
dipoles (with positions at the point M, (0,0, Z,) through which the current Iy, (s, Z,)
flows. Radial to the wire and tangential to the wire electric field components
accompanied by an azimuthally component of the magnetic field expressed in terms of
axially dependent magnetic vector potential:

jo (924,
E, = — 3 (55 + B3A,) (3.25)
E = _100%A 326
P~ TR opoz (3.26)
— 104

Hy = — =2 (3.27)

— L ~YoR@) _ _|
A,(p) =32 [, 1(p, 2) —— dze, (3.28)

where

- I(s, zp) is the current distribution along the conductor, and

- R(z) = \/pz + (z — zy)? is the distance between the elementary dipole and
the observation point M,

- Yo = % = jB, is the propagation constant in free space,

- y= ]Vﬁ = jB; (ya « 1) is the propagation constant of the PLC,
1
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- cisthe speed of light, and
- v, isthe speed in line.

This model is valid in near and far field and radiated fields are expressed only in terms
of current and its derivatives (voltages) at the line ends. By using this model, the
computational cost may be reduced. The advantages of their approach are rapid
estimation of the phenomena simplicity, and possible reduction of computational cost.
Prerequisite is knowing the values of the currents and voltages at the line ends [19].

The components of the time-varying EM field radiated by the line source with uniform
current distribution located above a homogeneously dissipative ground were studied
by Parise [40]. Total electric field generated in the air space has only one component
in the axial direction. This component can be derived by decomposing into the direct
field induced by the source current, the ideal reflected field induced by the negative
image and a correction term due to the imperfect conductivity of the ground [40]. The
advantage of this solution is that it is valid in case displacement currents in both the air
and the soil are not negligible, and that requires less computation time than
conventional numerical quadrature schemes used to evaluate Sommerfeld integrals. On
the other hand the line source needs to have uniform current distribution.

Nazari and Huang introduced a new method which breaks down the intermediate Hertz
potential into three terms. The two term of the Hertz potential associated with the
Sommerfeld integrals are expressed using hyperbolic functions, and the third term is
approximated using Saddle Point Method (SPM) [41]. The disadvantage of SPM
method is that is not capable of approximating Sommerfeld integrals since the
Sommerfeld pole is close to the saddle point for this problem.

As stated earlier one of the simplest scenarios which can be used to assess human
exposure to HF radiation is one where the human body is exposed to the EMF radiated
by a thin wire antenna. A simple dipole antenna combined with a simple human body
model is often used for quick dosimetry procedures, aiming to get a rapid estimation
of the phenomena. The analytical approach to incident field dosimetry of VED is given
in Section 3.3 along with the related illustrative results.

3.3 Incident dosimetry — Analytical procedures

Within the thesis framework, the radiated electric field of a finite-length dipole antenna
at any point of the upper half-space (as in Fig. 3.1) was obtained using:

— arigorous numerical approach,
— an approximate numerical approach with an assumed current distribution, and
— an approximate analytical approach.
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Usually, the radiated electric field of a dipole antenna of finite length at any point of
the upper half-space is calculated numerically. In doing so, the current distribution
along the antenna is obtained by numerically solving the Pocklington equation using
NEC [20]. The approximation for the solution of the current distribution along the wire
segment in NEC can be written as follows

4

I;(a) = A + Bysin (k(s - sj)) + Cj cos (k(s - sj)), |s - s]-| <3 (3.29)

where

- s is the value of s at the center of segment j,
A; is the length of the segment,
Aj, Bj, and C; are unknown constants.

If the waveform of the current distribution along the wire can be assumed, under certain
condition, by analytical expressions, including trigonometric functions as in [18, 19],
solving the Pocklington equation can be avoided without significant loss of accuracy.
Furthermore, if the field equitation is solved numerically approach is regarded as an
approximate numerical approach with an assumed current distribution. On the other
hand, if the field equitation is solved analytically approach is referred to as the as
approximate analytical approach. The approximations for the antenna current used in
this paper are sinusoidal, as in [54, 55] and triangular distribution:

sin(k(E-|z'- (3.30)
1) = —<ks(ii(ll<z) )
"N _ 21o .
I(z') = L(E—IZ'—hI) (3.31)

where

- I, is the maximum value of the current distribution at a feeding point,
- z' is the position of the antenna where distribution is calculated, and
- h s the height of the antenna above the half-space.

For a person standing vertically on the ground, E, field component is relevant. The
corresponding integral expression for E, can be obtained by combining (3.25) and
(3.28). The scattered electric field is given by:

1

sct —
E; =-
jwateg

2 h+l
(S +K3) [ 2 1(z)g(z 2)dz! (3.32)
2
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As the first term in right-hand side of (3.32) is rather small in the far field zone, it can
be neglected, and expression for the radiated electric field simplifies into:

ESct = ) Zf I(z’)g(z z')dz’ (3.33)

0.)4-1'[8

Now, inserting the relation for total Green function yields:

L
E5Ct = ;fh 21(z)[go(z2") + Riugi(z,2)]dz’ =
2

jw4TE)
1 ;I( ,) [e jkoRo F e—ikoR1] dz’ (334)
Z
](.04-1'[8 12“ TM ri

where Ro and Ry according to Fig. 3.2 represent the distance from the source to the
observation point:

z

. . € a.
Vertical Dipol o G

(x'\y'\z)
¥ Human body

Eg Direct wave

Figure 3.3 Fresnel approximation in far field zone

R; = r —hcos(0) (3.35)

Ry = r; + hcos(6,) (3.36)
acot(h — z")

1= (3.37)

g, = 2coth +2) (3.38)

X
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while r and r1 represent distances from the center of the antenna to the observation
point:

r=.x2+y?+ (h—1z)2 (3.39)

r; = x% +y2 + (h + z)? (3.40)

In this manner, distance to the observation point is kept constant thus simplifying the
integration, while at the same time phase shift is taken into account rigorously.

Within the framework of the thesis, for approximate numerical approach with assumed
current distribution, a procedure for numerical solution of the field integral is
developed. Based on assumed sinusoidal and triangular current distribution
respectively the corresponding integral expressions for the tangential to the wire field
are given by

. 92 h+s sin(k(%—|2'_h|))
E;ctS — ]w41T£0 [ﬁ + k(z)] fh_gw

(3.41)

(Z Z') _ ncos®— vn-sin2 0 (Z Z') dz’
BolZ, ncosf+ \/n—sinzegl !

L
2 h+-—

sctT — ; 0 2 2 21o
E3*T = jwdne, [+ ko] fh_L

oy ey (g0(z.2") — gi(z,2"))dz’ (3.42)

When used in proper conditions, approximate numerical approach with assumed
current distribution saves time and computer resources since it bypasses solving the
Pocklington equation.

Integrating expression (3.34) with the assumption of a triangular current distribution
and Fresnel reflection coefficient yields an simple expression for the total electric field
at the observation point, while can be for convivence written as follows

1
jw4aTteg

ESCT = [(Tyy + Tyz) + Ry Toy + Ty (3.43)

where T4, Ty, To,, and T,, are exponential functions of h, L, cos(6), and cos(8,),

and RY,, is Fresnel reflection coefficient. The coefficients used in (3.43) are given in
Table 3.1.
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Table 3.1 Coefficients used in (3.43)

A _ik[r—hcos(8)] {e—jk[(h%) cos(@)] . o-Ikith—3) cos(e)]}
T1q rLk3cos2(0)
4o jk[r—h cos(6)] ,—jk[h cos(®
Ty — —jk[r—h cos( )]e—] [hcos(0)]
rLk§cos?(0)
T 21, —jk[r1+hcos(el)]{ejk[(h+%) cos(0p)] , SJkI(h-3) cos(el)]}
— e
“ r;Lk3cos2(0,)
4o —jk[r;+h cos(8;)] njk[h cos(8
T,, > e~ JK[r1+hcos(6,)] gjk[h cos(6,)]
r;Lk&cos?(8,)
F ncosd — vn —sin? 0
RTm

ncos® + vn —sin? 9

In a similar way, a simple expression for the total electric field at the observation point
with the assumption of a sinusoidal current distribution and Fresnel reflection
coefficient is obtained. The electrical field can be written in the form

1
ESS = ) KoL [S11 +S12 +S13+S14 +
jw4Teysin - (3.44)

RTM(S21 + Sa2 + S23 + S24)]

where S;1, 512, 513,514,521, S22, S23, S24 are exponential functions of h, L, cos(8), and
cos(6;) (Table 3.2).

Table 3.2 Coefficients used in (3.44)

I o—JkIr—hcos(0)] {e—jk[(h+§) cos(®)] | o

N —jk[(h—3) cos(e)]}
511 2rk(cos (8)+1)

KoL
Igcos (%)

S _ —jk[r—h cos(8)] ,—jk[h cos(0)]
12 rk(cos (8)+1) €
S Iy - ik[r—hcos()] { e—jk[(h+§) cos(8)] e—jk[(h—%) cos(e)]}
13 2rk(—cos (8)+1)
koL
Si locos () o~ik[r-h cos(8)] o =jk[h cos(6)]

N rk(—cos (0)+1)
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Io —jkiry+h cos(8,)] { oikI(h+3) cos(@)] | JK[(h—3) cos(8y)]
521 2r;k(cos (81)+1) ' ' {e ’ te : }
Ipcos (@) : :
522 __ommAe e—]k[r1+h cos(el)]e]k[h cos(64)]
rik(cos (61)+1)
Iy —jk[ry+h cos(@,)] [ LKI(h+2) cos(®)] | jk[(h—2) cos(87)]
SZ?’ 2r1k(—cos (61)+1) € ' ' {e : te ’ }
Ipcos (@) . .
524 2 e—]k[r1+h cos(Gl)]e]k[h cos(61)]

N rik(—cos (61)+1)

3.4 Results for current distribution and irradiated field

In this section results obtained via a rigorous numerical approach, an approximate
numerical approach with an assumed current distribution, and an approximate
analytical approach are presented. Nominal values of used parameters are shown in
Table 3.3.

Table 3.3 Nominal valued of VED and VED environment

Parameter Nominal Value
Physical Length L=0.01m
Radius a=0.1 mm
Operational frequency f=3 GHz
Height above ground h=20 m
Relative permittivity of dry, sandy and costal
ground & =10
Conductivity of dry, sandy and costal ground o=1 %S
The maximum current applied to the gap in the I =1 A

center of the antenna

Fig. 3.3 shows the current distribution along a vertical dipole antenna above a lossy
half-space at a height of h=20 m above the ground. Blue curve shows the current
distribution obtained by means of rigorous numerical approach, red by means of
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approximate approach with triangular current distribution, and finally, green by using
the approximate approach with assumed sinusoidal current distribution along the wire.

Numerical approach
Triangular current distribution
Sinusoidal current distribution

0.5

. Current distribution |A/m*m]

0

L2 0 z[m] L2

Figure 3.4 Current distribution on a VED above a lossy half-space at h=20m,
maximum current in the center of the antenna I, =1 A, physical length L=0.01 m,
and f=3 GHz

Absolute difference between approximate and actual current distribution is below 11
%, and disappears in narrow bend around the centre of the dipole (where the source is
located). The difference between approximate and actual current distribution at the end
of VED is below 4 %. The difference in current distribution increases as the current
approaches its maximum value (in the canter of the dipole). As the maximum
difference is below 11 %, the assumed current distribution (triangular or sinusoidal) is
acceptable in this case.

The results for the radiated field obtained using rigorous numerical approach are
obtained using NEC [20]. The radiated electric field is calculated in the upper medium
from an observation point fixed in a horizontal direction (x=200 m, y=0 m) away from
the antenna (which corresponds to a far field zone), while in the vertical direction z
changes from 0 m to 1.8 m above ground. Following antenna heights are of interest:
1m, 10 m and 20 m. The absolute value of the electric field radiated in the air versus
point location in the z-axis for a fixed distance from the source in an x horizontal
direction x = 200 m and at an antenna height of 1 m above are shown in Fig. 3.4, 10 m
in Fig. 3.5, and 20 m in Fig. 3.6.

Fig. 3.4 to Fig. 3.6 contain curves obtained via rigorous numerical approach and by
using the approximate approach with sinusoidal and triangular current distribution.
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—+ Numerical approach with sinusoidal current distribution
- — Numerical approach with triangular current distribution
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0 1 z [m] 18

Figure 3.5 The absolute value of the electric field radiated in the air versus point
location in the z-axis for a fixed distance from the source in an x horizontal

direction x=200 m, frequency f=3 GHz, % = %, and at antenna height h=1m

above ground

- —— Numerical approach

—+ Numerical approach with sinusoidal current distribution
— — Numerical approach with triangular current distribution

0 1 z [m] 1.8

Figure 3.6 The absolute value of the electric field radiated in the air versus point

location in the z-axis for a fixed distance from the source in an x horizontal

1

direction x=200 m, frequency f=3 GHz, % = and at antenna height h=10 m

above ground
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0.08 — Numerical approach

—+— Numerical approach with sinusoidal current distribution

~ — Numerical approach with triangular current distribution
- -

Figure 3.7 The absolute value of the electric field radiated in the air versus point

location in the z-axis for a fixed distance from the source in an x horizontal

direction x=200 m, frequency f=3 GHz, % = i, and at antenna height h=20 m

above ground

It can be observed that the maximum absolute difference between the electric field
radiated in the air and at antenna height of 1 m above ground via the rigorous and
approximate approaches, respectively is less than 0.4 % (Fig. 3.4). Also, the maximum
absolute difference between the electric field radiated in the air at antenna heights of
10 m and 20 m above ground via rigorous and approximate approaches is less than 0.6
% (Fig. 3.5 and Fig. 3.6). Analysing the results for the tangential to the wire electric
field component calculated via different approaches it is visible from Fig. 3.4, Fig. 3.5,
and Fig. 3.6 that the waveforms obtained by different approaches agree satisfactorily
for all height values. Discrepancies appear at the peaks. The number of lobes of electric
field increases as h increases. When the height of the antenna above the ground is large
enough in relation to the wavelength (in our case at least 10 times) a further increase
in height will not affect the change of the radiated electric field.

The impact of ration % on irradiated electrical field is shown in Fig. 3.6, Fig. 3.7, and

Fig. 3.8. The absolute value of the electric field radiated in the air versus point location
in the z-axis for a fixed distance from the source in an x horizontal direction x = 200 m

L 1. . . L 1 . . L 1. .
and of T shown in Fig. 3.6, =5 n Fig. 3.7, and 2 =3in Fig. 3.8.

Fig. 3.6 to Fig. 3.8 contain curves obtained via rigorous numerical approach and
approximate numerical approach with sinusoidal and triangular current distribution.
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Figure 3.8 The absolute value of the electric field radiated in the air versus point
location in the z-axis for a fixed distance from the source in an x horizontal

direction x=200 m, frequency f=3 GHz, at antenna height h=20 m above ground,

L 1
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Figure 3.9 The absolute value of the electric field radiated in the air versus point
location in the z-axis for a fixed distance from the source in an x horizontal

direction x=200 m, frequency f=3 GHz, at antenna height h=20 m above ground,

L 1
andz—g

The Fig. 3.6 to Fig. 3.8 clearly show that the value of the field increases as the %

increases. In other words, physically large antennas produce a larger electric field. The
maximum value of electric field increases from 0.07 % to 0.5 % when % increases from
0.1 to 0.5. On the other hand, absolute differences between electric field values of
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models with assumed and real current distribution decreases when i decreases. In other

words when the antenna is electrically small enough these models give the results
which differ the most at the peak values, but difference is less than 1 % in this case. As

L. . .
5 increases the difference also increases.

It should be noted that in all cases the biggest difference between electric field values
is observed at the peak values. Also, the values of numerical model with assumed
current distribution are smaller because model uses far field approximation (only first
term in Pocklington equitation), while rigorous numerical model calculates far field
using both terms of integral expression (3.12). This leads to the conclusion that for

electrically small antennas (% < 0.1) models with assumed and calculated current

distribution give similar results. In other words, in such conditions, the model with
assumed current distribution gives satisfactory results.

The absolute value of the electric field radiated in the air versus point location in the z-
axis for a fixed distance from the source in an x horizontal direction x = 200 m and at
an antenna height of 10 m above are shown in Fig. 3.9 and Fig. 3.10, and 20 m in Fig.
3.11 and Fig. 3.12.

Fig. 3.9 to Fig. 3.12 contain curves obtained via numerical and analytical approach
with sinusoidal and triangular current distribution and obtained via rigorous numerical
approach.

0.1 Analytical approach with sinusoidal current distribution

-e Numerical approach with sinusoidal current distribution
Numerical approach
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Figure 3.10 The absolute value of the electric field radiated in the air versus

point location in the z-axis for a fixed distance from the source in an x horizontal
direction x=200 m, f=3 GHz, at antenna height h=10 m above ground, % = 1—10

and sinusoidal current distribution
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Figure 3.10 The absolute value of the electric field radiated in the air versus
point location in the z-axis for a fixed distance from the source in an x horizontal
-1

T

direction x=200 m, f=3 GHZ, at antenna height h=10 m above ground, %

and triangular current distribution
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Figure 3.11 The absolute value of the electric field radiated in the air versus

point location in the z-axis for a fixed distance from the source in an x horizontal
1

10

direction x=200 m, f=3 GHz, at antenna height h=20 m above ground, % =—,

and sinusoidal current distribution
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Figure 3.12 The absolute value of the electric field radiated in the air versus

point location in the z-axis for a fixed distance from the source in an x horizontal
direction x=200 m, f=3 GHZ, at antenna height h=20 m above ground, % = %

and triangular current distribution

Previously mentioned lobbying effect is clearly noticeable from Fig. 3.9 to Fig. 3.12.
The maximum value of the radiated electric field is the same for heights of 10 m and
20 m and for numerical and analytical approach. Maximal values are higher for
analytical and numerical approach when compared to rigorous numerical model.

The difference between field values for analytical and numerical approach with
assumed current distribution compared to rigorous numerical approach increases,
being maximal at curves maxima. There is no difference in the field values obtained
by assuming sinusoidal or triangular current distribution on the antenna. The field
waveforms for the analytical and numerical approach totally agree, with the largest
difference compared to rigorous numerical approach being noticeable in the region of
the maximum.

At height of 10 m and 20 m respectively above the ground, the maximum absolute
difference between field radiated in the air by analytical and approximate numerical
approach compared to rigorous numerical approach is less than 1 %. Thus, the models
based on approximate approach agree satisfactorily with the rigorous numerical model.

The impact of /51 on electrical field is shown in Fig. 3.11 to Fig. 3.16. The absolute value
of the field radiated in the air versus point location in the z-axis for a fixed distance
from the source in an x horizontal direction x=200 m and of % = % is shown in Fig.

3.11and Fig. 3.12, > = ~in Fig. 3.13 and Fig 3.14, and 5 = ~ in Fig. 3.15 and Fig 3.16.
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Figure 3.13 The absolute value of the electric field radiated in the air versus

point location in the z-axis for a fixed distance from the source in an x horizontal

direction x=200 m, f=3 GHz, at antenna height h=20 m above ground, /51 = i

and sinusoidal current distribution
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Figure 3.11 The absolute value of the electric field radiated in the air versus

point location in the z-axis for a fixed distance from the source in an x horizontal

direction x=200 m, f=3 GHz, at antenna height h=20 m above ground, % = i, and

triangular current distribution
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Figure 3.15 The absolute value of the electric field radiated in the air versus
point location in the z-axis for a fixed distance from the source in an x horizontal
direction x=200 m, f=3 GHz, at antenna height h=20 m above ground, % = % and

sinusoidal current distribution
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Figure 3.16 The absolute value of the electric field radiated in the air versus
point location in the z-axis for a fixed distance from the source in an x horizontal

direction x=200 m, f=3 GHz, at antenna height h=20 m above ground, % =

and triangular distribution

Fig. 3.11 to Fig.3.16 clearly show that the field increases as the ratio of physical length
and wavelength increase. In other words, physically large antennas generate a larger

. . . . v v L .
electric field. The maximum value increases from 0.07 — to 0.45 — when P increases

1 1 . . . . . . . .
from o> for analytical and numerical model with sinusoidal current distribution,
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and from 0.07 % to 0.35 % when the % increases from 1—10 to % for analytical and
numerical model with triangular current distribution. The maximum value increases
from 0.065 % to 0.47 % when the % increases from % to % for rigorous numerical
approach.

L . . . . . .
As 5 increases, the difference between field values also increases for sinusoidal and

triangular current distribution. It should be noted that in all cases the largest difference
between field values is observed at the peaks and it is larger for approximate models
with triangular current distribution compared to sinusoidal current distribution. The
maximum absolute difference between absolute electric field values radiated in the air
by approximate numerical approach and analytical approach with assumed current

distribution is less than 2 % compared to rigorous numerical approach for% = 110

For electrically middle-sized antennas (%~i) the maximum absolute difference
between field values radiated in the air by numerical and analytical approach with
assumed triangular current distribution is less than 5 % for %= % Further on, the

maximum absolute difference between absolute electric field values radiated in the air
by rigorous numerical approach with assumed sinusoidal current distribution is less

than 5 % for % = % and with assumed triangular current distribution is less than 15 %

L 1
forz = E

Consequently, for electrically larger antennas the approximation with triangular
current distribution should be avoided and more accurate results can be obtained by
using the sinusoidal current distribution. This leads to the conclusion that for

- L 1 . . .
electrically small antennas (= < E) approximate analytical and numerical approach,

respectively provides satisfactory results for sinusoidal and triangular current
distribution.

Fig. 3.17 to Fig. 3.20 clearly show that the field decreases as the distance from the
source increases (from 20 m to 200 m).
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Figure 3.17 The absolute value of the electric field radiated in the air versus

point location in the x-axis for a fixed distance in an z vertical direction z=0.25

m, f=3 GHz, at antenna height h=20 m above ground, % = 1—10 and sinusoidal

current distribution
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Figure 3.18 The absolute value of the electric field radiated in the air versus

point location in the x-axis for a fixed distance in an z vertical direction z=0.75

m, f=3 GHz, at antenna height h=20 m above ground, % = 1—10 and sinusoidal

current distribution
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Figure 3.19 The absolute value of the electric field radiated in the air versus
point location in the x-axis for a fixed distance in an z vertical direction z=1.25
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Figure 3.20 The absolute value of the electric field radiated in the air versus
point location in the x-axis for a fixed distance in an z vertical direction z=1.75
m, f=3 GHz, at antenna height h=20 m above ground, % = 1—10 and sinusoidal

current distribution

The maximum value of electric field is 0.46 % (for approximate numerical and

analytical model) and 0.23 % (for rigorous numerical approach) and it is obtained at

point (20 m, 0 m, 1.75 m). The field amplitude approaches the same value as x increases
for both models. In all analyzed scenarios, the absolute value of the electric field

radiated in the air drops below 0.2 % when the distance in the horizontal direction
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increases to 40 m. When the distance in the horizontal direction is above 60 m these
three models agree satisfactorily.

For small distances in the horizontal direction (x<40 m), due to the far field
approximation used in proposed model, the significant overestimation of the field
values could be observed. The results of rigorous numerical approach obtained from
NEC consider the formulations for EMF in near field, meaning that they include the

terms % and %. Our analytical solution is based on far field approximation, and takes
only field dependence of term [—1{, which is his main limitation.

The absolute value of the electric field radiated in the free space versus point location
for z = 1.75 m and sinusoidal current distribution is shown in Fig. 3.21.

0.4 -\ Analytical approach with sinusoidal current distribution
\ - Numerical approach with sinusoidal current distribution
0.35 \ Numerical approach
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Figure 3.21 The absolute value of the electric field radiated in the free space

versus point location in the x-axis for a fixed distance in an z vertical direction

z=1.75 m, f=3 GHz, % = %Oand sinusoidal current distribution

There are no differences between the field values radiated in free space by the
approximate numerical approach and the analytical approach with assumed current
distribution. And the difference between the mentioned approaches is very small
compared to the rigorous numerical approach. In other words, the results of the
proposed analytical approach almost completely agree with the results of approximate
numerical approach with assumed current distribution and the results of rigorous
numerical approach in free space.

Comparing the results between the rigorous formulation and far field approximation in
the case of the free space and a lossy media clearly demonstrates that the presence of
the lossy ground somehow expands the near field region thus reducing the accuracy of
proposed procedure.
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The absolute value of the electric field radiated in the air versus point location in the
x-axis for a fixed distance in an z vertical direction z=1.75 m and at an antenna height
of h=20 m above and frequency f=6 GHz is shown in Fig. 3.22.
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Figure 3.22 The absolute value of the electric field radiated in the free space

versus point location in the x-axis for a fixed distance in an z vertical direction
z=1.75 m, f=6 GHz, at antenna height h=20 m above ground, % = % and

sinusoidal current distribution

There are no differences between the field values obtained by the approximate
numerical approach and the analytical approach with assumed current distribution at
frequency f=6 GHz compared to f=3 GHz. And the difference between the mentioned
approaches is very small compared to the rigorous numerical approach, but higher at
f=6 GHz compared to f=3 GHz.

The absolute value of the field radiated in the air versus point location in the x-axis for
a fixed distance in an z vertical direction z=1.75 m and at an antenna height of 20 m

above and ground conductivity o = 1 %s and o = 1000% is shown in Fig. 3.23.
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Figure 3.23 The absolute value of the electric field radiated in the free space

versus point location in the x-axis for a fixed distance in an z vertical direction

z=1.75 m, f=3 GHZ, at antenna height h=20 m above ground, % =

1
—, and
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The absolute value of the field radiated in the air versus point location in the x-axis for
a fixed distance in an z vertical direction z=1.75 m and at an antenna height of h=20 m
above the ground and relative ground permittivity &, = 10 and &, = 150 is shown in

Fig. 3.24.
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Figure 3.24 The absolute value of the electric field radiated in the free space

versus point location in the x-axis for a fixed distance in an z vertical direction

z=1.75 m, f=3 GHz, at antenna height h=20 m above ground, % = 1i

,and
0

sinusoidal current distribution
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There are no differences between the field values obtained by the approximate
numerical approach and the analytical approach with assumed current distribution
obtained for different electric conductivity and relative ground permittivity.

3.5 Chapter summary

Comparison of the results for the irradiated electric fields obtained for rigorous
numerical approach, approximate numerical approach with assumed current
distribution and analytical approach for different values of the model parameters,
allows to define the conditions in which the approximate approaches can be applied.
When used in proper conditions, approximate approaches with assumed current
distribution saves time and computer resources as it avoids the solving of the
Pocklington equation, and in the case of the analytical approach the field integral. In
conclusion, when the height of the antenna above the ground is less than 200 * A the
results obtained via the approximate analytical and numerical approach agree
satisfactorily.

According to the results of the comparison, both models give similar results when the
vertical dipole antenna is electrically short (L < %) and when the ratio of the height of

the antenna above the ground compared to the wavelength meets the condition h >
10A. The results obtained on the basis of the previous two approaches are also valid in

the near field, which means that they include the terms % and % .

Note that the analytical solution is based on the far-field approximation and takes only
the dependence %. By comparing the results for all three approaches, an additional

limitation is imposed in the form of distance in the horizontal direction x > 60 m. For
smaller distances in the horizontal direction (x <40 m), due to the far-field
approximation used in the proposed analytical model, significant difference in the field
values can be observed compered to rigorous and approximate analytical approach with
assumed current distribution. Therefore, the presence of lossy soil widens the near-
field region, thus limiting the applicability of the proposed procedure.
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CHAPTER 4

Internal electromagnetic dosimetry for canonical body

models

4.1 Coupling between external and internal fields

Internal dosimetry requires knowledge of the dielectric properties of tissue, tissue
geometry and size, tissue orientation and field polarization, field frequency, source
configuration, exposure environment, and time-intensity factors [56]. Information about
dielectric properties of tissue and its influence on resulting EM filed inside the body are
discussed in Section 2.1. Human tissue is multi-layer and fat thickness, tissue curvature,
and dimensions of the body, limbs, and head relative to the wavelength all affect the
energy distribution. External field intensity and exposure duration are important
parameters that determine the total energy absorbed by tissues [56].

It has been shown both theoretically [32], and experimentally [57] that SAR in an exposed
person is maximal when the long axis of the body is parallel to the direction of a uniform
external electric field. In addition to the frequency dependence of dielectric properties, the
strength and spatial distribution of internal fields also vary with frequency [32]. Source
configuration depends on source-human body distance, and two configurations appear: far
field (there is no interaction or “coupling” between the source and the object) and near
field (energy coupling depends on the source shape and size) [56]. Environmental factors
affecting EM exposure encompass free space, on a ground plane, near metal reflectors, or
in an electrically conductive structure, such as a resonant cavity or waveguide [57].

Having in mind that the induced electric field is the main driver of biological processes
that will eventually occur in the human body as a result of exposure to EM radiation,
establishing a mathematical relationship between incident and induced electric field is the
next step in EM dosimetry procedure. Induced electric field inside the body has the same
direction as the external field but is reduced in strength.

Geometrical complexity and inhomogeneous nature make the mathematical
representation of the human body rather challenging. In the early beginning of dosimetric
calculations models such as spheres, prolate spheroids, block models (cubical
mathematical cells arranged in a shape like a human body), have been used to assess the
absorbed energy during plane wave irradiation [32]. The relationship between human
height and the wavelength at the resonance frequency is originally derived on prolate
spheroid or a homogeneous block model [8].
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Canonical body models are used by different authors, such as a cylinder [25, 48, 58-60]
or a parallelepiped [61, 62]. These planar models do not represent humans with high level
of uncertanity, but provide some basic understanding of energy-absorption properties.
When a plane wave is incident on a planar electrically lossy object, the wave transmitted
into the object attenuates as it travels and transfers energy to the object. The more lossy
the object, the more rapidly the wave attenuates.

High resolution, to order of a millimeter or finer, and detailed numerical human models
can be used today due to the aid of powerfull computers. Some realistic human body
models are used in [63-70]. However, these models have a rather high computational cost,
while simplified ones are computationally much less expensive, but fail to ensure accurate
results in most scenarios [26].

Analytical methods of EM dosimetry are usually applied to simplified human body
models. Some theoretical dosimetry basics, with short literature review and general
aspects in numerical and experimental internal EM dosimetry are also covered.

4.2 Theoretical dosimetry basics

Generally, EM dosimetry relies on analytical, numerical or experimental techniques.
Analytical methods can be used in canonical models. Numerical dosimetry makes use of
computational techniques on digital computers to handle realistic body models, while
experimental dosimetry uses instrumentation and measurements to directly measure the
dosimetric quantities.

Although, early research in this field proposed the use of current density in tissue, or an
internal electric field, a mass-normalized rate of energy absorption was introduced in the
late 1960s. The first organization that adopted SAR as the fundamental dosimetry
parameter for the RF exposure safety standard was the American National Standards
Institute (ANSI) [56].

HF dosimetry uses SAR in the frequency region of 100 kHz to 6 GHz. Above this
transition frequency APD is used [3]. SAR is defined as the rate of energy absorbed by or
dissipated in human body unit mass:

d dw d dw dT
SAR = qim “@eav—- Cm (4.1)

Also, in terms of internal field we have
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2
SAR =0 = = (4.2)

where

- W is absorbed energy [J],
- mis the mass of the tissue [kg],

- Jisinduced current density in tissue [iz],
m
- p describes the mass density of human tissue [%],

- o represents the tissue conductivity,
- E.ms the root mean square of the electric field strength,

- C is the specific heat capacity of tissue [k;—K],
- T is the temperature [°C], and
- tdenotes time [s].

Furthmore, two metrics are most often determined: SARypg and local SAR. SARyg is
defined as the total EM power absorbed by a body divided by its mass, and it is one value
that represents the magnitude of spatially averaged SAR throughout an exposed biological
object [56]. SARy is given by:

1
SARwp = ¢ f, SARgzedV (4.3)

where

-V is the volume of the human body [m?3], and
- SARg,f is the surface SAR value assumed to decrease exponentially through the
human body, as follows

2X
SARgy ¢ = SARpe 3 (4.4)

where

- SARj is the intensity of SAR at the surface as a function of depth x [kﬂg],
- x is depth, and
- 8 s the is the penetration depth.

Local SAR is defined as SAR averaged over any cube inside the body with a tissue mass
of 1 g (SARg) or 10 g (SAR;g). The distribution of the local SAR values can be directly

calculated from the electric field distribution [71].
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Pm

SAR = (4.5)

SAR ;g is Obtained by averaging the maximum SAR of the points within the 10 g volume
and this calculation is performed until it covers the whole sample volume. The same
principle is applied for computing the SAR within the 1 g volume covering the whole
volume. The SAR (10 g or 1 g) value may be subsequently calculated considering the
contribution of the smaller cube and the contribution of the cubical shell around it each
with a predefined weighting coefficient using (4.5) [71]:

SAR;ggor SAR,, = 2 SARM vy SARM (4.6)

YviMj+Yy2-v1 Mj

where

- m; = p;AV is the mass of 10 g cell or 1 g cell,

- m; = PAVAZ for 10 g cell and m; = PAV——,
] ] V2-V1 J J V2-V1i

- index i refers to the lattice cells inside the inner cube, and
- index j to those around it.

1-V1i

Evaluation of the maximum local SAR is particularly important when a part of the human
body is exposed to EM radiation from nearby sources. An example of such a scenario, is
the estimation of SAR distribution throughout a human head during the use of cellular
telephones. Both SAR types are averaged during a certain period of time.

According to ICNIRP for frequencies below 6 GHz and above 100 kHz, SAR should be
used, while for frequencies in the range 6 GHz to 300 GHz APD should be used as the BR
for the human exposure to EMFs.

APD is defined at the body surface, averaged over the tissue area of interest, A [72].

Sab = 55 [, R(S)d8 (47)

where

- S =ExH"is the Poynting vector yields a direction of the electromagnetic wave
propagation, and
- ds is variable vector normal to the integral area A.

APD for the general public should be restricted to 20 % averaged over 6 min and over a

4 cm? area. In addition to SAR and APD the metric TPD to the skin surface or epithelial
power density is defined as [55]
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TPD(x,y) = %f o(0)|E(r)|?dz (4.8)

where

- |E(r)| is the peak value of the electric field at position r,
- o is the conductivity of human tissue, and
- ris the direction perpendicular to the human body surface.

TPD corresponds to integrated SAR over the depth direction. In the far-field region, wave
propagation is spherical in nature and TPD decays as riz where r is the distance from the

antenna. In guidelines and standard SAR;o, and Incident Power Density (IPD) are

considered as metrics, but TPD at the surface is also evaluated in [55]. Therefore,
depending of operational frequency different internal dosimetric quantity are used.

421 Literature review

SAR distributions is usually determined from measurements in human phantoms, in
animal tissues, but primarily from calculations. For SAR calculation different simple and
complex human body models are used e.g. [21,62,73]. Some experimental techniques that
are commonly used to determine SAR distribution are presented in [56, 74].

Study [8] proposes an equation for estimating SARyyg in human body models (NORMAN,
NAOMI and BAFB) for plane wave exposure at whole-body resonance frequency. The
finite-difference time-domain (FDTD) method is used to calculate the EM power absorbed
in these models. The dominant factors influencing the resonance frequency of the human
body models are investigated for plane wave exposures. According to results of this study,
the uncertainty of the SARyyp estimated with the proposed equation is approximately 10
%, which is mainly attributed to the electrical constants of tissue, including the
inhomogeneity of the human body model. The variability of the SARyg due to the body
shape was found to be 30 % for humans of the same age.

SARy In simplified parallelepiped model due to radiation of RFID anti-theft antenna
gate system (13.56 MHz) is analysed in [62]. The SARyyg is calculated for the two cases:
human being is in the center of the antenna gate system, and human standing beside the
gate. The obtained SARyg values are found to be below the ICNIRP exposure limits.

Authors from [21] propose an estimation of SARyyg for far field exposure of an isolated
human body in the frequency range of 10 MHz to 200 MHz. Human body is modelled as
a lossy homogenous cylindrical antenna. Equations for the total induced axial current and
the SARyy g based on a rigorous treatment of cylindrical antenna theory are derived. The
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expression for the total induced axial current is derived based on the thin-wire
approximation. The calculated SARyp is in excellent agreement with the FDTD results in
chosen frequency range. The calculated axial current for higher frequencies becomes less
accurate, which further results in divergence of calculated SARyg values from the FDTD
results for frequencies above 150 MHz.

An analytical method for calculation of the EM absorption in human tissue based on the
wave matrix method is proposed in [73]. The method is applied to determine the electrical
field and SAR in a planar multi-layer structure exposed to a linearly polarized plane wave
in the frequency band between 0.1 GHz and 10 GHz. The results of the proposed analytical
method are validated by comparing them to the outcome of a full wave solver using the
finite integration technique (FIT). According to the results SARyg reaches its peak at 3
GHz in the skin and the muscle tissue, and for f > 3 GHz high SARyg Vvalues are only
present in the skin layer.

In the international guidelines for human protection, used metric to prevent excessive
surface temperature elevation at frequencies up to 3 GHz or 10 GHz is SAR. IEEE-Std
C95.1-2019 and ICNIRP-RF Guidelines — 2020 have merged towards 6 GHz as transition
frequency from specific absorption rate (SAR) to IPD - pertaining to free space, and APD
- pertaining to the skin surface [55].

The results for the induced field and the APD at the surface of planar multi-layer model
of the human tissue obtained by means of analytical/numerical approach are given in [75].
The multi-layer model is exposed to radiation of dipole antenna, and the influence of
multi-layer domain is taken into account via Fresnel plane wave reflection/transmission
approximation. Numerical procedures are based on Galerkin-Bubnov Indirect Boundary
Element Method (GB-IBEM). In 2-layer model (composed of skin and muscle) the field
values obtained using analytical and numerical approach agree satisfactory. Further on,
APD decreases as antenna moves away from interface. If the distance between the tissues
and the antenna is fixed, then a slow increase of APD with frequency is observed. In 3-
layer model (composed of skin, fat and muscle) the field values obtained using analytical
and numerical approach agree satisfactory. APD behavior is the same as in the 2-layer
model.

Since the IPD is a reference level, effectiveness of a new metric, TPD at the skin, for the
estimation of steady-state skin temperature elevation above the transition frequency (3
GHz or 10 GHz) was discussed in [76]. Authors concluded that the TPD provides an
excellent estimate of skin temperature elevation through the millimetre wave band (30
GHz to 300 GHz) and a reasonable and conservative estimate down to 10 GHz.

The results of analytical and numerical modelling of the impact of antenna/human body
interactions on the TPD, using a skin-equivalent model are presented in [77]. Results from
this study demonstrate that the presence of the body in the vicinity of a source results in
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an increase in the average TPD. The variations are higher for wet skin (up to 98.25 %)
and for children (up to 103.3 %). These results suggest that the exact distribution of TPD
cannot be retrieved from measurements of the IPD in free space in absence of the body.

The results for the transmitted field, volume power density (VPD) and TPD in flat human
tissue model exposed to the radiation of dipole antenna are presented in the study [55].
Human tissue is represented by muscle properties and a frequency of interest were f =
6 GHz, f = 10GHz, f = 30GHz, and f = 60 GHz. The influence of two-media
interface is taken into account via the Fresnel plane wave reflection/transmission
approximation. Numerical procedures pertain to GB-IBEM. VVPD practically vanishes for
shorter wires. TPD penetrates faster through the tissue for higher frequencies and rapidly
goes to saturation, as well.

4.3 Approach to internal electromagnetic dosimetry

4.3.1 Experimental and numerical approach

Experimental and numerical dosimetry techniques can be used to assess internal fields for
different sources and geometries. Numerical dosimetric approach usually uses phantoms
(physical or computational) which simulate the human body or its parts.

Physical model, made from different organic and non-organic materials, represents the
electrical properties of various human tissues. The most challenging task in designing
physical phantoms are the uncertainty of the electrical properties measured by
commercially available systems, temperature change and water evaporation [78]. Some
examples of already design and used physical phantoms can be found in [79, 80].

First computational phantoms were based upon mathematical expressions representing
sample analytical models [32]. Later, more realistic replication of human anatomy was
created by dividing human body model into small voxels (volume pixel). A voxel is a
small volume element or cube of a desired tissue and with dimensions of a few millimetres
on each side. A whole-human body human voxel model can consist of many million
voxels. Each voxel is given appropriate dielectric properties according to which organ it
belongs.

The first phantom, called NORMAN, was created in 1997 and consisted of 37 kinds of
tissues with accuracy up to 2 mm [81]. Later, in 2005, the same authors created first female
phantom, NAOMI [82], and in 2007 three boys and two girls’ children. Voxel models of
whole-human body humans in various postures and of children, foetuses, and embryos
have been developed by several laboratories [68, 83, 84].
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Intrinsic disadvantage of voxel models is that they are usually based on the anatomy of a
single man or woman, and they do not contain any spatial information at scales smaller
than their native resolution and that they cannot be easily deformed to adopt different
postures [85].

These problems can be overcome by adopting a Computer Aided Design (CAD) approach,
as in [86], to develop models in which the organ and tissue boundaries are represented by
parametric surfaces.

Over the years, experimental phantoms have been developed to understand coupling of
EM fields to models of the biological systems. Although these models were relatively
crude representations of the size and shape of the human body in beginning, experimental
results show that calculations of the average SAR agree reasonably well with empirical
values [32]. While most of these models do an excellent job of modelling the external
shape of the exposed bodies, detailed modelling of the internal heterogeneities of the
human body is very difficult and has been attempted only on a very limited scale and in a
relatively crude manner. Simple homogeneous models have, therefore, been used more
often [87].

Studies show that analytical models in EM dosimetry can provide the satisfying level of
accuracy under some conditions which makes them attractive to use. Besides simplicity
and possibility for closed form solution, these models yield relatively precise results for
electric field magnitude and SAR in regions of the human body with isotropic electrical
behavior and when exposed area is approximately plane [73]. Generally, analytical
models provide rapid estimation of the phenomena in an engineering sense.

4.3.2 Analytical approach to internal electromagnetic dosimetry

Analytical dosimetry approaches in internal EM dosimetry are usually related to some
particularly simplified geometries, such as the planar models, spheres, the cylinders, the
spheroids and the ellipsoids, in free space or over an infinite, perfectly conducting ground
plane.

The early work in theoretical dosimetry consisted of the calculation of energy absorbed in
planar [88], spherical [89], and cylindrical [90] models of humans. These models were
chosen, because they were the simplest to treat mathematically. Later on, block models
composed of cubical cells arranged to simulate the human body [91] and prolate
spheroidal models were introduced. The analysis of the prolate spheroidal models was
extended to ellipsoidal models and more work was done on cylindrical models. Models
of irregular shape were also analysed [92].

Generally, each of these techniques provides useful information over a limited range of
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parameters, for example, over a limited range in frequency. However, despite the
limitations of each specialized method, the composite of information obtained from these
various techniques has provided a very valuable picture of EM dosimetry.

Two representations of the human body interesting for analytical internal dosimetry
approach are considered in this study: simple parallelepiped model of the human body and
cylindrical human body model. The values of SARyy g values obtained by both models are
compared.

43.1.1 Parallelepiped human body model

SAR is defined as the mass averaged rate of energy absorption in tissue (4.11)

SAR — dP  dP (4.9)
~dm pdV '
In HF EM fields can be quantify using power density Qg
Qem = o|Eo[? (4.10)

where E, stands for effective electric field value. Power density is directly related to SAR

Since the left sides of (4.10) and (4.11) are the same, the right sides should be to

o
SAR = |Eol? (4.12)

Now at any point in the human tissue SAR is proportional to internal electric field [62,
26]:

SAR = [T [? Eo? (4.13)
2n
rMIT = 4.14

where

- o is electric conductivity of tissue,
- pisdensity of the biological tissue,
- E, is the peak value of the field at the surface of the parallelepiped, and
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YT [53, 52, 16] is the transmission coefficient arising from the MIT, and
- n is the refraction index

According to Fig. 4.1 parallelepiped human body model with height of H, depth of D, and
width of W is placed at position (x,0,0) and exposed to radiation of VED antenna at
height h above the ground.

Z

Vertical Dipole
P ~ €1 W Oy
(S)

|
/

Human body
(X,y,2)

 Direct wave

Reflected wave

Figure 4.1 Parallelepiped human body model with height of H, depth of D, and
width of W is placed at position (x, 0, 0)

SARwpg depends on SAR value on body surface and body dimensions, and for
parallelepiped body model is given by expression [26, 62]:

1
SARwp = o= [, [, SAR___dydy (4.15)

where for illuminated by the plane wave, approximation formula for SAR ¢

SAR,, s = SARge™ (4.16)
SAR| is calculated using (4.13), and skin depth is given by:

—_ (4.17)
iy

Inserting (4.16) in (4.15), and using (4.13)
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SARyE = — SAR, = = [T\, |?|E |2(1—e‘%) (4.18)
WB 2D 0 2p tr 0 .

For the purposes of the thesis model dimensions are H = 180 cm, W = 40 cm, and D =
20 cm as in [62]. Conductivity may significantly vary in different body compartments,
and increases considerably and non-linearly with frequency. The average conductivity of

parallelepiped human body is 0.1 % , as in [8]. Tissue density is considered constant on

all frequencies, and the used value is 1010 %. When internal electric field is known,

SARyg can be easily computed using (4.18).

43.1.2 Cylindrical human body model

The human body is represented by a homogenous cylinder, that comprises muscle tissue,
which is the predominant tissue in the human body. Length of the cylinderis L = 1.8 m
and corresponds to the height of the body, and radius a = 20 cm, and assumed to be
vertically positioned on ground and exposed to HF field (Fig. 4.2).

The cylindrical human body model represents a standing posture with arms in contact with
sides. It was assumed that a time-harmonic vertically polarized plane wave induces a
rotationally symmetric current density inside the equivalent cylindrical monopole antenna
representing a grounded human body (Z. = 0).

The average value of the conductivity of the human skin is frequency dependent:

Oy, = O + jwegye, (4.19)

where
- o, is complex conductivity,
- o is conductivity,
- g is relative permittivity,
- g, is the permittivity of free space, and
- w Is the angular frequency.
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Figure 4.2 Cylindrical human body model with length L and radius a

The BCs for the tangential to the wire electric field components can be written as [93]

Einc 4 g5t = [(2)Z.(2) (4.19)

where

EIn¢ js the excitation function in the form of incident field,

ES¢t is the scattered field due to the presence of the imperfectly conducting
cylinder,

I(z) is induced axial current, and

Z.(z) is the impedance per unit length of the finitely conductive cylinder.

The expression for the SARy g of the equivalent cylindrical monopole antenna is provided
based on the three-term approach [59] (4.21), (4.22) and (4.23)

1

SARwg = J SARAV = CL,1, (4.20)
A\
ok? 1 —C
=

4pLa‘m3(02+w2e?) ]1<j_%ka> (4.21)

1
F0 G2 K2 dg= 1 (4.22)
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L
f|lz(z>|2dz -1,
0

(4.23)

The approximate analytic expression for the total induced axial current inside the
equivalent cylindrical monopole antenna of height L, radius a, and complex conductivity

I,(z) = V5v(z) + Upu(2)

where
Up ==
v(z) = ﬁ [sin(y(h — |zl)) + Ty(cosyz — cosyh) +
T, (coz kz cos2 kh)]
u(z) = j:’—: [HU(cosyz — cosyh) + Hp (Cozkz _ cogzkh)]
where

- E, is the incident electric field at the surface of the cylinder,
-k is the free space wave number,

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

- Zp= —isthe driving point impedance of the same cylinder when driven in base

2v(0)
(],
- 7 is the load impedance at the base of the cylinder,

- I;.(0) = Uyu(0) is the current at the base when there is no load, and

- Z, is the free space impedance.

The expressions of the frequency dependent coefficients are given in Appendix A, which

involve integrals that are solved numerically. The imperfectly conducting nature of the

equivalent cylindrical antenna was characterized by the complex propagation constant vy,

which was defined as

. amzl
Y=k =g e
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where
- z'is the surface impedance per unit length of the cylinder
i_ _x Jo(ka) i | .
z = 2maoy, J1(ka) =r+x (4-30)
o 4mzi
= |—j L —jw — 4.31
K \/ J®HoEo (So Jo Ho‘l’dR) ( )
where

Jo is zero-order Bessel functions,

J, is first-order Bessel functions, and

- Yo Is the permeability of free space.
Bessel function of the zero order first kind, and first order first kind are illustrated in Fig.

1.0
.\Jiz

29.

0.5

0.0 +
- Y (2)

10.0

: |I !

_10 Lo 11 1 i i 1 L L i L L L
20 4.0 6.0 8.0
Z

Figure 4.3 Bessel functions of the first and second kind [94]

When calculating induced current one sets y = k, and then calculates z!, {4, and updates
y for new iteration. When calculating I,,(z) according to (4.24), it is considered that human
is barefoot (V5 = 0). Knowing I,(z), integral I, can be calculateed according (4.23), and

then SARyyg according to (4.20).
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4.4 Internal dosimetry — Analytical procedure

Based on the (4.18) and (4.20), and the already described source of EM waves (Section
3.3), in this section SARyp values calculated for parallelepiped and cylindrical human
body models are compared. The changes of SARyyg when the human body models change
location in x-axis (20 < x < 200) are considered. These changes are studied in 4 points
in vertical z direction which correspond to electric field maximums z = 0.25m, z =
0.75m, z=1.25m, and z = 1.75 m. The body properties are given in Table 4.1, and
nominal valued of EMI source are as in Table 3.3.

Table 4.1 Human body properties

Parameter Nominal Value
Parallelepiped human body H =180 cm, W =
dimensions 40 cm, D = 20 cm
The average conductivity of S
oc=01—
human body m
. . kg
Tissue density p =1010 —.

Cylindrical human body

] ) L =180cm,a = 20 cm
dimensions

Fig. 4.4 to Fig. 4.7 show SARy versus point location in the x-axis for a fixed distance in
z vertical direction corresponding to field maxima z=0.25 m, z=0.75 m, z=1.25 m, and
z=1.75 m, frequency f = 3 GHz and at antenna height of /=20 m above ground. SARyp
is calculated using previously obtained values of the incident field, presented in Section
3.3.
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Figure 4.4 SAR, 5 versus point location in the x-axis for a fixed distance from the

source in an z vertical direction z=0.25 m, f=3 GHz, h=20 m and sinusoidal current
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Figure 4.5 SAR, 5 versus point location in the x-axis for a fixed distance from the
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Figure 4.6 SAR, 5 versus point location in the x-axis for a fixed distance from the

source in an z vertical direction z=1.25 m, f=3 GHz, h=20 m and sinusoidal current
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Figure 4.7 SARy, 5 versus point location in the x-axis for a fixed distance from the
source in an z vertical direction z=1.75 m, f=3 GHz, h=20 m and sinusoidal current

distribution

Spatial distributions for SARyp follows a similar pattern as the corresponding electric
field distributions, presented in Section 3.3. According to the [3], the maximum value of

SARyp should not exceed 0.4 kﬂg for workers and 0.08 %g for the general public. According

to Fig. 4.4 to Fig. 4.7 the SARyyp is bellow limits defined by ICNIRP in all analyzed cases.
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Maximum value of SARyp is obtained using the approximate analytical and numerical
models in parallelepiped human body model and it is obtained at point around 26 m from

: o . e W : :
source in x direction, and is less than 1.2 107 ot In case of rigorous numerical model

(obtained in NEC), the maximum is less than 0.46 - 10~° kﬂg, and in cylindrical human

—e W
0 =
Overestimation of the SAR value in the analytical model compared to the rigorous model

body model the maximum of SARyp obtained in this point is less than 0.2 1

does not introduce the danger of undetected excessive exposure of the body to field
radiation. Whereas, underestimation introduces risks for undetected excessive exposure
of the body to field radiation, which should be avoided.

This difference between SARyp obtained using parallelepiped and cylindrical body
models, falls below 10 % at 80 m and reaches the value less than 1 % at 200 m from source
antenna in x horizontal direction. Generally, positioning of human body model far away
from source antenna allows simpler human body modelling. Therefore, the simplified
body models may be used in the far field zone.

As already stated, below f = 6 GHz, EMFs penetrate deep into human tissue, and the used
dosimetrie quantity is SAR. Above f = 6 GHz, EMFs are absorbed at the surface, and the
APD specified over different areas is used. Also, area-averaged TPD at skin surface as a
metric for the estimation of surface temperature elevation above the transition frequency
is discussed [76].

Bearing this in mind, the calculation of an internal electric field, SAR and TPD has been
performed at frequencies f =3 GHz, f =6GHz, and f = 9 GHz respectively.
Calculated values where compared for analytical and numerical approach with sinusoidal
current distribution.

Furthermore, SAR and TPD are calculated by using the proposed closed form expressions
for the corresponding irradiated electrical field assuming the sinusoidal current
distribution along a vertical dipole antenna, placed above lossy half space and
parallelepiped human body model. Results are compared to the more rigorous approach
using the near field Green function (reduced kernel) and numerical integration for the
incident field calculation.

Note that, TPD is obtained by evaluating the integral (4.8) and for geometry shown in Fig.
4.1 it follows

X

1 fo) 5 ) _2x
TPD(x) = EJ PSAR dx = 2 Ty 2| (1 _e s) (4.32)
0
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Relative permittivity and specific conductivity values of the human body for different
frequencies are given in Table 4.2, and nominal valued of EMI source are as in Table 3.1.
The body is approximately represented by muscle tissue properties [29].

Table 4.2 Electric properties of the human body [29]

Frequency [GHz] Permittivity Conductivity [i]
m

3 52.1 2.14

6 48.2 5.2

9 441 9.19

First the absolute value of incident field at the surface of the human body and at transition
frequency f = 6 GHzis analysed. The incident electric field for the distances of x = 60 m
to x = 100 m from the antenna and a fixed height z = 1.65 m above ground, are
calculated and shown in Fig. 4.8.
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Figure 4.8 The absolute value of the electric field versus point location in the x-axis

for the frequency f=6 GHz

The maximum value of the irradiated field obtained for an analytical approach is 0.16 %
and for an approximate numerical approach with an assumed current distribution is 0.06
%. The highest values of the field are obtained around x = 60 m, a point close to the

antenna. The phase deviation of these two models decreases as x increases, showing better
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model agreement at points on the x-axis that are farther from the antenna. Thus, further
analysis is carried out for the body placed at distance of x = 60 m from the antenna.

Next, the electric field induced inside the human body has been calculated for the
frequencies of f = 3 GHz, f = 6 GHz and f = 9 GHz, respectively and results are shown
in Fig. 4.9, Fig. 4.10, and Fig. 4.11, respectively. Since field values inside human tissue
drop rapidly, the diagrams for are presented depth of 20 mm.
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Figure 4.9 The absolute value of the electric field versus tissue depth for a fixed

distance from the source in a z vertical direction z=1.65 m, h=20 m, f=3 GHz, /51
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Figure 4.10 The absolute value of the electric field versus tissue depth for a fixed

distance from the source in a z vertical direction z=1.65 m, h=20 m, f=6 GHz, %
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> and sinusoidal current distribution
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Figure 4.11 The absolute value of the electric field versus tissue depth for a fixed

distance from the source in a z vertical direction z=1.65 m, h=20 m, f=9 GHz, % =

1 . . . . .
e and sinusoidal current distribution

As expected the internal field decreases exponentially with tissue depth. Based on the Fig.
4.9 to Fig. 4.11, it can be concluded that the absolute value of the transmitted field dies
off more rapidly for the higher frequency. Thus, the penetration depth is smaller for the
higher frequencies. The results obtained via different approaches agree satisfactorily.

Fig. 4.12 to Fig. 4.14 show SAR versus tissue depth for frequencies of f = 3 GHz, f =
6 GHz and f = 9 GHz, respectively. SAR is calculated using previously obtained values
of an incident electric field.
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Figure 4.12 SAR versus point location in the x-axis for a fixed distance from the
source in an z vertical direction z=1.65 m, h=20 m, f=3 GHz, % = % and sinusoidal

current distribution
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Figure 4.13 SAR versus point location in the x-axis for a fixed distance from the
source in an z vertical direction z=1.65 m, h=20 m, f=6 GHz, % = % and sinusoidal

current distribution
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Figure 4.14 SAR versus point location in the x-axis for a fixed distance from the
source in an z vertical direction z=1.65 m, h=20 m, f=9 GHz, % = % and sinusoidal

current distribution

Spatial distributions for SAR follow the similar pattern as the corresponding electric field
distributions as expected.

Fig. 4.15 to Fig. 4.17 show TPD versus tissue depth for three frequencies: f = 3 GHz,
f =6 GHz and f = 9 GHz. TPD is calculated using previously obtained values of the
incident electric field and SAR according to equation (4.32).
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distribution

Fig. 4.15 to Fig. 4.17 show the difference in the calculated TPD values for analytical
model with far field approximation and numerical model observed for a change of
frequency from f = 3 GHz to f = 9 GHz. TPD values increase rapidly and reaches a
maximum value at a certain tissue depth that remains constant regardless of further depth
increase. The maximum value corresponds to final accumulated EM energy in human
body.

The difference between the observed models grows with increasing frequency, so it is at
amaximum of f = 9 GHz and a minimum of f = 3 GHz. With increasing frequency, TPD
reaches its maximum (constant value) faster, that is, energy accumulates closer to the
surface of human tissue (skin effect). Compared to the SAR values it could be seen that
for the simple homogeneous model of the human body, values obtained by two approaches
correspond to each other since the TPD reaches the maximum as the SAR drops to the
zero. Thus, both quantities could be used on frequencies above the 6 GHz since they
provide the same information and insight in the induced field and power distribution

Finally, Fig. 4.18 and Fig. 4.19 show the SARy g and total TPD versus location of the
human body in the x-axis direction at frequency f = 6 GHz. The total TPD corresponds
to TPD value obtained for a tissue depth of 20 cm.
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Spatial distributions for total TPD follows a similar pattern as SARypg distributions, and
the difference between SARyyg values and total TPD values obtained by both models are
similar. The proposed analytical model can be used when the dosimetric quantity, that is,
the frequency, changes.

4.5 Chapter Summary

Analytical approaches in internal EM dosimetry deal with canonical geometries, such as
the planar models, spheres, the cylinders, the spheroids and the ellipsoids, in free space or
over an infinite, perfectly conducting ground plane. In this thesis SARyg is computed by
using a simple parallelepiped and cylindrical human body models. Both SARy g values
are below limits defined by ICNIRP in all analyzed cases. Maximum value of SARyg
obtained for approximate analytical and numerical models in parallelepiped is less than

e W
1.6 10 e

mathematically simpler compared to cylindrical human body model. The small

. EM dosimetry in parallelepiped human body model is considered as

differences in SARyp values imply that the proposed approaches are useful in getting
rapid estimation of the phenomenon in average sense, without significant loss of accuracy.

Furthermore, straightforward calculation of the induced electric field, SAR and TPD
values are performed in simple parallelepiped human body model for transition frequency
[3], and frequencies that are 50 % away from it.

Undertaken analysis shows that, the absolute values of the field, SAR and TPD within the
tissue decrease faster with frequency increase and thus penetrates less into the human
body. The results obtained via different approaches agree satisfactorily, thus verifying the
proposed simple analytical method. This finding is very interesting since the analytical
approach is less demanding in terms of computational cost and could be of interest for
more complex antenna configurations arising from various realistic scenarios.

Bearing in mind that the electric field and SAR values obtained by means of analytical
approach is higher than the ones corresponding to the results obtained via more rigorous
numerical modelling it can be concluded that such an overestimation is acceptable for the
health risk assessment. Namely, if the overestimated values do not exceed exposure limits
it is ensured that the values stemming from realistic scenarios from either computation or
measurement will stay within the proposed limits.
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CHAPTER 5

Thermal dosimetry procedures for canonical tissue

representation

5.1 Modelling of the heat transfer phenomena in biological tissue

The normal body core temperature is around 37 °C. This body temperature is the result of
equilibrium between heat production and heat loss. If the body temperature stretches so
far from normal temperature, death will occur. The temperature nearly 27 °C and below
and nearly 42 °C and above are critical, so the body temperature should be maintained
around 37 °C.

By the definition, the occurrence of storing a larger amount of energy than the
thermoregulatory capacity of the human body, is referred to as the thermal effect [48].
Further on, the main effect of exposure to HF fields is heating. The rise of local
temperature in tissue may be a consequence of oscillations in the molecules caused by
absorbed EM energy [95]. Better understanding of process that actually happens in
biological tissues as a result of EM interaction is needed to obtain the increase of tissue
temperature and to conclude if the radiation effects are hazard for humans or not. To obtain
the desired temperature increase in HF frequency range, it is important to know the time
of exposure.

There are numerous models that can be used to describe the process of heat exchange, but
the model proposed by Pennes’ is widely used, because of its simplicity and acceptable
accuracy if no large thermally significant blood vessels are close to the analysed heated
region [96]. The PBHE was established by conducting a sequence of experiments
measuring temperatures of tissue and arterial blood in the resting human forearm [96, 97].
The equation includes a special term that describes the heat exchange between blood flow
and solid tissues. The blood temperature is assumed to be constant arterial blood
temperature. A generalized form of the PBHE can be written as [98]:

o 9T _
PeCe = =

VAXVIT(X, )] + ppcpop(X)[Ta = TX, O] + Qm(X,t) +
Q. (X, 1), XeQ)

(5.1)

where

oL . [k
- p¢ 1s tissue density [m—gS],
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- ¢ 1s the specific heat of tissue [@],

- T(X,t) is the tissue temperature [°C],

- tis the time [s],

- A(X) is the space dependent thermal conductivity [ i ],

m°C

- X contains the Cartesian coordinates x, y and z,

- Pyp 1s the density of blood [%],

- ¢y is the specific heat of blood [é],

- wp(X) is the space dependent blood perfusion [ﬁ],
- T, is the arterial temperature [°C],

- Qy is the power produced by metabolic process [%],

. . w
- Q, is the power deposition of external sources [F]’ and

- Q is the analyzed spatial domain.

According to (5.1) PBHE describes the energy balance between conductive heat transfer
per tissue volume unit (VA(X)V[T(X,t)]), heat loss due to perfusion (pycpw,(X)[T, —
T(X,t)]), metabolism (Q,, (X, t)) and energy absorption due to external sources (Q.(X, t)).
In EM studies, external source is usually EM source, and external heat is the result of EM
radiation. PBHE derivation is given in the Appendix B.

PBHE was used in numerous studies to predict temperature changes in biological tissue
[22, 96, 99-107]. Thermal tissue parameters (blood perfusion rate, the metabolic rate and
the thermal conductivity) are assumed to be time and temperature independent. Having in
mind above mentioned, the PBHE usually has the following form [95, 96]:

oT
VAVT) + Wpep(Ta =T+ Qy  + Qem = peCey; (5.2)
— —— .
heat flux perfusion rate metabolism  EM energy

where

: : : 1
- W, is the volumetric perfusion rate [g], and
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- Qgm is the EM power deposition [%]

Qgm represents the resistive heat generated by the EM source and is expressed as [95]:

Qem = 5 |EI? (5.3)

where
- o is the electric conductivity of the tissue, and
- E is the maximal value of the electric field induced inside the human body.

Dissipated power density Qg is directly related to SAR, as follows [48]:

Qem = pSAR (5.4)

For simplicity thermal tissue parameters are assumed to be constant in most of the studies,
yet some studies analyse the effects of thermal tissue parameters on temperature change
[22, 103, 108-110]. In [111] the effects of thermal conductivity, ambient temperature and
blood temperature on steady-state temperature distribution in 2D model of the human eye
was numerically analysed. Effects of the thermal conductivity, the blood perfusion, the
metabolic heat generation, and the coefficient of heat transfer on the temperature
distribution are analysed in [108, 103]. Authors from [112] shown that the gradient of the
temperature variation (V[T(X,t)]) decreases with blood perfusion (wy,) increase. Further
on, changes in metabolic heat generation (Q,,) elevates the inner tissue temperature
magnitudes but maintains an almost constant slope in the temperature flow path to the
boundary regardless the metabolic rate [112]. The effect of thermal conductivity (A) has
the significant and more remarkable effects in temperature variation in living tissue
compared to other thermal parameters [113].

To reach PBHE solution the BCs at the interface between tissue types with different
electrical and dielectric properties, including the human body and ambient air, needs to be
define. Generally, BCs belong to one of three types: BCs of first type (5.5), BCs of second
type (5.6) and BCs of third type - convection (5.6).

Tlsurface = To OF Tlsurface = f(X, 1) (5-5)
oT "
% |surface = do (5.6)

oT

_)\a_l’l lsurface = h(Tlsurface - Too) (5-7)
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where
- T, is a prescribed constant temperature,

- Tlsurface = f(X,t) is the prescribed surface temperature distribution that is, in
general, a function of position and time,

- n is the unit outward normal to the surface,
. . w
- (g is a prescribed constant heat flux [F]’

- h s the convection coefficient, and
- T, denotes the temperature of the air.

Special case in which T|s,,rqce = 0 is denoted as homogenous BC of the first type, the
special case of zero heat flux at the boundary is called the homogeneous BC of the second
type (perfectly insulated or adiabatic surface), and special case of T, is called the
homogeneous BC of the third type.

Heat flux is directed to the internal normal, and the minus sign is introduced in (5.7) to
make the heat flow a positive quantity in the positive coordinate direction (opposite of the
temperature gradient). A positive value corresponds to a heat source, and negative value
represent a heat sink (Fig. 46).

A1) A T
dT/dx <0 dT/dx =0

| |
\J

Figure 5.1 Heat flux [94]

The expression h(T|gyrface — Too) describes convective heat transfer with the surrounding
environment. The value of h depends on the geometry and the ambient flow conditions.
Heat transfer coefficient varies with the type of flow (laminar, transition, turbulent, etc.),
the geometry of the body and flow passage area, the physical properties of the fluid, the
average surface and fluid temperatures, and many other parameters. As a result, there is a
wide difference in the range of values of the heat transfer coefficient for various

76



applications. This ambient dependence phenomenon in thermal distribution of biological
body produces a distinguishable elevation in skin temperature [112], and the higher the
coefficient of heat transfer, the lower the temperature near the boundary of the body.

Fig. 5.2 illustrates BCs for a 1-D plane wall over the domain 0 < x < L. Initially the
slab is at a temperature T = F(x) (BCs of first type) and for times t > 0 the boundary
surface at x = 0 is exposed to an incident heat flux, while the boundary at x = L
dissipates heat by convection with a heat transfer coefficient h into a zero-temperature
fluid (T, = 0).

/’_._H—\\—-___.«-"

q([), ",-'_"_‘\\\_‘_._,_,-" h‘ Too ~0

Figure 5.2 Example for BCs formulation for 1-D plane wall [172]

When exposed to external heat sources, the body it reacts with metabolic processes, trying
to maintain a stable temperature state. This transition process is called a transient process.
After a certain time, a stationary temperature state occurs. In other words, the temperature
is constant in respect to time. According to previous mentioned, heat transfer problems
are often classified as steady-state and transient (Fig. 5.3).

Time

>
>

pe——— Transient >
" Steady-state

Figure 5.3 Transient vs Steady-state response

The term stationary implies no change with time at any point within the medium, while
transient implies variation with time or time dependence. Most heat transfer problems

77



encountered in practice are transient in nature, but are usually analyzed under some
assumed steady-state conditions since stationary processes are easier to analyze. For
steady-state solution, PBHE has the form [114]

VAVD) + Woep(T, =T+ Qy  + pSAR =0

heat flux perfusion rate metabolism  EM energy

(5.8)

Analysis of thermal response of biological materials, such as human skin, due to EM
radiation is very important not only for understanding of biological processes but also for
many clinical applications such as cancer therapy, hyperthermia and cryopreservation
[98]. Many authors solve the PBHE assuming steady-state conditions [102, 112, 115-117].
Others authors describe the transient temperature response of tissue for the whole-time
domain starting from transient periodic oscillation to the final steady periodic oscillation
[100, 118, 119]. In the rest of this section, different approaches to solving for PBHE are
presented.

5.2 Solving the Pennes’ Bio-Heat transfer equation

As is the case with EM dosimetry, the PBHE can be solved both analytically and
numerically. Traditionally, numerical methods are used when analytical solutions are not
available, but if both analytical and numerical solutions can be obtained for the same issue,
the analytical one is often preferred [9]. Although analytical solutions fail when dealing
with complex geometries or nonlinearities, they provide the tools for numerical code
testing and also for performing a valuable sensitivity analysis (SA) of the parameters
involved in a problem [120].

On the other hand, analytical solution od PBHE requires adoption of appropriate
assumptions. Depending on the relative magnitudes of the heat transfer rates in different
directions and the desired level of accuracy, heat transfer problems are classified as one-
dimensional, two-dimensional, or three-dimensional [121]. In the most general case, heat
transfer through a medium is three-dimensional, but for simplicity one-dimensional
problems are covered in literature. A heat transfer problem is said to be one-dimensional
if the temperature in the medium changes in only one direction and therefore heat is
transferred in one direction, and temperature variations and thus heat transfer in other
directions are negligible or zero.

The exact solution of one-dimensional PBHE has been given for single-layer model [99,
120, 122, 123], 2-layer model [124], and 3-layer model [98, 102, 110, 125]. To obtain
analytical solution most of these studies are considering steady-state or assume a constant
heating at skin surface. Pure analytical methods, among others, include the Laplace
transform method [100, 102], a method based on Modified PBHE (MPBH) [101], a
method based on Bessel functions [108, 112], and SoV [94].
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If it is very difficult, or even impossible, to obtain analytical solutions of the PBHE,
numerical solutions are attempted. The use of numerical methods is computationally
demanding, especially for some complex cases with three-dimensional domains or
variable thermophysical properties [9]. Some of the numerical approaches used to solve
PBHE include the BEM, the FEM [104, 126], the FDM [127], and MC [9]. Hybrid
analytical-numerical methods for PBHE using the methodology of Variational Iteration
Method (VIM) are mentioned in [109, 128].

In addition to the mentioned dosimetric methods, it should be emphasized that the
beginnings of research in the field of thermal dosimetry are related to experimental
dosimetry. Experimental investigations of temperature rise produced in parts of the human
body during heat to microwaves of 10 cm and 94 cm wavelength are described in [129].
In [130] cutaneous thresholds for thermal pain were measured in 10 human subjects during
3-s exposures at 94 GHz, and corresponded to an increase in surface temperature of =
9.9°C. Thresholds for thermal damage to the cornea was studied in [131] and the threshold
value correspond to temperature increases of about 20 °C at irradiation frequencies, of 35
GHz to 94 GHz, and exposure duration of 1-5 s. Study [132] reports measurements of the
skin surface temperature elevations during localized irradiation (94 GHz) of three species:
rat (irradiated on lower abdomen), rhesus monkey (posterior forelimb), and human
(posterior forearm), and concludes that variable blood flow model, reflecting a dynamic
thermoregulatory response, may be more suited to describing skin surface temperature
response under long-duration MMW irradiation.

The basic idea behind numerical, hybrid and analytical approaches is presented in the rest
of this chapter. First, short description for numerical and hybrid approaches is given,
followed by detailed explanation of some of the analytical methods.

521 Numerical methods in thermal dosimetry

Numerical techniques are applicable to almost all scientific engineering problems, but the
main drawbacks are related to the approximation limitation within the model itself, space
and time discretization [133]. The application of classical numerical methods (FEM,
FDM, and BEM) for solving Pennes' equation is explained below.

The finite element formulation of steady-state PBHE starts by multiplying (5.8) by a set
of weighting functions and integrating over the domain, after some work, a suitable
expression for the FEM implementation is [134]:

JIT VT - vW;dQ + fff, Wo TW;dQ + [[f,  hsTW;dS = [ff,(Wp T, +

Qm + Qem)W;dQ + [[f, ) h Ty WidS (5.9)
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where
— W is the weighting function.

FEM is widely used because it can compute complex shapes well, such as the human head
[134, 135] or eye [136], but the main disadvantage of the method is that it requires domain
discretization which may give rise to high computational cost.

FDM can be applied to EM problems with different boundary shapes, different kinds of
BCs, and regions containing a number of different materials. Method is based on the
approximation of the function derivatives using the finite differences, that is, a differential
equation is replaced by a finite difference equation [133]. In case of (5.8) second order
temperature derivative is replaced as in (5.10)

0%u | 9%u _ Ujy1j+uigj—2Ujj . i1t Uij-1—2U3)

2y = -z
Vau ox2 = 0y? h? h2

(5.10)

where

- V2u at node (i, j) is replaced by an algebraic finite-difference operation of the
function at adjacent nodes.

It was reported that FDM is more efficient than the FEM by a factor of 2 in computer
storage for calculating the propagation constants and fields of a dielectric wave guide
[137]. If the region contains different materials and complex shapes, the FDM application
becomes more complicated. If the field contains rapid changes of gradient, the accuracy
declines. In these cases, the FEM is preferred.

BEM involves the discretization of the domain boundary into elements, which is an
important advantage of this method [133]. BEM algorithm for PBHE is given with integral
equation [138]

BOTE®) + [ T"(x)q()dl = [q" (¢TI + [[Q —

gT(x)]T* (& x)dQ (5.11)

where
- ¢ is the observation point,
- B(§)e(0,1],

- T*(§ x) is the fundamental solution,

- q( = -AZZ s the heat flux, and
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oT*(€,x)

- is the heat flux resulting from the fundamental solution.

- q* (E: X) =—A
Some illustrative numerical examples of BEM implementation are given in [48, 49, 138,
139]. BEM requires a more complex formulation and related numerical implementation
as it is computationally more expensive then FDM and FEM [140].

Based on the above-mentioned, numerical methods are an excellent tool for solving bio-
heat transfer problems, but their general applicability requires a special care to handle the
complicated geometry and properties of the biological bodies. Trying to integrate the
advantages of numerical and analytical approaches some studies suggest hybrid methods,
such as VIM.

522 Hybrid methods in thermal dosimetry

VIM application starts from a dimensionless relation for the evaluation of temperature in
the tissue ((5.12) and (5.13)), together with associated BCs ((5.14)).

t T-To

r__ X g _ bt _
X =1t =5,0= (5.12)
00 d (0
Tz (2)+a(1-0)+0Q: +Q; (5.13)
8(x,0) =x,0(0,t) = 0,8(L,t) = 0 (5.14)

In this sense, the nonlinear partial differential equation (PDE) is observed in which
LO(x, t) is linear operators, NO(x, t) is a nonlinear operator and g(x,t) is inhomogeneous
term.

LO(x,t) + NO(x,t) = g(x,t) (5.15)

By using the correlation function, successive approximations are established by
determining the Lagranian multiplier by variational theory. Applying VIM to relation
(5.15), i.e. constructing a correlation function in the x direction, the iteration formula in
the x direction is determined, and using initial conditions, the desired number of iterations
of the solution can be determined to the desired levels of accuracy [128].

Even computationally less demanding compared to pure numerical method, in some
practical situations simple and fast solution for temperature distribution may be required.
Therefore, the focus of the next subsection is on analytical methods, and they are
described in more detail.
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5.2.3 Analytical methods in thermal dosimetry

Analytic solutions of bio-heat transfer equations are difficult to obtain in general, due to
process complexity, and in many equations only numerical methods are applicable.
However, as already stated, analytic solutions are of important not only because they can
accurately reflect the actual physical feature of equations but they are valuable tool in
verification the corresponding results of numerical calculation. In vivo measurements are
certainly impossible.

Various techniques have been proposed to obtain analytical solutions of the PBHE. The
one-dimensional heat transport equation has been solved in [141] using the Fourier
transform for a semi-infinite plane, and the effects of thermal convection due to blood
flow and transfer of heat from the tissue surface into space on the steady-state temperature
distribution in the tissue is analyzed. In [9] Green’s function method is used to obtained
several closed form analytical solutions to the bio-heat transfer problems with stationary
or transient heating on skin surface or inside biological bodies. By using the Laplace
transform, the analytical solution of the PBHE with surface sinusoidal heating condition
is found in [100]. Investigation of the analytical solution of the temperature elevation for
parametric analysis in one-dimensional human model started in [102], and continued in
[115] with one-dimensional 3-layer (skin, fat and muscle) and one-layer (skin only)
models. Obtained analytical solution can provide insights of thermal behaviour of living
tissues and it useful to easily and accurately study the thermal behaviour of the biological
system [101].

The computational procedure has been applied to study the exposure of a 3-layer model
composed by skin, subcutaneous adipose tissue (SAT) and muscle, both at 100 GHz and
1 THz in [22]. A temperature-based technique for the evaluation of safety compliance is
proposed in [27]. Authors from [142] concluded that dielectric properties of adipose tissue
in multilayer plane model do not impact on temperature elevation at frequencies over 30
GHz. A revision of the 1-D problem described in [141] along with a comprehensive
mathematical derivation of analytical solution, and extension to irradiation of multiple
electromagnetic heating pulses is offered in [107]. A simple, analytical method is proposed
to determine the temperature increase in human tissue based on the wave matrix method
in [73].

The basic idea behind some of aforementioned analytical approaches along with their
advantages and disadvantages is presented in the rest of this section.

The Laplace transform (L) of function f (t) denoted by F(s), s being the complex variable
is defined as:

F(s) = f(s) = L{f(t);s} = [, e Sf()dt;t € R* (5.16)
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Inverse Laplace transform (L™1) of F(s) is defined as:

f(t) = {F(s);t} = — f““” eStF(s)ds; t € R*,y = R(s) (5.17)

y—ico

where

- sisthe Laplace transform variable, and
-y isa positive number

Temperature elevations at a steady-state for the one-dimensional single-layer and one-
dimensional 3-layer human tissue models obtained via Laplace transform method were
offered in [100] and in [102] respectively:

q b<b X Wpc b X
— 0 - A btb - A
Tx) =T, + Woe e V erfc x (—m ~ I e t> —e erfc (—m +

(5.18)

=)

Sn(2)

where
- (o is constant heat flux on the skin surface,

- erfc is the complementary error function,

A . . .
- o= v dimensionless variables
ttt

- T,(0) denotes temperature in tissue n and z=0,
- by, is the term associated with blood flow,

T’(O) — aTn(Z)

n 0z 7z=0

, and

- S, (z) denotes the term related to the plane wave exposure.

Although the application of the Laplace transform for the removal of the partial derivative
is a relatively straightforward matter, the inversion of the transformed solution generally
is rather involved unless the inversion is available in the standard Laplace transform
tables.
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Bessel functions under certain conditions, describe the PBHE solution. In [108] the Bessel
functions, described the PBHE solution for one-dimensional cylindrical living tissues
(r, 6,z) in the steady-state:

L (o)

where

« _ _ Qr?
Qm - A(Ta_Too),

* WbeR2
- Wi = —_—,
b A
hR
- pr=2X
}\‘ )

- Jp 1s the Bessel function of the zero order first kind, and
- J; is the Bessel function of the first order first kind.

Since Bessel functions can be computed using approximated polynomials, this solution
may be difficult to perform some parametric study, and simpler analytical solution would
be also favoured.

The SoV method has been widely used in the solution of heat conduction problems and it
is suitable for homogeneous PDE, or multi-dimensional steady-state heat conduction PDE
with no generation and if only one of the BCs is nonhomogeneous [94]. Problems
involving more than one nonhomogeneous BC can be split up into simpler problems using
the principle of superposition. To apply the solution structure theorem and the SoV
method, the BCs must be linear, homogeneous, separable, and with constant coefficients
[10].

Pennes’ Bio-heat equitation can be solved analytically for all homogeneous layer in one-
dimensional multi-layer models, by exploiting the classical theory of ordinary differential
equations. Inside each layer, steady-state temperature elevation is given by the
superposition of the solution related to the homogeneous linear equation and the particular
solutions. In order to determine the values of constant in solution related to the
homogeneous linear equation in each biological layer (for a total of 2N values), the
resulting solution must be forced to satisfy the proper BCs (constant variation method).
The method of constant variation is very suitable for linear systems, while it is more
difficult to apply this approach to non-linear systems [24]. Further on, mathematic
simplicity of this methods enables parametric analysis, and one example is reported in
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[22]. On the other hand, this solution is suitable for steady-state temperature elevation.

Prediction of heat transport has long been carried out by both analytical and numerical
methods. Although analytical solutions fail when dealing with complex geometries or
nonlinearities, they provide the tools for numerical code testing and also for performing a
proper sensitivity analysis of the parameters involved in a problem. To simplify the
mathematical model, some assumptions must be made, such as: the skin tissue is
homogeneous and isotropic, the skin tissue properties are independent of skin
temperature, heat generated by metabolism is constant, blood perfusion rate is uniform
spatially and temporally and independent of tissue temperature, and arterial blood
temperature is constant. In most of the existing analytical studies, the solutions to the bio-
heat transfer problem are available for the cases with one dimensional geometry, steady-
state, and constant heating.

Even if the solution method is the author's choice, the application of some methods
requires the fulfilment of certain conditions, and the choice of method itself depends on
the chosen human body model and thermal properties of the exposed body model. Next
section deals with to the description of the analytical approach for solving PBHE used in
our study.

5.3 Thermal dosimetry - Analytical procedure

In the framework of thermal dosimetry the stationary one-dimensional PBHE in biological
tissues is considered. This approach does not take into account dependence. The simplicity
of the mathematical expression facilitates parametric analysis [102] and provides
relatively simple analysis in multi-layer tissue modelling [22]. The case of a single-layer
and 3-layer human body model is considered and depicted in Fig. 49 and Fig. 50,
respectively.

Figure 5.4 Geometry of the single-layer problem
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Figure 5.5 Geometry of the 3-layer human body model

The both models are derived under the assumption that the tissues inside human body are
homogeneous and isotropic, that the properties of the tissues are independent of the skin
temperature, that the heat generated by metabolism is constant, that the blood perfusion
rate is uniform spatially and temporally and independent of the tissue temperature, and
that arterial blood temperature is constant. The human body is assumed to be at a constant
initial temperature until the start-up of the EM exposure process. In rest of this chapter,
for models shown on Fig. 49 and Fig. 50, the mathematical details are presented.

Our goal is to analytically solve the PBHE in single-layer human body model (with muscle
tissue characteristics), and in a planar 3-layer human body model (composed of skin-fat-
muscle tissue). The solution of PBHE variant used in the thesis is encompasses three steps

— reduce the number of parameters in the parametric analysis, by observing the state
before exposure to the EM field (described by the constant temperature in all
tissues for single-layer and 3-layer model), and then

— introduce a new variable related to the temperature change in the stationary state
in relation to the state before exposure to the EM field, instead of observing the
final temperature in the stationary state.

Now starting from one-dimensional steady-state PBHE [143]

(62T(x))

A=+ (T — T(x)) + Qm + SAR(X)p = 0 (5.21)

we assume that the basic temperature of human body before EM exposure was T,
(constant in all parallelepiped human body model and for single-layer and 3-layer
geometry). Temperature change due to EM exposure is:
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ux) =T — T, (5.22)

where
- T(x) is a steady-state temperature in human body and it is function of depth.

Inserting T(x) = u(x) + T, in (5.21), one obtains the following set of relations: (5.26).

62

A (0x2)

(ux)+ T, — hb(u(x)) +Qn +SARX)p =0 (5.23)

02 h SAR m
e 3t = - [ (5.24)
pSAR(X) + Qm| _
—~ [ > l = f(x) (5.25)
u'(x) — h—;u(x) = f(x) (5.26)

The resulting modified equation (5.26) describing the heat transfer in tissue can be solved
analytically for single-layer geometry and 3-layer geometry using the classical theory of
ordinary differential equations. The temperature elevation is described by the
superposition of the solution of the homogeneous linear equation and the solution of the
particular linear equation (within each tissue layer)

u(x,t) = ug(x,t) + up(x,t) (5.27)
where
- u(xt) is the temperature elevation presented by the nonhomogeneous bio-heat
problem,
- ug(x t) is the general solution of the corresponding homogeneous equation, and

- up(x,t) represents the particular solutions of the corresponding nonhomogeneous
equation.

The general solution of homogeneous differential equation is given in the form:
— [Pbi Bpi
ugi(x) = Aje \[:X + Bie\/rix, i=1,2,3 (5.28)

The value of the constants in the (5.28) in each tissue layer in human body can be
determined using appropriate BCs at the boundaries between two layers. This method is
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called the variation of constants and is very suitable for linear systems, while it is more
difficult to apply this approach to non-linear systems [24].

To solve the Pennes’ equation analytically, power density from external heat source
related to the absorbed part of EM energy irradiated from VED antenna, is assumed to
either be constant, or exponentially decreasing with the tissue depth. Since f(x) (from
(5.25) and (5.26)) depends of SAR(x) and some constants, and SAR(X) is known, f(x) is
further assumed to be constant or exponential decaying function, which further implies

uppy (x) = Const (5.29)
uppz(x) = Ce ™+ D (5.30)

As (5.29) and (5.20) must also satisfy (5.26) it follows:

piSARimax + Qmi

i i
_ piSARimax> —2x Qmi (5.32)
Upm2i(X) = ( 4h—hp, e+ he,

The total solutions for temperature elevation and resulting steady-state temperature with
assumed constant EM power density throughout the tissues in human body are given by:

- %X A %X PiSARmaxi(¥)+Qmi : (5 33)
Upi(x) = Apgie VA + Bygevtio + ho; ,i=1,2,3 '
_ [Mbiy [bi,
. - PiSARmaxi (X) +Qmi
Tv1i(x) = Apgie VY 4+ BygieV i + hp,; + T (5.34)

i=1,2,3

The total solution for the temperature elevation and resulting steady-state temperature
with assumed EM power density that exponentially decays with the tissue depth are given

by:
— [Mbiy [Pbi,
: : PiSARimax) - Qmi
Umzi(X) = Amzie VA + BypieV i — ( T )e i (5.35)

i=1,2,3
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hpi hpi
. _ . - K_IX . \/7‘:1)( _ (PiSARimax) —2X h
Tmzi(X) = Appie + Bwmzie 47—y e+ hp; +Ta (5.36)

i=1,2,3
where
- p is the density of muscle tissue for single-layer geometry,
- pi, i =1,2,3 isthe density for skin, fat and muscle for 3-layer geometry,

- SAR;,i = 1,2,3 isthe maximum SAR at the surface of skin, fat and muscle tissue
for 3-layer geometry,

- Qmi, i = 1,2,3 is the metabolic heat generated in skin, fat and muscle tissue for 3-
layer geometry, and

- hy,i=1,2,3 is blood perfusion in skin, fat and muscle tissue for 3-layer
geometry.

Maximum SAR value at surface of skin, fat and muscle tissue are:

SAR; (X, = 0) = SARymax (5.37a)
SAR,(X; = d;) = SARyaxe 2% (5.37b)
SAR;(X, = d,) = SARyaxe 2%1e24 (5.37¢)

Constants A; and B; for single-layer and for 3-layer geometry, can be defined by
prescribing BCs:

BC: Air-Skin (x, = 0)

—4 51 (%o = 0) = h(Ti(xo = 0) — Tir) (5.38)

BC: Skin-SAT and SAT-Muscle (x; = d;,x, = d,)

Aier () = 421 () (5.39)
Ti(x;) = Ti(x{) (5.40)

BC 4: At penetration depth
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T3(X3 =d3 = L) =T, (5.41)

The total solution for steady-state temperature with assumed constant EM power density
throughout the tissues in human body

[ T
Tyy (%) = Ayge ey BMle\/;X + 2 5ARmax(o*m (5.42)

hp

[ o)
h i
—5(s1 +Ta=Tair)+54 Ksl e

h h
Ay = | - eZJ%IA _ P SARmax+Qm e\/%h (543)

[ P hy
e )

(5.44)

By =
( (o, )
{k53 -S4 € \[: }

Details of the mathematical procedure used to obtain the solution for the steady-state
temperature in single-layer human body with assumed constant EM power density
throughout the tissues are given in Appendix C.

The total solution for the steady-state temperature with assumed EM power density that
exponentially decays with the tissue depth is given by following relation:

LY hy SAR
Tmz (x) = Ayze J:X + BMZeJ:X — (ﬁ) e X + ?I—I: (5.45)

h_bL h_bL
b JQmir Vo —2Lig* T _Qmg AT
( Sz +hb +T, Talr) 2Sy; —S4 1Sy e e hbe

A
2 |22

hp
[ f ] (5.46)
s e‘ZLie‘/};‘ELI - (}1,_me\/};ELl

2
b

Ay = —
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( [

bL by,

h Qm —2L Qm (A !
A( s2 +4, +Ta Talr —2Sp —S4{ spe”“le be

T e
S

(5.47)

By =

where coefficients
PSARmax+Qm
hy,
_ s, = p SARmax
(47L1—hb1)

- s3=<\/h;b+;>,and
h h
()

Further mathematical details are available in Appendix D. The resulting solutions for
steady-state temperature after EM exposure in skin, fat and muscle tissue with assumed
constant EM power density throughout skin, fat and muscle respectively are:

- S1=

[Pb1 [hpa
Tl(X) = Ale A1 + B e M P1SARmax1+Qm1 + Ta’

b1

(5.50)

XO <x< Xl

hpa
TZ(X) = AZ e \/: + B2 e\/: pZSARmZ)Z(z"'sz + Ta,

(5.51)

X1 S X S XZ

hp3

T3(X) = A3e \/: + B3 e\/z 35ARmax3+Qm3 + Ta, Xz <x< X3 (552)

b3

The coefficients used in (5.50), (5.51), and (5.52) are given in Table 5.1.

Table 5.1 Coefficients used in (5.50), (5.51), and (5.52)

[hpy

A, 0.5eV A1 d1{a11 B; +aj,}
_ |[Bb1

B, 0.5¢ VA1 “{b,;B; + byy)
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hp,

A =>=d
2 0.5eV 2z *[a,,B; + aj,]
B hb2
A3 _B3 62131 - S3e131
h}\ﬁdl _ h}\ﬂdl
—3120.56 1 +0.5C1b12€ 1 +C2(51+Ta—Tair)
s e - P
O.Salle 1 —0.5b11C16 1
f fhb hpo hpo
Aih A1h —==d —4d
a1 | [0.5a, (1 + |2 bz) o d 22 10, 5b,, (1 - 1—“) A2 PeN Az !
Azhpq Azhpy
b, fhb fhb
0 5322 (1 + : Ej) )‘2 7\2 + O 5b22 (1 —
12 hpo hpo
Alhbz) e_ EdZE le + P2SARmax2+Qmz _ P1SARmax1+Qm1
Azhpy hp, hpq
/ /hb /hb
A1h A1h —d =024
b11 [0 5321 <1 - 1—b2> + O 5b21 (1 + L bZ) e 12 !
\j 2hp1 \l
Ash /hb /hb
0.5a,, (1 - / : Z) Az + 0.5b,, (1 +
b1z hy, hp,
7\1hb2> e ?dZe Edl + P2SARmax2+Qm2  P1SARmax1+Qm1
Azhpy hp; hpq
’hb3 ’hb3
Azhps 3. dz 21 7\2hb3 —J7 dz
dzq <1— ——= eVt “— e“31(1+ e V23
Ashp, Ashp,
Azh — [Bbag SAR + SAR +
sy — s, (1 4+ [A2bbs >e A3 2glsy 4 P35ARmaxs Qm3 _ P2SARmax2+Qm2
Azhp; hps hp;
hp3 hps
Azh Sod2 Azh - /—dz
baq (1+ 2b3>e A3 —(1— 2—1’3)e Az 2 g2la1
Azhp, Ashp;
b,, — .l (1 _ ’Azhbs )e 1’ A3 Soidy + P3SARmax3+Qm3 _ P2SARmax2+Qm2
3
Ashpz

hps hp,
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hp3
I3 K Ly
plsARmaxl + le
S1
hpy
P2SARmax2 + Qmy
S2
hp;
pSSARmax3 + Qm3
S3
hps
JVAhps +h
cq v71bl
}\1hb1 - h
h
©2 Ahp, —h

The resulting solutions for steady-state temperature after EM exposure in skin, fat and
muscle tissue with assumed EM power density that exponentially decays with the tissue
depth are:

hy, \/E
IRVERS EV SAR
Tl(X) = AM21e \/;X + BM21e }\1X —_ (—pl 1max) e—ZX + ?lml + Ta,
b1

4}\1—hb1 (5.53)
XO S X S X1
_ [ 2b
TZ (X) = AMZZ e \/;X + BMZZ e\/;X - (piifi{;tjx) e_ZX + % + Ta’ (5 54)
X1 S X S XZ
— h_bX h—bX SAR max Qm
T3(x) = Amzse ‘/; + Bm2s e\/’: - (pi}\gf:lbg) e+ K; tha Xz = (5.55)

x < X3

The coefficients used in (5.53), (5.54), and (5.55) are given in Table 5.2.
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Table 5.2 Coefficients used in (5.53), (5.54), and (5.55)

A s
! 0.5eV A1 {a,; By +ay,}
B, _ [Borg
A, oz,
0.5eV 22 “*[a,; B3 + ay,]
BZ hb2
Az —B; e2ls1 4 S3e131e—2L1 — %8131
b3
B, Forg [Py
—a;,0.5eV M 1 4+ 0.5¢;be VA 4, ( —s; + % + T, — Tair> + %
[hb1 4 _ /md
<0.5a11e A1t —0.5byce VM 1)
a11 hb
[b210.5 (1 - /“‘bz) - a2105(
Azhp,
h h
M&) eV Ar 02 Ay 0
Azhp,
aiy /hb fhb
a,0.5 (1 + }\1232) A2 A2 4 b,,0.5 (1 —
2 1
hp hy
/@) eV e Y spe2d1 4 dm2 4 g o-2dy  Ami_
Azhp, hp, hpq
Ay [ M -2d Ao —2d
2}\1 hblsze 1 +2 X fhblsle 1
byy

hpo d hﬂd hﬂd
by;0.5e A2 (1+ "1hb2)e V32 4 0.5V 2(1—
Azhpy
hpo
A1hp, - A_dl
\jlzhm)e ’ 321l
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b1z hpo hpo hpo
/—d Ah - /—d - /—d
0.5eV 22 2 (1 - /ﬁ)e 22 'a3,, +0.5e VA2 ° (1 +
2Mp1
Athpp) - h;\ﬂdl -2d Qm2 —2d Qm1
— e 2 bZZ_SZe 1+_+Sle 1__+
Azhp, hp, hpq
A A A A
2_2 _15 e_Zdl — 2_2 _15 e_Zdl
M Alhpy 2 AMAlhpy 1
dz hp3 _ /hﬂ
1 — % e A3 dz _ 1 + % e2131e A3 dz
Ashp, Azhp,
+s3(1+ 2273 ) alz1g=2L1g A3 2 14 [=2-b3 %eble N2z 2
zhpz Ashpz/ hps
—2d Qm3z —2d Qm2 Az | Ay —2d Az | Ay —2d
Sze 2 == 45072 — == — 2= [—=g3e7 2 2= [—=s5,e7°%2
3 hps = 2 hp,  “ Az hpy 3 A2\ hp, 2
b hy, hy,
21 (1 4 7\2hb3)e T:dz . (1 . 7\2hb3) e2ls1a” T:dz
Ashy, Azhp,
b22 hp3 1 hp3
Azh _ - ,—d els1 - ,—d B
S3 (1 — 2—b3) e131e ZLle 7\3 2 —_ Le 7t3 2 — S3e 2dZ +
Ashp, heal 1- P\Zhbs
b3 ?\3hb2
Qm3z —2d Qm2 Az | Ay —2d Az | A —2d
——+se 2 ——= 4 2= [—=s3e7 "2 — 2= |—=5,e7“"2
hps 2 hp, " Az hpz 3 Az \[hp, 2
I31
hy3 L
1
Az
Sq plsAleax
4\ —hy,
Sy pZSARZmaX
42, —hy,
S3 p3SAR3max
4‘)\3_hb3
Cl 1/ }\1hb1 + h
Aihp; —h
Cy h
Aihpy —h
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Details of the mathematical procedure used to obtain the solution for the steady-state
temperature in 3-layer human body and the proposed approaches is described in Appendix
E and Appendix F.

5.4 Results for temperature increase in tissue

Figure 5.6 shows the comparation between tissue temperature vs tissue depth obtained via
steady-state with constant EM power density and steady-state with EM power density that
decays exponentially with tissue depth, when maximum external heat is generated by
external EM source and in single-layer muscle tissue. Nominal values for thermal
parameters are given in Table 5.3.

Table 5.3 The nominal values for the thermal parameters

Thermal parameters Nominal values
Thermal conductivity: A [W /m°C] 0.49
Blood perfusion rate: W), [Wkg/sm3] 2100
Arterial blood temperature: T, [°C] 37
Power produced by metabolic process: Q,,[W /m?3] 300
Convection coefficient: h[W /m?°C] 7
Temperature of the air: T,;,-[°C] 25
40.5
- — Steady-state with constant EM power density
40 - . Steady-state with EM power density that decays expinentially with tissue depth
39.5
~ 385 I
38 T
37.5+- o S —
37! ! 1 L | L T
0 5 10 15 20 25 2930

Tissue depth [mm)]

Figure 5.6 Tissue temperature vs tissue depth in single-layer tissue model for 4 =

0.49, W, = 2100, T, =37, Q,, =300, h = 7, and T;, = 25
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The maximum SAR,,., applied on the surface of muscle tissue is 1.4024- 10 kﬂg.

According to Fig. 5.6, the highest temperature increase occurs at the surface of tissue
(maximum obtained temperature at skin surface is 40.25 °C. Note that the same conclusion
is highlighted in [144, 118]. The discrepancies between the results obtained via different
approaches for the case of single-layer is negligible (< 0.01 %).

In Fig. 5.7, the family of curves illustrates tissue temperature vs tissue depth in single-
layer tissue model for different values of power produced by metabolic process. Changes
are 50 % around typical value given in Table 5.3.

Qu=300
Qw150
Qu=450
375 |
%g'
| I
| | IO - 20 25 30

Tissue depth [mm]

Figure 5.7 Tissue temperature vs tissue depth in single-layer tissue model for
different values of power produced by metabolic process, A = 0.49, W, = 2100,
T, =37, h =7 and Ty, = 25

Fig. 5.7 shows that skin surface temperature increases with metabolic heat, while slope in
the temperature flow path to the boundary remains almost constant. The effect of blood
perfusion rate on the temperature distribution vs tissue depth in single-layer tissue model
is illustrated in Fig. 5.8.

\\\ .
41 - . —— Wt=1050
\ We=3150
~ ‘.\
40 7 \
= 39 T~ ~—_ \\\\
38 — ‘\\‘\N\\\

37 .
0 5 10 15 20 25 30

Tissue depth [mm)]

Figure 5.8 Tissue temperature vs tissue depth in single-layer tissue model for
different blood perfusion rate, A = 0.49, T, = 37, Q,, = 300, h = 7, and T,;,- = 25
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The curves indicate that the gradient of the temperature variation decreases as blood
perfusion increases. The simulation results presented in Fig. 5.9 shows the tissue

temperature vs tissue depth in single-layer tissue model for different tissue thermal
conductivities.

43

42 \\\ — 2=0.49
—1=0.245

1 . A=0.735

0 5 10 15 20 25 30
Tissue depth [mm]

Figure 5.9 Tissue temperature vs tissue depth in single-layer tissue model for

different tissue thermal conductivities, W, = 2100, T, = 37, Q,, = 300, h = 7, and
Tair = 25

Curves of temperature elevation on the body surface decreases monotonically with
increasing blood perfusion rate and thermal conductivity. Fig. 5.10 and 5.11 show the
influence of the surrounding environment expressed through heat exchange coefficient
and ambient temperature on tissue temperature vs tissue depth in single-layer tissue
model.

43
\\N h=3.5
2w -
AN
) ’“‘\M
.40 - i h
- \ “‘W\wmm«w.
\\d o ‘m‘wm«m.-,
| r:\\‘ A ww-wu,..,.
37 | AT
0 5 10 15 20 : )

Tissue depth [mm]

Figure 5.10 Tissue temperature vs tissue depth in single-layer tissue model for
different heat exchange coefficient, A = 0.49, W,, = 2100, T, = 37, Q,, = 300, and
Tair = 25
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Tair=25
43+
Tair=12.5
42 —+— Tar=37.5
41 1
& 40—
= —
39 —
38t T
“\—‘_\—1—_—\
36 I |
0 5 10 15 20 25 30

Tissue depth [mm)]

Figure 5.11 Tissue temperature vs tissue depth in single-layer tissue model for
different ambient temperature, A = 0.49, W, = 2100, T, = 37, Q,, = 300, and h =
7

Based on Fig. 5.10 the higher the outer coefficient of heat transfer h, the higher the
temperature near body surface. On the other hand, the higher value of ambient
temperature, significantly decreases the temperature near the body surface (Fig. 5.11).

Figure 5.12 shows the tissue temperature vs tissue depth obtained for various analytical
approaches and proposed analytical approach with assumed constant EM power density
and EM power density that exponentially decays with the tissue depth. The results of our
models are compared to eight other analytical approaches described in [9, 22, 25, 100,
104, 112, 113, 145]. The comparation is done using nominal parameters presented in
Table 5.4.

In the study [25] the stochastic model of bio-heat transfer equitation for the assessment of
the temperature distribution in the biological tissue is presented. Study [145] solves
transient PBHE using numerical technique based on Haar wavelets. A one-dimensional
steady-state bio-heat transfer model of temperature distribution in cylindrical living tissue
using numerical approximation technique the Galerkin Finite element method is discussed
in [113]. A study [22] deals with the thermal response due to plane wave illuminating the
human tissue composed of N biological layers, where the solution method arises from
classical theory of differential equations, and pertaining to the steady-state. In [104] FEM
is used to analyze 1D bio-heat transfer in human tissue. A simplified one-dimensional bio-
heat transfer model of the spherical living tissues in the steady-state has been set up for
application in heat transfer studies based on the Pennes’ bio-heat transfer equation and its
corresponding analytical solution by using Bessel’s functions is derived [112]. In [100]
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the analytical method used to solve the transient Pennes’ equation is the Laplace method.

Our results are obtained for the special case with constant heat flux. A closed form
analytical solution to the generalized 1-D Pennes equation is described in [9].

49L

35

33

31 ' '

0 5 10 15 20 25
Tissue Depth [mm]

Our model ' ——Susnjara et al., 2019 —*—Bagum etal., 2013

Hossain and Mohammadi, 2013 ___ g0t al. 2007 Pandey, 2015
—Deng i Liu, 2002 —— Zilberti et al., 2013 Awana i Shah, 2019

Figure 5.12 Tissue temperature vs tissue depth in single-layer tissue model:
comparation with other analytical methods for A = 0.49, W, = 2100, T, = 37,
Q. =300, h =7, and T, = 25

Table 5.4 The values for the thermal parameters

NcIJmina:c =) TE — o
values 0 g 5 — = N —

S 3 O 3O - o
thermal | = |5 Q’KE Q\s S =
parameters | ~ = - =
Our model | 0.49 | 2100 37 300 7 25 -
Susnjara et

. 21 7 1 2 -
al.. 2019 0.5 00 3 33800 0 5

100



Awana i
Shah, 2019 0.5 | 2000 37 420 - - 0.6
Pandey,
2015 0.48 | 11550 37 1085 | 10.023 25 -
Zilberti et al.
2013 0.49 | 2100 37 300 7 25 -
Bagumetal, | o | 5100 | 37 | 33800 | 10 25 i
2013 '
Hossain and
Mohammadi, | 0.48 | 11550 37 1085 8.77 25 -
2013
Shih et al.,
2007 0.49 | 2100 37 300 7 25 1800
Dengi Liu,
2002 0.5 | 2100 37 33800 10 25 0

Fig. 5.12 shows that significantly higher values of temperature are obtained in studies [9,
25, 104]. Based on Table 5.4 these studies used the nominal value of metabolic heat
significantly higher (Q,,, = 33800 W/m3) compared to [22, 100, 145] which results in
similar temperature values regardless of tissue depth (difference is less than 1 °C). This
confirms that changes in metabolic heat generation elevates the inner tissue temperature
magnitudes.

Furthermore, significantly smaller values of obtained temperature, as in [112, 113]
according to Table 5.4 are caused by a significantly higher blood perfusion (> 5 times
higher) compared to other studies, and a higher coefficient of heat exchange at the
boundary between the tissue and the environment.

On the basis of the previous analysis, Figure 5.12 and Table 5.4, a clear conclusion is
imposed that the results of our models agree satisfactorily with the models of other authors
described in [9, 22, 25, 100, 104, 113, 145]. Maximal difference is below 50 %.

Figure 5.13 shows the tissue temperature vs tissue depth obtained for our 3-layered models
with assumed constant EM power density and EM power density that exponentially
decays with the tissue depth, and the ones obtained in [115, 143, 146, 147]. The
comparation is carried out using nominal parameters presented in Table 5.5.
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— Steady state solution with constant power density
Kanezaki et al., 2010

4 Steady state solution with exponential decaying power density
Aleksev & Ziskin, 2009

—o—Ziskin et al., 2018

3L Zilberti et al., 2014

Temperature elevation [°C]

Tissue depth [mm]

Figure 5.13 Tissue temperature elevation vs tissue depth in 3-layer tissue model:
comparation with other analytical methods, Agi,, = 0.42, Apar = 0.25, Apuscie =

0.50, dgkin = 1, dpar = 2, and dpyscie = 26

Table 5.5 The values for the thermal parameters in 3-layer models

Nominal ] ] ]

! Alekseev Kanezaki Zilberti L
values of Our . Ziskin et
thermal models & Ziskin, etal, etal, al., 2018

2009 2010 2014 K
parameters
Astins Arat: | 042 | (0.32+0.3 0.42, 0.37, (0.32+0.
Amuscte 0.25, 2,0.16, 0.25, 0.21, 32), 0.18,
W /mec] 0.50 0.32 0.50 0.49 0.43
dskinf dfatf
drosscte L2 26 (0.1+1.5) 1, 3.5, . (1.2+0.0
” 8, 55.5 R R
[mm]
h, 9100, 2469600, 9100, 7441, 2469600,
1700, 7585.2, 1700, 1903, 529200,
[Wkg/sm3] | 2700 940212 2700 2691 940212,
T,[°C] 37 36.8 32 - 37
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Qmskinl
Cmrac: 1620, 1620
Qmuscle ?4).0800’ 0’ 0’ 0 300’ 480 - 0; 0; 0
[W/m?]
h[Wkg/°Cm?] 7 - 7 7 8.48
T,ir[°C] 25 22 23.6 - 22
Pskin, Prat, 1100, (1622 1100, (1622
Prmuscl 1540), 1540),
muscle 920' 633 920’ _ 533
3 1040 ’ 1040 ’
[kg/m°] 1222 1222
0.14
SARy[W /kg] 10~ - - - -
Power
Density - 200 50 10 2080
[W/m?]
f [GHz] 3 42 60 1000 425
t[s] - - - 92 -

*SAR= (Incident) Power Density/ psiin

In [146] authors tested 4 tissue models consisting of 1 to 4-layers and applied the one-
dimensional steady-state hybrid bio-heat equation (HBHE) which incorporates a blood
flow dependent effective thermal conductivity. In [115] an analytical solution for a bio-
heat equation is derived by using the Laplace transform for the one-dimensional 3-layer
(skin, fat and muscle) and single-layer (skin) models due to millimeter-wave exposure.
The investigation of the effect of relevant physical parameters on transient temperature
elevation induced in human tissues (3-layer model) by EM waves in the terahertz (THz)
band was is reported in [143]. A series of modeling studies is undertaken using the 3-layer
and 4-layer models exposed to mm waves in [147]. The analysis is based on an IPD of
200 W/m? at 42 GHz. Sensitivity analysis for model parameters in the 4-layer model,
assuming 10 % variations in the thickness and blood flow of different tissue layers is
performed, as well.

It is clearly noticeable that the wave form of our approaches and the approaches described
in [115, 143, 146, 147] is the same. Deeper in the tissue, further from the radiation source,
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the difference in temperature elevation decreases. Our models describe tissue temperature
under the condition of maximum SAR on the surface of the human body, so they give the
upper limit is the temperature change in stationary conditions. Further on, they are
mathematically simple and agree well with the models already implemented in practice.
More appreciable differences in the temperature elevation, primarily on the multi-layered
tissue surface, may arise due to the large number of parameters in the PBHE. This makes
the process of comparison rather challenging. Furthermore, different studies use different
frequencies and power of the EM sources. This highlights the importance of parametric
analysis in thermal dosimetry, which is presented in Chapter 6.

Although our analytical solutions cannot be applied to cases with complex geometries
they will provide useful tools for testing of numerical codes and/or more complicated
approaches, and for performing SA of the parameters involved in a problem. Although
simplified, analysis using this equation can still provide valuable information for some
practical bio-heat transfer problems.

Yet many engineering applications are affected by a relatively large amount of uncertainty
in the input data, such as model coefficients, forcing terms, BCs, and geometry [148]. In
this case, to obtain a reliable temperature prediction, one has to include uncertainty
quantification (UQ) due to the uncertainty in the input data.

The values of thermal parameters often exhibit variation around their average, and it has
been shown by several experiments and numerical simulations that physiological
responses such as blood perfusion and metabolism in living tissues are temperature-
dependent [103]. For this reason, the next section presents the stochastic model of the bio-
heat transfer equation to assess the temperature distribution in the biological tissue with
the aim to incorporate the uncertainties in the tissue thermal parameters aiming to quantify
the uncertainty in the output temperature.

5.5 Chapter summary

The experimental measurements of the body thermal response due to EM radiation is not
possible in healthy humans. The problem of determining the temperature distribution in
the human body is addressed using analytical method. The analytical solutions have
important significance in the study of bio-heat transfer because they reflect actual physical
feature of the equations and can be used as standards to verify the corresponding
numerical results and as a proof to the reasonability of in-vitro mode analysis.

The steady-state temperature distribution in the single-layer and 3-layered parallelepiped
human body, exposed to an incident time harmonic electromagnetic (EM) field, is
governed by the stationary form of the PBHE. This equation is supplemented by the Robin
BC.
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The steady-state temperature distribution in the 3-layered parallelepiped human body,
exposed to an incident time harmonic electromagnetic (EM) field, is governed by the
stationary form of the PBHE [126]. This equation is supplemented by the Robin BC. The
obtained solution is compared to other analytical methods presented in analysed literature.
The obtained solution gives overestimation of steady-state temperature due to EM
radiation compared to other analytical methods.

Proposed models describe tissue temperature under the condition of maximum SAR on
the surface of the human body, so they give the upper limit is the temperature change in
stationary conditions. The obtained solution gives overestimation of steady-state
temperature due to EM radiation compared to other analytical methods. The obtained
solution is also compared to other analytical methods presented in analysed literature, but
the large number of parameters in the PBHE, makes the comparation challenging.

This highlights the importance of parametric analysis in thermal dosimetry in terms oof
stochastic modelling and sensitivity analysis. Large differences in the temperature
elevation in different studies appear as a result of the large number of parameters
configured in the PBHE equation (and the fact that in some studies they are assumed to
be constan and in other they change with tissue depth) but also due to the different
approaches used to EM source to modelling.
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CHAPTER 6

Stochastic modelling in thermal dosimetry

6.1 Stochastic modelling in computational electromagnetics

In computational electromagnetics (CEM) the uncertainties of the input parameters
including the uncertainties in the description of the human body, such as the nature of
tissues or the morphology of the human body, or in the description of EM source, lead in
the uncertainties in the assessment of the related EM and/or thermal response. These
problems could be overcome and a reliable prediction of output can be obtained by
quantification of uncertainty in the input data. Using combinations of well-established
deterministic EM models with certain stochastic methods to quantify the uncertainty of
model input parameters is a new area in EM thermal dosimetry called stochastic dosimetry
(Fig. 6.1) [114].

One value of Parameter 1
—

One vale of Parameter 2

L
Deterministic Model

Output of deterministic model

One value of Parameter n

Uncertain Parameter 1

Stochastic-
Uncertain Parameter 2 Deterministic
Model

Qutput of stochastic-deterministic model
Uncertain Parameter n

Figure 6.1 Deterministic vs Stochastic-Deterministic Model [140]
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In the past two decades, there have been some efforts to provide the means to include the
thermal parameter variability into the model and propagate it to the output value of
interest. The effects of the variability of thermal parameters on the heating of surface
tissues exposed to a plane millimetre/submillimetre wave is discussed in [143]. According
to the results of the study, the variability of the temperature increase in the skin depends
mainly on the electrical/dielectric properties, while in the subcutaneous fat tissue
temperature increase depends mainly on the thickness of the skin.

The authors in [149] examined how the variability of brain and eye morphology and tissue
properties affect the estimation of SAR induced in a homogeneous human brain exposed
to the HF EM field. Once the deterministic modeling via BEM and BEM/FEM,
respectively is carried out a stochastic post-processing of the obtained numerical results
can be performed via SC technique by simply choosing one or more random variables
depending on the problem of interest. Authors concluded that SC is shown to be robust
and efficient technique providing a satisfactory convergence rate.

A stochastic approach to the estimation of temperature increase in human head tissues due
to exposure to HF EM field is reported in [150]. The work is based on combining a
deterministic heterogeneous model of the human head with a stochastic method. The
thermal parameters of the three head tissues are modelled as RVs to observe the influence
of the input uncertainty on the temperature rise. Volumetric blood perfusion rate and
thermal conductivity of scalp, skull, and brain tissue are modelled as RVs with a uniform
distribution. Uncertainty propagation (UP) from input random parameters to the output of
interest is performed using SC. The presented results provide an insight into the behaviour
of the model output with respect to parameter variations and enable the ranking of the
input parameters from those with the greatest to those with the least impact.

The stochastic model of the bio-heat transfer equation for the assessment of temperature
distribution in biological tissue from the point of view of biomedical applications of EM
fields is presented in [25]. The authors highlight the importance of stochastic bio-heat
transfer in the planning and modelling of biomedical applications of EM fields such as
EM hyperthermia procedures used in the treatment of certain types of cancer. The
presented approach accounts for uncertainties in the tissue thermal parameters aiming to
quantify the uncertainty in the output temperature.

In [151] electric field induced in the three-compartment head model exposed to HF plane
wave obtained using the hybrid FEM/BEM approach is coupled with the SC technique.
The conductivity and relative permittivity of the scalp, skull and brain tissue, respectively,
are modelled as random variables (RVs) with uniform distribution. The analysis shows
that the highest impact pertains to scalp permittivity, while skull conductivity impact can
be considered rather negligible. The results obtained using the three-compartment head
model confirm that both brain permittivity and conductivity are the parameters most
significantly influencing the variance of the induced field inside the brain.
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SC method is combined with TPD in a 2-layered planar tissue model (skin-fat and skin-
muscle) exposed to a plane wave incidence at 10, 30 and 90 GHz in [152]. Tissues’
permittivities and conductivities are modelled as uniformly distributed RVs. It is proved
that SC method is suitable for UQ of TPD when tissue electromagnetic properties exhibit
random nature. Further on, skin conductivity becomes the most influential parameter as
observation points are moved deeper into the tissue and by increasing the frequency. There
is an exception for skin-muscle configuration at 10 GHz where skin permittivity has
stronger impact than skin conductivity.

In conclusion, this review of papers in the area of stochastic dosimetry indicates the
importance of the exact knowledge of thermal parameters of body tissues and sources of
EM radiation. By taking into account their random nature and propagating it to the output
we can increase our knowledge about the underlying physical processes and quantify their
impact on reliability of numerical predictions of the induced electric field and related
quantities.

6.2 An outline of Stochastic Collocation method for uncertainty
propagation

The models used in EM and thermal dosimetry are computationally very demanding as
they tend to describe complex physical phenomena and environments. Further on, values
of the various model parameters can vary considerably due to difference in size and/or
morphology of the models [126]. The usual practice in the EM engineering is to use
average values of input parameters thus leading to a rough representation of a
phenomenon.

However, the uncertainty present in input parameters can be quantified by using the
statistical/ stochastic tools and propagated to the output value of interest via suitable UP
method. UQ of the unknown stochastic output of the model is preceded by two steps: the
UQ of input parameters and UP of uncertainties present in the model inputs to the output
of interest.

The UQ of input parameters implies modelling the input parameters as RVs and/or random
processes. Random input variable is denoted as X, or in the case of more than one random
input parameters (d), a vector of random input parameters is formed:

X = [Xq, Xy, oo, X4l (6.1)

In practice RVs representing the input parameters are not standardized in general, and
vector of random input parameters X has to be transformed into a set of reduced variables
[153]. Depending on the marginal distribution of each input variable X, (k = 1,..,d), the
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associated reduced variable may be standard normal: £é~N(0,1), standard uniform:
&~U(0,1) or some other variable with standard distribution. The resulting vector of input
parameters is denoted by:

E = [Eli EZ' L] Ed] (62)

UP refers to the choice and implementation of the stochastic method that is capable of
solving the stochastic model [114], by propagating uncertainties from the input parameters
to the output. Given the known deterministic model M, we seek to represent the output Y
is a function of input RVs. Different methods exist and they can be classified in several
ways. The general classification is into the statistical and non-statistical methods.
Traditional methods for uncertainty propagation are easy to implement as they rely upon
statistical approaches, e.g. brute force Monte Carlo (MC) sampling [151]. The basic
principle of non-statistical methods is the representation of the unknown stochastic
solution as a polynomial in the stochastic space of input parameters [151].

Traditional UP methods relaying upon the statistical approaches such as MC sampling,
could be applied. The advantages of applying the MC method lies in the simplicity of its
implementation [151], robustness and accuracy [25]. But despite the fact that the sample
size does not depend on random dimension, it needs to be very high [> 100000] [114,
140], and the convergence rate is slow [114]. MC based methods are out of the scope of
this work, and complete definition with thorough discussion can be found elsewhere, e.g.
[154, 155].

Various non-statistical techniques available in the literature aim to represent the unknown
stochastic solution as a polynomial in the stochastic space of input parameters. The two
spectral discretization-based technique, named the generalized polynomial chaos (gPC)
and SC method emerged as the most promising substitutes for MC.

According to the gPC theory the output variable Y is approximated by a polynomial
expansion [156]

Y(®) = Y(®) = ZiL, Yigi (®) (6.3)

where

- g=[tW, 5@, &D] s d input vector,

- Y; are unknown expansion coefficients to be solved,

- (5 is asuitable multivariate basis of polynomial functions, and
- Pis order of truncated expansion.

In practice the value of P depends on the total polynomial degree p and number of input
random variables d [156]:
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(6.4)

P+1:(d+p):(p+d)!

p p!d!

The polynomial expansion is an analytical relationship between the output Y and the random
input parameters § = [¢W, €@, .. £@)] thus providing a sort of a surrogate for the original
deterministic model. With P large enough the polynomial representation is quite accurate and
the statistical information can be obtained. Since gPC is intrusive! in nature it will requires
the change of governing equations which can be challenging when they take complicated
forms [151].

The second non-statistical approach relies on the SC techniques. The non-intrusive nature
of SC enables the use of previously validated deterministic models as black boxes in
stochastic computations [114]. The expansion coefficients for the SC are actually the
deterministic outputs of the considered model, calculated at N,. predetermined input
points also called the collocation points. Similarly, to the gPC theory, the fundamental
principle of SC lies in the polynomial approximation of the considered output Y for d
dimensional stochastic space [156].

?(E) = 112]=1 Lk(E)Yk (6.5)

where

- Li(Z) is basis function,

- YK is the output realization for the k-th input point, and

- N is the total number of deterministic simulations needed to construct the surrogate
model of output.

The advantage of the SC method is its simplicity, strong mathematical background, and
the polynomial representation of stochastic output. Although the total number of samples
required for stochastic analysis is lower than in case of MC, the SC method suffers from
the “curse of the dimensionality” for large number of input RVs.

Stochastic mean, variance, standard deviation, skewness, and kurtosis are given as follow
[156]:

W(T) = BN, Yew, (6.6)

! The intrusiveness implies a more demanding implementation since new codes need to be developed, while
the non-intrusive methods enable the use of previously validated deterministic models as black boxes in
stochastic computations.
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N
Var(7) = ) (V) wi - 2 (6.7)
k=1

Std (?) = [Var (?) (6.8)

N (Y wie=3R(T)Var(¥) - (W(¥))

skew(¥) ~ (std(¥))2var(v) 69)
lurt (T{) o zk=1(Yk)4wk_4u(?)skew(?)((s‘,/t:r(g)):/ar(?)—e(u(?)) (Var(?))_u4 (6.10)
where

- wy is the weight of k-th input point precomputed according to the chosen Gauss-
Legendre quadrature and uniform distributions.

The standard deviation is important for the crude estimation of confidence intervals.
Therefore, the confidence intervals (Cl) used in this thesis is for 95 % level of confidence:

CI = Mean(T) + 2 * Std(T) (6.11)

Confidence intervals play an important role in the comparison with RLs and BRs defined
by ICNIRP and IEEE since they define the range in which the output value is expected
with a certain level of confidence. In SC two important questions are questions pertaining
to the choice of basis function and collocation points. It is worth mentioning that, although
Lagrange polynomials are mostly used for the polynomial representation of the stochastic
output, other types of basis functions are also possible [114]. Lagrange polynomials have
the character of locally global basis functions, while piecewise linear basis functions are
used when it is important to capture discontinuous issues in stochastic solutions.

The choice of the collocation points is essential part of any collocation-based method. The
aim of SC method is to approximate following integral as accurate as possible:

w;i = [ L(®p(®)dg (6.12)

where

— p(&) is joint probability density function of input RVs.
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The weights w; are computed numerically. When stochastic dimension space is one-
dimensional (d = 1) the point selection is straightforward. There are numerous numerical
studies proposing wide range of quadrature rules to deal with the 1-dimensional integral
evaluation and the optimal choice is Gauss quadrature [156].

The most natural approach to multi-dimensional integration is the tensor product of 1-
dimensional quadrature rules which leads to relatively simple generalization of integration
properties from one-dimensional to d-dimensional case [156]. The multivariate basis
functions L, (§) are also formed by means of a tensor product of a univariate basis
functions in each dimension:

Le(® =1(£)e1(5") ® ..®1(e) (6.13)

The total number of simulation points is thus:

Nsc = [Tf-; my (6.14)

In most of the applications the number of collocation points in each dimension is equal,
thus

Nsc = (my)*? (6.15)

Obviously, the number of simulation points grows exponentially with the number of input
RVs, therefore the tensor product is mostly used at lower dimensions. The generally
accepted limitation is d < 5 [157]. The idea behind the sparse grids is to alleviate the
problem of a “curse of dimensionality” present in the tensor product by using a sparse
instead of a tensorized grid of points. The classical sparse-grid approach applied to the
construction of multi-variate basis function L;(§) can be expressed in the following way
[157]:

= d-1
L(® = Zq+1s|}_{|sq+d(_1)q+d_|h| (q +d-— |H|> (6.16)

AEDh) ® .. @1 hy))
where

— q s a sparseness parameter or the sparseness level, and
— h denotes the depth coordinate for each dimension: k = 1, ..., d.

The dependence of the total number of simulation points of the sparse grid products on
the dimension is much weaker than in case of tensor product with the reduction from
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(2xmy)4
d!

NSC = (my)? to approximately Ng._s; = simulation points. The sparse grid

approximation is accurate for d > 5.

6.3 Sensitivity Analysis

The definition of the sensitivity analysis is the one describing it as the study of how the
uncertainty in the output of a mathematical model or system (numerical or otherwise) can
be apportioned to different sources of uncertainty in its inputs [158]. The ideal approach
would be to run both uncertainty quantification and SA in the same stochastic framework,
usually UQ preceding the SA, thus minimizing the computational burden as much as
possible. Two approaches of SA are described as part of this work, the so-called OAT and
ANOVA.

OAT approach is based on changing the input parameter one at a time while the others are
kept at some nominal value. The sensitivity is estimated by monitoring the changes in the
output which can be done in different ways, e.g. partial derivatives or linear regression. It
the sensitivity is assessed by monitoring the change in the variance of the output after
computing the variance for d univariate cases, then the impact factor of each input
parameter is given by [140]

_ Vi(v)

i = v(Y) (6.17)

- X =[Xy, Xp o, X o Xg] = Var(Y|X) = V(Y)
- X =[X{] - Var(Y|X) = Var(Y|X;) = V;(Y)

Although in this way any change observed in the output is unambiguously prescribed to
the single variable changed, the approach does not fully explore the input space, since it
does not take into account the simultaneous variation of input variables. The OAT
approach cannot detect the presence of interactions between input variables.

The ANOVA is based on variance decomposition within the probabilistic framework. The
total variance of a model output is decomposed into terms depending on the input factors
and their mutual interactions [158]:

V(Y) = 2k Vi + 2k Zjsk Vig + -+ Viz.a (6.18)

where
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- V(Y) is the output variance when X = [X;, X5, ..., Xy, ... X4l
- Vi = V(fi (X)) = Vx, [Ex_ (YIX©],

Vy =V (fi,- (X, Xj))
Using the terms define above (6.18) becomes

V (6(X0. X)) = Vi, [Ex_; (Y]X0 X7)1 = Vig [Ex_, (YIXD)]

(6.19)
— —Vx, [Ex_; (Y[X)]

Normalizing the above expression by total variance V(Y) the sensitivity indices are obtained:

1 =YkSk + Xk j>k Sij + " +S12.4 (6.20)

In SA, based on a variance decomposition, the variance of a model is decomposed into
terms depending on the input factors and their mutual interactions, allows the computation
of sensitivity indices of first and high order [25].

The first order indices measure the effect of only the i-th random input variable, without any
interaction with other RVs, is given by the following expression:
Vi [Ex_; (YIX)]

§, = Sl 5 g, (6:21)

where

- Ex_,(Y[X;) is the conditional expectation for the output temperature

Namely, there are d — 1 such expectations: the i-th input parameter is kept at its constant
value while the expected temperature is computed for (d — 1)-dimensional stochastic

model. Thee tilde sign stands for “all except”. After the computation of (d — 1)
conditional expectations, their variance is computed, i.e., Vy, (). The V(E) stands for the

electric field variance in d-dimensional case (total variance).

The second and high order sensitivity indices, S;; and S;, 4 give the information about
the effect that the interaction of two, ore more random input variables has w.r.t. to the
output. The computational burden may become very prohibitive when all groups of
sensitivity indices needs to be computed, therefore, very often only first order sensitivity
index is computed. In order to still obtain the information about the potential significant
interactions between the variables, a total effect sensitivity index is defined as:

3 EXNi[VXi(Y|XNi)] B Vy; [ExNi(Y|X~i)]
Sy, = e —1_ =L (6.22)
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Thus, SA methodology is incorporated into the framework of SC method
straightforwardly, without the need of additional simulations.

6.4 Results in Stochastic-Deterministic Modelling

6.4.1 Results for Single-layer tissue

The approach in this thesis aims to incorporate the uncertainties in the tissue thermal
parameters aiming to quantify the uncertainty in the output temperature. First, six RVs are
considered in single-layer human body model (1, W, T,, Qm, h, Tgir). The thermal
parameters are modelled as RVs with uniform distribution in the range of + 20% from
their nominal values which are given in the Table 5.3.

The tissue depth is considered to be L = 0.29 cm. The full-tensor SCM results in 729
deterministic simulations. The results for mean and variance of temperature distribution
are compared to the results obtained in [25]. Fig. 6.2 and Fig. 6.3 show the mean and the
standard deviation of steady-state temperature obtained in single layer model.

50 . . | . .
Susnjara et al., 2019
Our single-layer models
45
2
CaF—o |
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5 —_—
[} —_—
=
35
30 :
0 5 10 15 20 25 29
Tissue depth [mm]

Figure 6.2 The mean of the temperature distribution for A = 0.49, W, = 2100,
T, =37,Q, =300, h =7,and T, = 25
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Figure 6.3 The standard deviation of the temperature distribution for 4 = 0.49,
W, = 2100, T, = 37, Q,, =300, h = 7, and Ty;, = 25

As mentioned earlier significantly higher values of mean temperature obtained in [25] are
related to the significantly higher nominal value of metabolic heat (Q,, =
33800 W /m?3). Higher values of metabolic heat generation (Q,) elevates the inner
tissue temperature magnitudes but maintains an almost constant slope in the temperature
flow path to the boundary regardless the metabolic rate.

The crude estimation of the confidence intervals (CI) given as the mean value + 1 standard
deviation is shown in Fig. 6.4 (pink and green our single layer models).
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Figure 6.4 The confidence interval (Cl) given as the mean temperature + standard
deviation of the temperature for A = 0.49, W, = 2100, T, = 37, Q,,, = 300, h = 7,
and T,;, = 25
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The maximal deviation is 15 % from the mean value. Since input parameter variation is
20 %, as in [25], and CI is wider, our model should be used for smaller input parameter
variation.

The influence of the variation in the input variables on the output temperature distribution
is computed by using earlier mentioned Sobol indices. The first and total order sensitivity
indices are shown in Fig. 6.5. The first order sensitivity indices give the information about
the impact of certain input parameter while all possible interactions of a certain parameters
with other parameters are included in the total effect indices.
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Figure 6.5 The sensitivity indices of first (solid line) and total order (star marker)

for each random input parameter

The results presented in Fig. 6.5 demonstrate the overwhelming impact of arterial
temperature over the whole domain, and confirmed the results presented in [25]. The
average temperature and the maximum temperature are mostly affected by the variation
of the arterial blood temperature. Considering its overall influence, this thermal parameter
has the major effect on temperature distribution. Other thermal parameters exhibit small
impact, as stated in [25]. The influence of arterial blood temperature has homogenous
trend. Other parameters exhibit nonhomogeneous influence. The values of total and first
order indices are almost the same for each parameter (except for thermal conductivity near
tissue surface), thus proving that none of the mutual interactions has a significant impact
on the temperature distribution.
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6.4.2 Results for 3-layer tissue model

As stated earlier, there is considerable variation in the individual depth-temperature
distributions [96]. Variation of output temperature distribution may be the result of
possible differences in individual size and age (morphology), or the general variability of
permittivity and conductivity, due to difference in age or sex [149]. Earlier dielectric
measurements of skin conducted in vivo reported that the considerable variability of the
measured data with the body site can be attributed to the variability in skin layer thickness
[159]. The results in [6] also reveal that the skin surface temperature elevation may be
correlated with the blood perfusion rates in the deeper layers as well as the thickness of
the skin tissues.

The special contribution of this study is analysis of the effects of thermal conductivity and
tissue thickness in our 3-layer models on resulting temperature in steady-state. Thermal
conductivity and tissue thickness are modeled as RVs with uniform probability
distribution (Table 6.1). The mean values used in this paper are taken from [102], with
muscle depth being smaller because of limitation of penetration depth.

Table 6.1 Parameters modeled as input RVs

Thermal dskin dSAT dmuscle Askin ASAT Amuscle
arameter

P [mm] [mm] [mm] W/meC] | [W/meC] | [W/meC]

Initial value — o~ & < & @

N o o o

o ~ ¥ ~ 3 = =

Distribution - : b= S S S

(o0} [o¢) [{e] N <t

[min, max] = = & S, 5 5

) ) S

The full-tensor SCM resulted in 729 deterministic simulations for 3 collocation points,
15625 deterministic simulations for 5 collocation points, and 117649 for 7 collation
points. The results for the mean, variance, and standard deviation of temperature
distribution are shown in Fig. 6.6, Fig. 6.7, and Fig. 6.8.
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Figure 6.6 The mean of the temperature distribution for Ag;,, = 0.42, Apar = 0.25,
Amuscie = 0.50, dggin = 1, dpar = 2, and dypyscre = 26
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Figure 6.7 The variance deviation of the temperature distribution for Ay, = 0.42,

Apar = 0.25, Apyscie = 0.50, dggin = 1, dpar = 2, and dyyscie = 26
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Figure 6.8 The standard deviation of the temperature distribution for Ag;, = 0.42,
Apar = 0.25, Anuscie = 0.50, dgyin = 1, dpar = 2, and dyyscie = 26

The obtained results for mean, variance, and standard deviation of temperature
distribution show good convergence. Furthermore 20% variation of input RVs results in
less than 10 % change of output temperature distribution.

The crude estimation of the confidence intervals (CI) given as the mean value + 2 standard
deviation or mean value + 3 standard deviation are shown in Fig. 6.9 and Fig. 6.10. It is
useful to mention that the confidence interval is most often shown as two or three standard
deviations. Namely, double standard deviation means a precision of 95.5 %, and triple
standard deviation means a precision of 99,7 % [160].

40.5 T
—Mean (T)
40 - —Mean (T)-2*std(T)
—Mean (T)+2*std(T)
39.5
OU 39
=385 .
38 .
375+ N
37 !
0 5 10 15 20 25 30

Tissue depth [mm)]

Figure 6.9 The confidence interval (Cl) given as the mean temperature +2 standard
deviation of the temperature for Agy;,, = 0.42, Apar = 0.25, Auscie = 0.50,

Askin = 1, dpar = 2, and dppyscie = 26
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Figure 6.10 The confidence interval (CI) given as the mean temperature +3
standard deviation of the temperature for Ag;;, = 0.42, Apar = 0.25, Auscie =
0.50, dskin =1, dFAT = 2,and dmuscle = 26

The influence of the variation in the input variables on the output temperature distribution
is computed by using OAT and Sobol indices. The variance of the temperature in the 3-
layer tissue is calculated for six univariate cases by using 3, 5, 9, and 17 collocation points
obtained from Gauss-Legendre quadrature rule. The standard deviation is calculated as
the square root of the variance.

Fig. 6.11 to Fig. 6.16 contain the information about the convergence of SC methods in
computation of temperature standard deviation and OAT sensitivity analysis for 6
univariate cases, i.e., when only one input parameter is random at a time (skin depth, SAT
depth, muscle depth, skin thermal conductivity, SAT thermal conductivity, muscle
thermal conductivity).
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Figure 6.11 Convergence of SC methods in computation of standard deviation of

temperature when only skin depth is RV at a time for Ag;;, = 0.42, Apar = 0.25,
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Figure 6.12 Convergence of SC methods in computation of standard deviation of

temperature when only SAT depth is RV at a time for Ag;,, = 0.42, A = 0.25,

Amuscie = 0.50, dggin = 1, dpar = 2, and dypyscie = 26
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Figure 6.13 Convergence of SC methods in computation of standard deviation of

temperature when only muscle depth is RV at a time for Ag;,, = 0.42, Ay = 0.25,

Amuscte = 0.50, dgiin = 1, dpar = 2, and diyyscie = 26
0.0232 —TC 1'3
N TC|-5
[' TC,-9
| TC 17
O ,
e,
=
3 |
“
| —
| ‘\--H
| —
0 1 L 1 1 1 ]
0 5 10 15 20 25 29

Tissue Depth [mm)]

Figure 6.14 Convergence of SC methods in computation of standard deviation of
temperature when only skin thermal conductivity is RV at a time for Ay, = 0.42,

Apar = 0.25, Apyscie = 0.50, dggin = 1, dpar = 2, and dypyscie = 26
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Figure 6.15 Convergence of SC methods in computation of standard deviation of
temperature when only SAT thermal conductivity is RV at a time for Ag;, = 0.42,
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Figure 6.16 Convergence of SC methods in computation of standard deviation of
temperature when only muscle thermal conductivity is RV at a time for Ay, = 0.42,

Apar = 0.25, Apyscie = 0.50, dggin = 1, dpar = 2, and dypyscie = 26

SC method exhibits problems with convergence when computing the standard deviation
of the temperature. Convergence is not accomplished for chosen number of collocation
points when only skin depth is RV and when muscle depth is RV. To improve the
convergence, number of collocation points should be further increased. Based on Fig. 6.11
to Fig. 16 the variation of these input parameters do not have any effect on the
convergence of the total standard deviation, i.e., the standard deviation of 6-dimensional
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stochastic model. Beforementioned points the problem toward ANOVA analysis. The first
and total order sensitivity indices are shown in Fig. 6.17.
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Figure 6.17 The sensitivity indices of first (solid line) and total order (circle marker)

for each random input parameter

In 3-layer human body model composed of skin, fat and muscle, the variance of
temperature is mostly affected by the variation of the skin thermal conductivity.
Considering its overall influence, this thermal parameter has the major effect on
temperature distribution. In skin and fat tissues other parameter exhibit small influence.
Furthermore, the thermal conductivity of muscle has significant influence on temperature
distribution in muscle tissue. The influence of the remaining parameters is negligible.
These parameters, along with arterial blood temperature mostly describe the heat
exchange between the human body (single-layer and 3-layer) and the environment.

The values of total and first order indices are almost the same for each parameter (except
for thermal conductivity near tissue surface), thus proving that none of the mutual
interactions has a significant impact on the temperature distribution.

Based on UQ in thermal dosimetry with a 95 % level of precision the largest variability
in output temperature does not exceed 130% of its expectation in 3-layer tissue. However,
if the level of precision is increased to 99.7% variability in output temperature does not
exceed 180% of expected value in 3-layer tissue. Furthermore, sensitivity analysis reveals
that one input parameter (skin thermal conductivity) bears significant impact on the output
CI width while other five parameters can be neglected.
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6.5 Chapter Summary

Presented approach provides an insight into the behaviour of the model output with respect
to input parameters variation. The analysis of the influence of thermal parameters on
temperature distribution is given in this chapter. The existing thermal models are
combined with the state of the art SC. Sensitivity analysis of the individual thermal
parameters confirmed previous findings: arterial blood temperature has the most
significant influence on general steady-state temperature distribution.

SC method exhibits problems with convergence when computing the standard deviation
of the temperature. Convergence is not accomplished for chosen number of collocation
points when only skin depth is RV and when muscle depth is RV. To improve the
convergence, number of collocation points should be further increased. The variation of
these input parameters do not have any effect on the convergence of the total standard
deviation, i.e., the standard deviation of 6-dimensional stochastic model.
Beforementioned points the problem toward ANOVA analysis. The values of total and
first order indices are almost the same for each parameter (except for thermal conductivity
near tissue surface), thus proving that none of the mutual interactions has a significant
impact on the temperature distribution.

Based on UQ in thermal dosimetry with a 95 % level of precision the largest variability
in output temperature does not exceed 130% of its expectation in 3-layer tissue. However,
if the level of precision is increased to 99.7% variability in output temperature does not
exceed 180% of expected value in 3-layer tissue. Furthermore, sensitivity analysis reveals
that one input parameter (skin thermal conductivity) bears significant impact on the output
CI width while other five parameters can be neglected. Considering the fact that in vivo
measurements are impossible, and that the models overestimate temperature elevation,
they can be used for quick and efficient assessments of the phenomenon.

The important contribution of our study is the analysis of the influence of thermal tissue
depth and thermal tissue conductivity on temperature distribution is 3-layer human body
models. The variance of temperature is mostly affected by the variation of the skin thermal
conductivity. Considering its overall influence, this thermal parameter has the major effect
on temperature distribution. In skin and fat tissues other parameter exhibit small influence.
Furthermore, the thermal conductivity of muscle has significant influence on temperature
distribution in muscle tissue. The influence of the remaining parameters is negligible.
These parameters, along with arterial blood temperature describe the heat exchange
between the human body (single-layer and three layer) and the environment.
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CHAPTER 7

Concluding Remarks

A simplified analytical deterministic-stochastic model for rapid assessment of thermal
response of the human body due to exposure to external fields is developed in this thesis.
The model consists of a vertical electric dipole (VED) placed at a height h above the real
ground and a human body modelled in the form of a parallelepiped or cylinder. Plane
wave exposure is assumed, and complete dosimetric procedure includes 3 steps: incident
field dosimetry, internal field dosimetry and thermal dosimetry.

Within the incident field dosimetry, the electric field irradiated by finite-length dipole
antenna at any point of the upper half-space is obtained, using a rigorous numerical
approach, an approximate numerical approach with an assumed current distribution, and
an analytical approach. Three approaches give similar results when the vertical dipole

antenna is electrically short (L < %) and when the ratio of the height of the antenna above

the ground and wavelength satisfies h > 10A. Furthermore, when the distance in the
horizontal direction is above 60 m these three models agree satisfactorily. The results
obtained using a rigorous numerical approach, an approximate numerical approach with
an assumed current distribution are also valid in the near field, and analytical solution is
based on the far-field approximation.

Approximate approaches with assumed current distribution saves time and computer
resources as it avoids the solving of the Pocklington equation, and in the case of the
analytical approach the field integral.

Furthermore, an efficient deterministic model for internal field dosimetry, based on
calculation of SARyyg in a parallelepiped or cylindrical human body model is proposed.
The difference between the SARyy g obtained in parallelepiped and cylindrical human body
models in the x horizontal direction is less than 10 % at 80 m away from source VED
antenna.

The developed model provides the implementation of internal dosimetry without the use
of very demanding realistic, anatomically based, models of the human body. Bearing in
mind that the electric field and SAR values obtained by means of analytical approach are
higher than the ones corresponding to the results obtained via more rigorous numerical
modeling it can be concluded that such an overestimation is acceptable for the health risk
assessment. Namely, if the overestimated values do not exceed exposure limits it is
ensured that the values stemming from realistic scenarios from either computation or
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measurement will stay within the proposed limits. A parallelepiped human body model
can further simplify the internal dosimetry and consequently save computational cost,
specifically if thermal dosimetry is of interest.

Within the framework of the thesis, a new stochastic-deterministic model for thermal
dosimetry based on a multi-layer planar representation of the human body is developed.
The deterministic part is based on a simplified one-dimensional single-layer and 3-layer
Pennes’ Bio-Heat transfer Equotion (PBHE) in biological tissues. The SAR determined
in the previous step in the parallelepiped human body model is used as the input EM
quantity, i.e. as heat surface density. To solve the PBHE analytically, power density from
external heat source related to the absorbed EM energy irradiated from VED antenna, is
assumed to either be constant, or exponentially decreasing with the tissue depth.

Proposed models describe tissue temperature under the condition of maximum SAR on
the surface of the human body, so they give the upper limit of the temperature change in
stationary conditions. The obtained solution gives overestimation of steady-state
temperature due to EM radiation compared to other analytical methods. The obtained
solution is also compared to other analytical methods presented in analysed literature, but
the large number of parameters in the PBHE, makes the comparation challenging. This
highlights the importance of parametric analysis in thermal dosimetry.

The impossibility of in-vivo measurement of thermal parameters is the cause of
uncertainties in the set of input parameters. In the framework of stochastic modelling of
the thermal response of the human body, the influence of uncertainty in the set of input
parameters on the resulting temperature elevation in steady-state, in terms of the output
quantity of interest, is quantified using the stochastic collocation method. The input
random variables are thermal conductivity and tissue thickness of each layer (skin, fat,
muscle), and the confidence interval of the temperature elevation is obtained, which
extends the usability of the deterministic model. Finally, in the stochastic part of the
thermal dosimetry, a sensitivity analysis is performed, thus providing the assessment of
the influence of each of the input parameters and their mutual influence on the output
value of interest.

UQ results in thermal dosimetry show that the largest variability in output temperature
does not exceed 130% of its expectation in 3-layer tissue (95 % level of precision).
However, if the level of precision is increased to 99.7% variability in output temperature
does not exceed 180% of expected value in 3-layer tissue. Furthermore, SA analysis
reveals that skin thermal conductivity bears significant impact on the output CI width
while other five parameters can be neglected.

The application of analytical procedures provides fast and complete dosimetry for realistic
scenarios in terms of exposure to high frequency radiation from specific antenna systems.
By applying stochastic modelling of the body's thermal response, it is possible to estimate
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the uncertainty of temperature rise due to the uncertainty of input parameters (thermal
conductivity, thickness of tissue layers) that cannot be determined by in vivo
measurement.
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APPENDIX A

Whole-body averaged SAR for cylindrical body model:

1
SARyp = ;fv SARAV (A1)
where
— ok? 1 a .—1/2 2 L 2
SARWs = 4 i orrareny gy Jo o U™/ KS | dS J 11, (@) *dz (A2)
ok? 1 —C
apLatnd(o2+w2e?) |1, (j~1/2ka)|” - (A.3)
. 2
Sy oG™Y2ke|"dg = 1 (A.4)
L
fo IL,(2D)|?dz =1, (A.5)
SARyp = Cl11; (A.6)

Since current distribution in cylindrical human body model depends of Bessel function,
axial current should have a form similar to (7), where:

1(z) = Cycosyz + C,sinyz (A.7)
2 _ 2 _]47TZC(()
yi= k(=S (A9)

where k is the free space wave number, Z.=120m is the free space impedance and Z.({)
is the HF region, the impedance per unit length is given by

k = oo\/m (A.9)

_k Jo(TY?k)
ZC(Z) - Zanajl(j_l/zka) (AlO)

coskR coSkRp

h . ’ 1
W = escy(h — |z) 1 siny (h — |2/]) [228 — 280y g (A1)
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Appendix B

Heat conduction through a medium is described by Fourier law:

4 =—AVT (B.1)

The heat through surface element dS in differential dt is:

Q= f f gdsdt — f f AVTdSdt (B.2)
t S t S
Now, Gauss divergence theorem yields
Q=-— f f AVTdSdt = — f f V- (AVT)dVdt (B.3)
S S
t t

The differential of total heat delivered into a volume V, due to internal and external heat
sources in time differential dt, is given by

dQtor = dQint + dQext (B'4)

where the differential of internal and external heat sources are as follows
dQine = Q;dVdt (B.5)
dQuye =V (AVT)dVdt (B.6)
Now, returning (5) and (6) in (4) and combining previous equations

aT

o7 dvdt = Qudvdt + V- (AVT)dvdt (B.7)

pC

Taking spatial and temporal integration yields
oT
pC]j —dvdt =JjQidth+JJV-(/1VT)dth (B.8)
¢ S at ¢ S ¢ S

Rearranging the integral expression Fourier heat conduction equation is obtained

ng—Z = Q; + V- (AVT) (B.9)

For source-free areas Fourier heat conduction equation becomes Laplace equation.

In an external forced flow, the rate of heat transfer is approximately proportional to the
difference between the surface temperature T, and the temperature of the free stream fluid
T,. Therefore, the heat flux density g can be expressed as

oT
qs = _)-% = hc(Ts - Ta) (B.lO)
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Volume blood perfusion of tissue @, can be expressed as

Qp = WyCpp (T, —T) (B.11)

Finally, the space-time bioheat transfer equation can be written in the form

V- (AVT) + Wy Cyp(Ty = T) + Q@ + Quxe = pC 2 (B.12)
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APPENDIX C

For single-layer geometry and model M;, according to (1), (2) results in (3)

aT;
_/11 ox (xl - 0) - h(T (xl - O) air)

b )
~1a-(Ae -3 +Be\F PRI 1 T)(x = 0) = h (Ae \/:"Jr

hp
Be\/:x + %+Ta(x =0) —Tair>

h hp h hp _ E P SARmax +Qm _ )
(Z - \/;) A+ (E + T)B = l( T n, + Tq Talr)
Using (4), we obtained (5)

T3(x,=d3=L1) =T,

h
= —Be 1’ 2L _ PSARmax+Qm e Tbl‘l

(C.1)

(C.2)

(C.3)

(C.4)

(C.5)

After minor mathematical manipulation, the value of constant B is obtained. With known

B, (5) is used to calculate A.

h
—1(51 +Tq—Tgqir)+5s | S1 €

Z/h—bL SARmax+Qm |-2L
A=— e N2A Tt P2ffmax¥lm ,\7 "1
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h ﬂLl
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APPENDIX D

For single-layer geometry and model M,, according to (1), (2) results in (3)

aT;
- == Ox (xl =0) = h(Ti(xl =0) — Tyir) (D.1)

—1=(Ae - +Be i _ (Efmar) g=2x 4 Zn 7 )(x = 0) =
b

4A—-hp

(A oAy gl — (Bfimar) g2 4 Imy T (x = 0) - Tair>
b

42—hy

(P r2 () = (a4 n - () e T o) (03

Using (4), we obtained (5)

(D.2)

T3(xy =d3=1Ly) =T, (D.4)
()
— A4 _ h __ PSARmax , Qm _ ) PSARmax
- Eg R ) e
A A A A

After minor mathematical manipulation, the value of constant B is obtained. With known
B, (5) is used to calculate A.

hp hp
h om 7L 0 2Ll
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A= e VA T+
2 ’;—bLl (D 6)
S3 —Sy € '
fhb /hb
_ = L1 = L1
SZ e ZLle A _Q_me A
hp

h _ Ry, by,
—7(—82 +Q—m+Ta_Tair)—252 — 54 {Sze 2L1e‘]: 1—%—me 1 1} 0.7

hy,
2 %Ll
S3 —Sse€

144



pSARmax+Qm _ pSARmax Sn = hb ﬁ
R D R N P

S

(D.8)
o |h,

A A

145



APPENDIX E

For 3-layer geometry and model M,, starting from (1), the relationship between A; and
B is obtained

T3(xz=d3;=L) =T, (E.1)

A3 = _B3 32l31 - 538131 (E2)

On the boundary fat-muscle:

b2 Rbz b3
Ay e - +B,e J; = Ase - +Bye \/Z + a3 maxstOms _ (E3)

hp3
P2SARmax2+Qm2
hp2
R R R R (E4)
b2 b2 b3 b3
- [Pezq [2h2q - [ L3
—Ay e N2 By Vi = gy R o a ey [l g (a0
A3 b2 Azhp

On the boundary skin-fat:

_ i Fo _ frz
Ale A dy + Ble A d1 — AZ e A2 d1 + BZ e A2 ! +{ M — (ES)

hp2
PlSARmaxl‘l'le}
hpy
_ /m /m Ah f Ah /

_Al e N d1 n Bl e\ A dq _ —A1 1 b2 d1 n B3 Alhbz dz (E6)

2Np1

On air-skin interface
_ ﬁllhbl'l'h

A = l1hb1—hB1 + T, _h(51 + T — Tair) (E.7)
Ay =c1By + (81 + Ty — Tyir) (E.8)

Adding and subtracting (3) and (4) will yield to equations (9) and (10) in which A, and
B, are expressed through A5 and B;

b2 4 hps3 hp3

/ 2b3g Zb3g

A, =0.5eV2" l 1 + M‘”?’ % "* A3 + By (1 - ,/-TZ—’”) eN 7?4
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hp3 hp2

(E.10)

Inserting (2) in (9) and (10), (11) and (12) are obtained. (11) and (12) can be written as
(13) and (14)

hp
Ay =0, 5ol At {[(1 - /—izzb) V75 %2 _ g2lan (1 +
3hp2
hp3 ’hb
’12hb3 e N7z lB3 - S3 1 + iZhbS) 33(126131 4 a3 Rmaxs TOms _ (E.11)
\’ 3hp2

lshbz hp3

P2SARmax2+0Qm2
hp2

bz hps
B, = 0.5¢ V72 % {l(1+ /jzzm)e A 2 —(1—
shbz
h h
’—Azhm ) e_\JAL:dZ e?b1| By — szels (1 - ’%) e_\”%'gd2 + (E.12)
Ashp; Azhpz

P3SARmax3+0Qms3 _ P2SARmaxz +Qm2}

hp3 hp2
Rp2
AZ == 0.58\/72‘12 [a21B3 + azz] (E13)
hpo
B, = 0.5e x/_ “[by1Bs + byy | (E.14)

Adding and subtracting (5) and (6) will yield to equations (15) and (16) in which A; and
B; are expressed through A, and B,

hpy hpo hpo
A, = 0.5eN ™ (1+ @)Aze P +<1— @)Bzemd +
Azhp1 Azhpe

(E.15)
P2SARmax2+tQm2 _ P1SARmax1+Q@ma
hbz hbl
hpy Rpa hbz
B, = 05e V" (1— @)Aze \EAE (1 + —llh“)Bz eVie
o e (E.16)

P2SARmax2+0m2 _ P1SARmax1+0m1
hp2 hp1

Inserting (13) and (14) in (15) and (16), (17) and (18) are obtained, and (19) and (20)
express A; and B, through Bs. (19) and (20) can be written as (21) and (22)

hpq hﬂ
A; =0. SeJ: [ 1 + [fale (0.5e\/;d2a2133 + (E.17)

2b1
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/hb d \ - [2g [ - [Rbzg
a,,0.5eN 2 >e A2 1+(1— A:—ZZZ;) <0.5e % by Bs +

hb hpo
0. 56 Az —2d, b22 e Hdl + P2SARmax2+Qmz2 _ P1SARmax1+Qma
hp2 hp1

hpo
B; = 0.5e \/_dl (1 - )ﬂ) O.Se\/:dza21B3 +
Azhp1
0. 5e\/; e \/: 1+ |[2fe2)(05e” b21B3
Azhpy
hp hpp
0.58_\/1:22‘12 b22> \/Zd + P2SARmax2+Qmo2 _ PlsARmax1+lel

hp2 hp1

s vz /m
Ay = 0.5 4" {[0 5a (1 - /*12“) %22 4 0.5b,, (1 -
Azhpy
[hb /hb Mbz, [Pz
l1hb2) A2 A2 lB3 + 0. 5a22 1 + A1hbz) 12 T;dl
\! Az2hp1 ,’ Azhpy
0.5b,, (1 - ”11&) \J};bz \J}ilbz A1 | P2SARmaxz*Qmz _ P15ARmax1+Qm1}
Azhpy

hp2 hp1

hpa hpa hb2
B, = 0.5¢ - {[0 5a,, ( “’”’2) sz - + 0.5by; (1 +

Az2hpy
Alhbz) N 12 e\ *2 Erae B; + 0. 5a22 Alhbz) \ '12 Nz “ +
Azhp Az2hp1
f’lb f’lb
,l h 24 SAR + SAR +
0. 5b22 <1 + 1 bz) 12 Ay 1 P2 max2tQmz _ P1 max1 le}
2 hp1

hp2 hp1

s,
A1 = 056‘/’1_1 1{a11 B3 + alz}

_ [Mpa,
Bl = 056 \/Zdl{b1133 + blz}

(E.18)

(E.19)

(E.20)

(E.21)

(E.22)

Using (8) B is obtained. With B; known A5, A,, B,, A;, and B; can be obtained using (2),

(13), (14), (21) and (22)
hpy hb1
_ —a4,0, Se\/'Tld + 0.5¢;1byze \/le +c(sy+T, T,

air)
3 =
hp1 hp1
[Fbig - [=2ta
<O.5a11€ /11 ! - O.5b11€1€ 11 1)
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APPENDIX F

For 3-layer geometry and model M,, starting from (1), the relationship between A5 and

B is obtained
T3(x3=d3 =Ly) =T,

h hp hp
4, = -B, A, (M) o o, O [

423—hp3 b3
Oms3

= —B3 e?bs1 + szelie 21 — ——ela
b3

On the boundary fat-muscle:

_ Eﬁldz EQZdZ _ Eﬁldz Ehidz d Qms
Aye N2 “ 4+ ByeNi2 " =/Aze N4 " 4 ByeVis © —ggem2dz 4 2 4

hp3
Sze_ZdZ _ 9m2
hp2
/hbz fhbz fhbg fhb
- [==d ——=d Azh - [5=dy Azh
—Aye N2 "+ ByeNz = — 2B 4.0 NP 4 3b3Be'13
Azhpa Azhpa
A A _ A A _
2—3 _2536 2d2 - 2_3 _2528 Zdz
Az A\ hp2 Az A hp2

On the boundary skin-fat:

_ mdl Mdl
Aje Vi " 4 Blev A

fhbz fhbz Q
- d d _ m2 _ le
=A,e A2 1+Bze A2 1—526 2d1+h—+51€ 2dy, _ ——

b2 hbl

1b1 1b1

fhb1 ’hbl fhb fhb
- |5—d —=d A>h A>h
_Al e 2, 4 + Bl eV M 1 l 2202 4 22 A2Np2 B2 Az

R P A [
2/1—2 —Lsze Zdll—Zf —Lse 2d,
1 b1 b1

On air-skin interface

VA hy, + h h SAR
A, = 1Mp1 B, + [_ (Pl 1max> + Qm1 +T,— Tair)]
JAhps — h JAhpy, — h 41 —hp1 hpy
2A4Cy8,
h
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(F.1)

(F.2)

(F.3)

(F.4)

(F.5)

(F.6)

(F.7)



2A1Cy8;

Al = ClBl + CZ ( _Sl +—+ Ta - Tair) + (F8)

Adding and subtracting (3) and (4) will yield to equations (9) and (10) in which A, and
B, are expressed through A; and B;

7% Aohys. - [ Aohys | [P
py = 050 B g [llony e p (4l e

Ashy, Ashy,
Qm3 sz /13 /12
_ -2d, —2d, _ M4 2= |—= —2d; F.9
Sse T hy3 T sz€ hyy Ay By, 3¢ F9)

Qms3 Omz | Az |42
—sze 2 4 =2 g e T 4 )= |2 gie72d (F.10)
: hps hp A Jhpa

Inserting (2) in (9) and (10), (11) and (12) are obtained. (11) and (12) can be written as
(13) and (14)

[Pz hp3 /
A, = 0.5eN 7z {33 l(l - /12%) e\ Az 22 —(1+ [ ”3)62131e l
3/tp2

Azhpz

,hba hp3

Ah _ —_-ds Azh —|5-dz _
53(1 + 2 b3)el31e ZLle 2'3 J— (1 + ﬁ)%6131e 13 —_ S3€ 2dZ + (F.ll)
Ashp 3hp2

Qms3s —2d Qma2 Az | A2 -2d Az -2d
—+ 567" ——=—2—= |—5s3e 2422 |22 g om2a
hp3 2 hpa Az A hp2 A hpy 2
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hp hp3 _ [hp3
3Mp2 3hb2
Rp3
/13hb2 (F.12)
- .
Qm3 <m3 1 - Azh b3) l31g" ,{733(12 + —s5 e~2dz +Q—+S e—2d2
hp3 Azhy;
sz 2 o-2dz _ 2 /12 o2
hbz hbz hbz
hpa
A; = 0-59‘/de [a21B3 + a,2] (F.13)
_ |hp2
B, =0.5e ‘/l_zdz [b21B3 + b3 | (F.14)

Adding and subtracting (5) and (6) will yield to equations (15) and (16) in which A; and
B; are expressed through A, and B,

hp1
Ay = 05 B [A2(1+ e [ g - e - _

(F.15)
—2d Qm2 -2d Qm1 Az | A -2d A -2d
S,e Mt +—+ s e 1———2—/ Spe 1+2 — s
2 hpz 1 hp1 A hpr 2 hp1
hp1 Rho Rp2
/ —2tdy A1h / 24, A1h [=k2q,
B; =0.5e V1 (1— 1—“)A2e 2 (1+ “’2>Bze 121 —
Azhpy Azhpy
(F.16)
- _ A1 _ A |4 _
spe2d 4 G2 g g pm2dy _ Qma g 2 5,620 — 22 |ZLgem2h
hp2 hpy hpy A1 hp1

Inserting (13) and (14) in (15) and (16), A, and B, are expressed through Bs. (17) and
(18) can be written as (19) and (20).

hb1 B L S L7 )
A = 05eVm ™ {33 lbz10.5(1 - @) e NP NN 4 g 0501+
A1hb2 12 ,12 l_l_ a,,0. 5(1 + /11hb2) 12 7 dq +

lzhb1 Azhpy

(F.17)
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b2 hpy

hpo hpo
Mt~ |R2a, - |7b2q, _ 0 ~ 0
b;,0.5(1 — ﬁ) e Vi Fe N2 —g,e72h +hi2+ spe”%d —xmi
2th1

P p) _
282 |Aig p-2ai o2z (Mg o-2ds
11 hbl A hbl

hp1 hpa hpa
B; = 0.5e \/’1_1d {lb210 Se \/Z 1+ Alhbz)e \/_ + 056\/; 1-

_ [Pp2, hpy 2
)ﬂ)e \/Zdlaz:l B3 + 0.5@\/2612(1 - Alhbz)e \/Zd a22 +
Az2hpy Azhpy
(F.18)

/h” Mh Q Q
0.5e VA (1+ [FEPhe i "hyy — SN 4 B2 45y e7Rh —
b1

2b1 b2

A [ A [
222 [Lse?d 222 [Tlg o2
A1+ hpa A1 hp1

ory

Al = 056\/71 1{a11 B3 + alz} (Flg)
_ o,

Bl = 058 \/71 1{bllB3 + blz} (FZO)

Using (8), (19) and (20) B is obtained. With B; known A, A,, B,, A;,and B, can be
obtained using (2), (13), (14), (19) and (20).

%%ldl - ?%ld1
—a120.5€ 1 +O.5C1b12€ 1 +C2( _Sl+?lm1+Ta_TaiT)+211}Clzsl
B3 = b1
%ﬁ%dl - %ﬁ%d1
0.5a11e —0.5bllcle

(F.21)
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