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Abstract: The wide use of electric energy in every segment of everyday liv-
ing demands specific attention be paid to investigations connected with biological ef-
fects from the influence of electromagnetic fields on humans and the environment. In-
vestigations connected with electromagnetic influence assessment on human health em-
phasize the influences of electromagnetic fields in a wide frequency range. Here, the
interest in knowing the mechanisms of these interactions and ways of determining them
is obvious. The parameters and quantities that describe such influence depend on the
frequency of the electromagnetic field source that underlines the importance of their
appropriate definition. Induced currents and charges as well as electric field distribution,
or SAR, are quantities that represent this influence. Their determination is important for
the formulation of norms and standards for human protection from exposure to electro-
magnetic fields.

In this paper, a developed procedure for the determination of electric field dis-
tribution in the human body when exposed to EMF influence is presented. Several is-
sues emerge in the course of this, such as finding representative parameters for problem
description, modeling of the incident field source, which is obvious in various forms
and in a wide frequency range, modeling of the human body, which is complex in geo-
metric aspect and has a wide range of electric characteristics in its parts, developing an
appropriate calculation methodology and a suitable presentation of the results. Modeling
the incident field form and the human body are in direct correlation with the calculation
method developed for determining the electric field distribution. Developed methodol-
ogy enables the electric field in the humans to be determined, and other parameters such
as SAR to be calculated. Having those values, we can discuss the biological effects on
humans from such exposure.
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1. Introduction

In the present day, the increase of new technologies and the demands
put upon them are becoming more and more obvious. The use of an enormous
number of electrical devices in human living and working environments are the
result of high technology development. In this, there is a need to understand
more about electromagnetic field (EMF) influences on the environment, equip-
ment and complex systems. The electromagnetic energy used has a wide fre-
quency range. On the one hand there are devices and equipment that work on
low frequencies, such as the units in industrial installations, transmission power
lines, devices for welding and melting. On the other hand, there is the commu-
nications technology that has experienced a huge growth in recent times, so
studies concerning mobile phones, wireless communication systems, base sta-
tion antennas and their electromagnetic impact are important in understanding
and providing protection from their electromagnetic influence and its reduction.

Thus it is obvious why the concern for human health when exposed to
electromagnetic field influences is receiving more and more attention. At the
same time, the investigations made are connected with the biological effects of
electromagnetic field exposure on humans. The growing concern, correlated
with possible health risks because of public and professional exposure to EMF
from electrical devices and from the use of electric energy in everyday living, is
causing significant debate among relevant individuals and institutions. A series
of investigations related to human EMF exposure has been made with the goal
of understanding more about the interaction of EMF influence and humans and
the possible consequences of such exposure [1, 2]. The goal of many studies is
the discussion and evaluation of possible effects on humans. But, taking into
account the fact that knowledge of the mechanisms by which EMF could cause
negative health effects are still insufficient, it is still not quite clear what pa-
rameters need to be measured so that the relation between EMF and the effects
caused can be explained and be tested.

On the assumption that the current and induced field explain the nega-
tive effects of EMF exposure [1, 2], the average value of the electric field is a
quantity that has been determined in a lot of studies. Some other quantities, such
as the level of exposure to anelectric field, certain other characteristics of mag-
netic fields (such as harmonics, transient processes, changes in time and space)
have occupied less attention. The most frequently used parameter for describing
the effect of EMF on humans is the generalized specific absorption rate (SAR)
[1, 2]. However, there are other relevant parameters, such as the distribution of
EMF and induced charges and currents in a human body exposed to EMF.
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On the one hand there is concern about the possible negative effects of
EMF exposure; on the other hand there is a need to find ways of using such an
influence with positive aims as in diagnostic and therapeutic procedures. EMF
influences investigations are important from another point of view, also, to de-
termine the parameters for their description and to define recommendations and
standards for human protection.

In this paper, a developed procedure for electric field distribution de-
termination or, if it is requested, for SAR distribution in the human body ex-
posed to EMF influence and represented by a model, is presented. These pa-
rameters are determined for typical values of the electrical field from the sour-
ces taken as examples. Having the values for the electric field distribution or for
SAR, we can discuss the biological effects of EMF exposure on humans.

This paper is an attempt to observe the main points during the determi-
nation of EMF influence when a human is exposed to frequency-dependent
EMF. The main questions to be solved are the modeling of the human field ex-
posed, a suitable presentation of the environment, finding an appropriate human
model for the presentation of its structure, taking account its geometrical and
electrical characteristics, and finding a suitable method for solving the field de-
termination and an appropriate presentation of the results [3]. Special attention
is paid to modeling EMF sources which have a wide frequency range, and find-
ing an appropriate human model. During such analysis several problems appear,
connected with the fact that the human body has a very complex geometric struc-
ture. Therefore it is very difficult to obtain a precise theoretical or experimental
description of the human body. At the same time, when the influences of EMF
exposure are determined, one must consider the fact that human tissues have
electrical characteristics which depend on the frequency of the exposed EMF.

In the procedure developed for analysis, the human model is formed de-
scribing its boundary surfaces. Triangles are used as a basic shape for represen-
tation of the surface. The influence of a body with different characteristics from
those of the free space is replaced with equivalent surface currents during the
computing. In this way, a field inside the human body is determined. The pre-
sented method for EMF influence determination does not depend on an incident
field’s form or its frequency.

1I. Aspects of interaction and quantities

EMF frequency has a direct influence on effects from human exposure
to EMF influence [1, 2]. These can be manifested as neuromuscular stimulation,
tissue heating or surface heating. This influence is characterized by quantities:

— contact current (I.) between subject and object given in (A). The contact
current is the result of the conducting object and charged by field influence,
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— specific absorption energy (SA), defined as energy per unit mass
(J/kg), used for description of the non-thermal effect during pulsed mi-
crowave radiation,

— rate or norm of specific energy of absorption (SAR specific absorp-

tion rate) as an average value for a whole body or for some part of it.
SAR definition is the ratio of energy absorbed from the mass tissue unit

o 2
- , 1
SAR 2p|E,| (D)

where o is tissue specific conductivity, p tissue mass density, and E; is maxi-
mum value of an electric field at a given point. SAR can be expressed in (W/kg), or
(mW/g). Whole body SAR is a quantity widely used as a measure for relatively
harmful effects from EMF exposure in the radio frequency (RF) spectrum. The
value of local SAR is related to a specific human part and is based on mean
SAR value; it is necessary for limit estimation of excessive energy imported
into a specific part, as a consequence of a specific condition of exposure.

Biomechanisms of acting and dosimetric quantities depend on incident
field frequency and they are:

— for 3 kHz — 100 kHz range the biomechanism is characterized by neu-
romuscular stimulation, then current density is defined as a dosimetric
quantity,

— for middle RF (100 kHz — 3 GHz), such as characteristic tissue heat-
ing and SAR quantity are defined,

— for microwaves 3 GHz — 300GHz, biomechanism is defined as sur-
face heating given as a power density (W/m?).

11I. Effects of EMF exposure

The effects of EMF exposure depend on the frequency of the incident field.

When we talk about the interaction of extremely low frequency (ELF)
and low frequency (LF) fields with a biological system, the electric signals in it
have to be considered. The electric signals are important in the control of bio-
logical processes and information flow in the body. These field effects can be
described as:

— electric field effects on cell membranes,

— nonlinear effects from AC fields on cells,

— thermal effects,

— electric field effects on the biological system.
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When a biological system is positioned in ELF EMF induced internal
electric currents and fields and surface charges on the connection of different
electric medium appear. This can be described with Maxwell’s equations. When
we deal with ELF fields significant simplifications for solutions can be made
because they are quasi-static. Because of the object size and tissue electric char-
acteristics, the depth penetration into it can be neglected.

The interaction between an ELF magnetic field and a biological system
can be described through two well-known and established mechanisms:

— the appearance of an induced electric field defined in Faraday’s law of
electromagnetic induction and

— the direct effects of a magnetic field on magnetic particles as magnet
crystals detected in some organisms.

The interaction of EMF in RF range and biological tissues is a complex
function with many parameters. These fields are characterized by their fre-
quency, field intensity, direction and polarization. When a body is exposed to
known EMF, Maxwells equations taking account of specific boundary condi-
tions can be used todetermine the field inside it. In this case, a biological body
represents a non-homogenous medium with characteristics of an imperfect di-
electric, so complex permittivity has to be defined. Even a whole problem for-
mulation is a complex task, knowing the complexity of shapes and dielectric in-
homogeneity. Accordingly, only quite simplified models can be analysed. On
the other hand, an experimental approach is a subject with significant limita-
tions and simplifications. The intensity of internal fields during EMF exposure
depends on external field parameters such as its frequency, intensity, polariza-
tion, shape, position of the human and source. Thus the complexity of interac-
tion and its determination is obvious.

A series of investigations is made to find relevant parameters for EMF
exposure description and define basic restrictions. The quantities that define
basic restrictions depend in the EMF source frequency and they can be current
density, magnetic flux density, power density or SAR. Part of basic restriction
of SAR is given in Table 1 [4].

Table 1 — TaGena 1

Basic restriction for SAR
basuunu pecitipuxyuu 3a SAR

SAR[W/kg] Occupational exposure General public exposure
Whole body average 0.4 0.08
Localized (head) 10 2
Localized (limbs) 20 4
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It should be mentioned that basic restrictions are related to one univer-
sal human model, and do not take into consideration specific individual charac-
teristics such as human sensitivity, age, or environmental conditions.

In cases of EMF influence, when there is a probability of exceeding ba-
sic restrictions, referent levels are defined. They refer to public or professional
exposure to EMF influences. The quantities that define referent levels depend
on frequency, so that the electric or magnetic field as well as magnetic flux den-
sity and equivalent power density of plane wave describe them [5].

1V. Modeling

During the determination of the influence on humans exposed to EMF,
modeling of incident field and human body are issues to be solved. Modeling
determination is important from the point of view of the credibility of the results
obtained.

The modeling problem is not simple, on one hand there is a complex
and wide range of sources of EMF influences, on the other hand it is not easy to
form an appropriate human model taking account its geometric and electric
characteristics.

The excitation (incident field) source has obviously various forms and
frequency. The modeling of an incident field depends on its frequency.

The most common sources of low frequency EMF are industrial power
systems, power lines and electrical devices, devices for melting and welding.
Currents with great intensity appear in these devices. Such an incident field can
be modelled as a field from a power line, or a field from a current frame repre-
senting a field in industrial power systems. That field can be obtained by know-
ing the power line incident field and its frequency, and the relative position of
the human and the line. If a conducting frame is positioned as a model, it is nec-
essary for current intensity, frequency, shape and the dimensions of the frame
and also the position of the human to be defined [6].

The most common type of high frequency EMF source are the units in
cellular telecommunications, various types of antennas, mobile base stations,
etc., which are widely used and present in the human environment. Here, the
incident field can be described as an antenna field, or as a plane wave field. If
an incident field is modelled with antenna field, the parameters that have to be
defined are the power with which the antenna is fed, its geometry, working fre-
quency, and the relative positions of the antenna and the human. If we model
using a plane wave field, the electric field of the plane wave, its frequency, po-
larization, direction of propagation, the position of the human and the electric
field vector are parameters to be defined [7].
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The other problem that needs to be solved during modeling is forming
an appropriate human model.

Determination of an appropriate human model during EMF influence
calculation is directly connected with the accuracy of the results obtained. Hu-
man body modeling can be various, due its complexity and the proposed calcu-
lation method. The task that arises is how to find an appropriate and suitable
representation, taking into account the human body’s complex geometric struc-
ture. Some geometric bodies such as a parallelepiped, cylinder, sphere, spheroid
or ellipsoid or their combination can be used as a human model, where the ap-
proximation is rather rough. Another possibility for modeling is using cubes or
parallelepipeds, where the dimensions have a direct influence on the results
gained.

Our system offers a semiautomatic procedure for the development of
individual human models. The human model is presented with a description of
its external surface and the surface between different tissues inside the human
body using triangles [8, 9]. The choice of the triangles as a basic shape for sur-
face description is because of their characteristics such as flexibility and the
possibility of simple representation of any surface shape with their suitable se-
lection. Figure 1 represents a human model described using triangles. The choice of
describing the surface structure with triangles is linked to the calculation meth-
odology developed for field determination.
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Figure 1 — A human model
Cauxa 1 — Mooen na woseuxoitio iieno
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V. Methodology

The human body has a complex geometric structure and consists of dif-
ferent tissues such as skin, fat, muscles, bones, etc., each with different fre-
quency-dependent electrical characteristics. From the aspect of EMF influence
determination, the electrical characteristics of interest are tissue permittivity and
specific conductivity. These characteristics are frequency dependent and differ-
ent for each body tissue. Table 2 gives the relative permittivity values for some
tissues for specific frequencies. In Table 3, specific conductivity values for the
same tissues and for the same frequencies are given [10].

Table 2 — Tabema 2

Relative permittivity for different tissues
Penaiuusna tiepmuiiusnocii 3a pasauynu WKuea

f Muscle Brain Bone Fat
100 Hz 3910 15107
100 kHz 3104 3800 280 210%
1 MHz 2460-2530 1250 87
100 MHz 67-72 237-289 23 4.5-7.5
1 GHz 57-59 45 8 4.3-7.5
10 GHz 40-42 40 50-52 4-7
Table 3 — TaGeuna 3
Specific conductivity [S/m] for different tissues
Cliteyughuuna tiposoonocini [S/m] 3a pasnuunu wKusa
f Muscle Brain Bone Fat
100 Hz 0.076 0.0126 0.02-0.07
100 kHz 0.40 0.17 0.02-0.07
1 MHz 0.83-0.85 0.21 0.0144
100 MHz 0.95-9.99 0.45-0.63 0.02-0.07
1 GHz 1.38-1.45 0.89-1.17 0.0173 0.03-0.09
10 GHz 8.3 10 0.3-0.4

In fact, we are dealing with a complex structure in regard to electric
characteristics. Therefore, it is clear that the problem to be solved is to deter-
mine the electric field in non-homogenous media. One procedure is well known
in the literature [11 ,12], based on the equivalency of body influence with char-
acteristics different from those of free space with an equivalent current

J = jo(e—&,)E @)
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where J is the current density, & complex permittivity and E is the electric

field vector. The use of this procedure is to determine the field in a homogenous
medium with a known current distribution in space. But when dealing with a
complex geometric system, although we determine the field in a homogenous
medium, the problem leads to solving systems of a high order. Therefore, a pro-
cedure requires that a human body, as a non-homogenous medium, be divided
into regions with the same electrical characteristics. The influence of the field
within separated body regions is calculated from electric and magnetic currents
on the boundary surfaces. Posted mathematical models determine equivalent
electric and magnetic current densities on boundary surfaces, obtained from
boundary surface conditions [12], leading to

Jo=iixH and J, =-ixE 3)

where J and J, are surface electric and magnetic currents densities, 7 is

normal surface vector directed to the boundary surface and E and H are elec-
tric and magnetic field vectors, in the same place. Electric and magnetic fields
can be expressed with electric and magnetic vector potential, with the relations

graddivA — jwd - ! rotF 4
oxyr, g

E=—j

H= lroz‘ZI —J gradF ——joF 5)
U

wEM

where 4 is magnetic vector potential, F electric vector potential, & complex
permittivity, u permeability of the medium and o is frequency. The following
relations are valid for electric and magnetic vector potential

e’ e

- J7 - g7 -
A=-—[J, das F=—IJ,, das (6)
dry ° r 4 - r

where J and J,, are surface electric and magnetic current densities, and y is
the propagation constant in the region with defined characteristics.

Replacing the relation (6) in field equations (4) and (5), we obtain the
equations for electric and magnetic fields as functions of electric and magnetic
vector potentials. Using the boundary conditions for tangential components for
electric and magnetic fields for both sides of the boundary surface, the equa-
tions for equivalent surface currents are obtained. This approach leads to the
determination of surface distributed currents and it requires fewer calculations.

During these calculations, we request that the developed procedure is
not limited by the geometry structure analysed. Here, the determination of sur-
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face current distributions is a problem that has no exact analytical solution. For an
approximate solution, some approximations are made, taking constant values for
currents over each part of the surface, ect., triangle, or using special approxima-
tions for currents and charges. For current determination, a point-matching method
is used, where matching points are the centres of gravity of the triangles.

During the calculation, the human body is considered as a homogene-
ous medium with relative permittivity €, and conductivity o, taken as average
values for tissue characteristics of specific frequencies, according to [10]. The
electric field determined in the human is from equivalent electric and magnetic
currents on its surface and a field given through electric scalar potential and
magnetic vector potential

E= ja);l —grado (7)

where E is electric field, 4 is magnetic vector potential, and ¢ is electric sca-

lar potential. Knowing the electric field distribution in the body, other parame-
ters valid for the assessment of EMF influence such as SAR can be obtained.

In many cases, the object of interest is a specific part of human body,
and the determination of EMF influence on it. The proposed method enables
solving the problem in steps. First, the calculations are made using a rough hu-
man model. The next step uses a precise model of the part selected for calcula-
tion. For example, if an implant is positioned in a human leg, that part can be
described with much finer presentation. Figure 2 represents a human body model in
such a case. This method of human model presentation slightly decreases the
accuracy of the results, but in this way we reduce the scope of the calculations.

Figure 2 — Human model with in parts different precision
Cauxa 2 — Moden Ha 4o8eukoilio itieso co 8apupayxa upeyusHoci
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As an illustration of the proposed procedure for EMF influence deter-
mination, several examples are given. According to the fact that EMF sources
have wide frequency range, the examples illustrate the procedure for sources on
low and high frequencies.

The first is related to electric field in human determination when ex-
posed to a normalized value of the incident field (1 kV/m), from a power line at
50 Hz. The power line is defined with its geometry, and the human is positioned
under it, on perfect ground. That means that during calculations, the ground is
considered as a perfect surface in taking account of its influence. The human
body is considered as a homogenous medium with relative permeability €, and
conductivity o, as average values of those quantities for tissues of a specific
frequency, accordingly [10]. The results for the electric field in a human being
can be given in a longitudinal or a cross section of the human body. Some of the
obtained results are presented in Figure 3. Figure 3 represents the electric field
distribution in longitudinal section on the same surface as the power line. In the
Figure the brighter shadows represent a stronger field. It should be mentioned
that the bright zones which appear especially on the edges are the result of a
rather rough model representation. The results show that electric field values in
such a case are within recommended limits.

-

Figure 3 — A longitudinal section
Cauxa 3 — JlonzZuitiyounanen tipecex

The second example illustrates electric field determination in the human
head when a mobile device antenna is near it. The antenna geometry is given as
a dipole antenna, and it is positioned vertically and parallel with the human head
at a distance of 2 cm. The antenna is fed with 0.6 W power, and it works on 900
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MHz. The human body is considered as a homogenous medium with relative
permeability €, and conductivity o, as average values of those quantities for tis-
sues of that frequency [10]. The obtained electric field is usedto calculate the
values for SAR. In such a case SAR value are around 1.25 mW/g, when the dis-
tance between the human head and the antenna is 1.5-2.5 cm, and they are be-
low protection value of 1.6 mW/g according to ANSI/IEEE standards.

The developed procedure is applied for electric field determination in a
human body that contains an implant with electrical characteristics quite differ-
ent from those of tissues. The implants can be different, from metal implants to
various electrical devices such as pacemakers, for example. In that case, the
structure geometry, source value, characteristics of implant and the human body
are defined parameters. Obtained values for the electric field show it slightly
increasing by several percentage points compared with the case where there is
no implant in the body, but far below permitted limits. Some stronger field ap-
pears on the edges of the implant, but this is also below the recommended val-
ues for such a case.

VI Summary

Investigating the ways EMF influences the human body enables us to
understand more about the effects of human exposure, and with that to find
ways for protection. The proposed methodology for determining EMF influence
on humans exposed to EMF fields is an effort in that direction. During this,
modeling of human body and forms of incident fields arise as problems that
should be solved with consideration. The proposed human model is correlated
with techniques developed for determining the electric field in the human body.
The determined field in the human enables other relevant parameters for EMF
influence on humans, such as SAR, to be obtained. The advantages of the
method presented are that it has no specific restrictions due to methods of EMF
source modeling, the forms of the incident field or its frequency, as well as the
geometric or electric characteristics of the described structure. The last one en-
ables EMF influence determination in a case where there is an implant in a hu-
man body with characteristics quite different from those of tissue. The proposed
methodology enables calculations to be made in steps due to possibility of mod-
eling different parts of the human body with varying precision.

The obtained results for the electric field in humans are a basis for a
discussion of the possible biological effects on humans exposed to EMF influ-
ence.
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Pesume

OAPEJAYBAILE HA EJIEKTPOMATHETHHU BJIMJAHUJA HA YOBEK
H3JI0KEH HA EJIEKTPOMATHETHHA ITOJIMIBbA
- MOJEJIMPAIE 1 METOJOJIOT'HJA

Onoiocka JL.,' Janes Jb.'u Jockoseka C.”

I@axyaitieiti 3a eaeKipoOiUeXHUKA U UHGOPMAUUCKU HLEXHOA0Z UL,
Huciuuinyin 3a eaexiiporura, Crotije, P. Makeooruja
2Dakyaiteitt 3a eAeKMUPOUIEXHUKA U UHPOPMAYUUCKU THEXHOAOZ UL,
Hnciuuinyiti 3a komiijyitiepcka itiexHuka u uHgopmaiiuka,
Ckotje, P. Maxeoonuja

IIpoyuyBamara Ha HauMHUTE Ha €IEKTPOMArHETHHUTE BIMjaHUja BpP3 JIyreTo,
OBO3MOJKYBaarT Aa ce paszdepaT eeKTUTE OJ BaKBaTa U3JIOKEHOCT, a CO TOa Ja ce Ipo-
HajIaT HaYMHY 3a 3alTHTa. [IpeanoskeHaTa MeTo0IOTHja 32 OJpEayBamke Ha €IeKTPO-
MarHeTHUTE BJIMjaHHja HA YOBEK M3JIOKEH Ha €JICKTPOMArHETHH TMOJIHba, € 00U BO TOj
npaser. [Ipu Toa, MOAEIHPAmHETO HA YOBEKOT M OOJIMIMTE Ha MHIMACHTHHUTE HOJIUA,
ce TojaByBaaT Kako IpoodIeMu To Tpeda moceOHo /1a ce pemraT. [IpeayioxkeHnoT MoIes
Ha YOBEK € BO KOpeyalHja co pa3BHeHaTa TEXHHKa 32 OApeIyBame Ha eNeKTPUYHOTO
ojie BO YOBEKOT. Baka oIpeneHoTo moie 0BO3MOXYBa Jia ce IOOHjaT W APYTH pele-
BaHTHH NapaMeTpH 3a OTCIUMKYBambe Ha CICKTPOMATHETHHUTE BIHMjaHHja, KaKO HA MpPHU-
Mep BenmmunHata SAR. IIpeqHOCTHTE Ha MPE3CHTHPAHHOT METOA Ce THE IITO HUCTHOT
HeMa IOCceOHM OrpaHNYyBamba BO OJHOC Ha HAYMHHUTE HAa MOJICIHPAHETO Ha M3BOPHUTE
Ha CJICKTPOMArHCTHUTE IOJINEhA, OGJ]I/II_[I/ITG Ha MHIOUACHTHOTO II0JIC WM HEroBaTa (I)pCK-
BEHIIMja, KaKO M TCOMETPHCKHUTE WM EICKTPUYHHTE KapaKTEPHCTHUKKM Ha OIMIIAHATA
crpykrypa. TlocienHoTo 0BO3MOXKYBa OJIpeilyBame Ha BiMjaHHjaTa KOra TIOCTOM MMILIAHT
BO TEJIOTO Ha YOBEKOT CO COCeMa Pa3IMiHM KapaKTEPUCTHKU 0J Heroute. IIpemoxke-
HaTa METOHOJIOTHja OBO3MOXKYBA IIPECMETKUTE Jla CE BPIIAT BO YEKOPH, KaKO Pe3ynTaT
Ha MO’KHOCTa Ha MOZAENUPAe Pa3IMyHU JETIOBH O] TEJIOTO CO pa3jIMyHa MPELH3HOCT.

JlobueHuTe pesysraTi 3a eJIeKTPUYHOTO II0JIe BO YOBEKOT CE OCHOBA 32 JIUCKY-
cHja 3a MOXKHUTE OMOJIOLIKK e()eKTH BP3 YOBEKOT M3JI0KEH Ha €IIEKTPOMArHeTHO BIIHjaHHE.

Kiy4ynu 360poBn: eJIeKTpOMarHeTHO MOJIe, eeKTPOMarHeTHO BiMjaHue, YOBEUKU
MOJIeJ, MHAYLMPAHO eNeKTpudHo nojae, CAP.
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