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Abstract

In this project, numerical modelling has been conducted extensively in order
to evaluate the EM characteristics and the specific absorption rate (SAR) within
animal bodies and tissue samples under exposure to radio frequency (RF) radiations.
These studies have been carried out by using a finite difference time domain (FDTD)
code with improved absorbing boundary conditions (ABCs) and using a commercial

code based on the finite integral technique (FIT).

On the animal body scale, the implication of aging of rats has been
investigated by considering the influence of the body size and the age-dependent
tissue dielectric properties. The interactions of electromagnetic fields with numerical
inhomogeneous rat models corresponding to rats, aged at 10, 30 and 70 days, have
been assessed. In general, younger rats were found to suffer from higher whole-body
averaged SAR values at resonant frequencies. The size of the animal was found to be
the main factor affecting the coupling with the EM fields. The implications of
varying the tissue dielectric properties were found to be most pronounced when the

size of the animal was close to resonance.

On the tissue scale, numerical dosimetry has been conducted to characterise
the EM wave behaviour and the SAR profiles inside a brain tissue slice located
within a microstrip line exposure system. Several measures have been taken to
overcome the computational challenges in modelling thin tissue slices or probe
objects located within a large exposure system. The SAR distributions inside thin
tissue slices have been evaluated for exposure to frequencies ranging from 300MHz
to 3GHz. The study has also investigated the effects of inserting thin metal or glass
probes for exciting the tissue and measuring the electrical signal. This has revealed
that the SAR at the tip of the metallic probe increased significantly due to the
intensification of the electric field. The use of glass probes has produced similar
results but with lower field intensity at the tip of the probe. The numerical results of
this study concur with the measurements carried out by another research group.
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1.1 Background

Worldwide, a significant number of people from all age groups have access to
mobile phones. Recent research has shown that the vast majority of the UK

population use mobile communication devices (about 61 million, June 2005) [1].

The wide availability of wireless and electromagnetic (EM) technology has
led to concerns for adverse health implications on the human health [2]-[13].
Equally, the EM interactions with biological materials have generated considerable
interest among a variety of medical and industrial professionals due to their practical
applications [14]-[16].

Several organisations and government agencies have already defined a
number of guidelines restricting the human radiofrequency (RF) exposure to certain
power levels (Section 1.5). However, these guidelines are based on the thermal
distress resulting from EM power absorptions and they still require conclusive

scientific evidences on other possible non-thermal effects.

The understanding of the interactions of electromagnetic fields (EMF) with
living species is a complicated subject due to the complex inhomogeneous nature of
biological matter. In view of the difficulty of this topic, a large number of studies
have been conducted to determine various biological implications due to exposure to
RF radiation [17]-[27]. Although the results of these studies have contributed to the
knowledge of the EM interaction with biological matter, there still remain a number

of knowledge gaps.

The first logical step towards understanding this topic is the characterisation
of the EM field strengths and distributions within the exposed animal or tissue. In
practice, direct field measurement inside the living species using an invasive probe

technique is very difficult if not impossible. In order to enable experimentation with
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tissues inside the body (in-vivo), a number of experimental and numerical solutions
have been employed in different studies [28]-[32]. Other types of studies, however,
are based on evaluating the fields inside tissue samples in isolation from the body
(in-vitro), e.g. tissue sample exposure to RF radiations [33]-[35]. Despite the
apparent simplicity of assessment at this scale, many experimental and numerical
difficulties are generated as a result of the smaller size or the thickness of the tissue
sample. Furthermore, the utilisation of thin probes to measure the fields may add to
the complexity of the problem due to the introduction of a singular point at the tip of
the probe where the field tends to intensify. Beyond the tissue scale, a number of
studies have looked into the underlying interaction mechanisms at the cellular and

membrane scales [36]-[41].

In this thesis, numerical dosimetry techniques have been used to investigate
the interaction of EM fields with living animals and with tissue samples located
within exposure systems. The outcome of these evaluations and assessments are
validated against experimental measurements of equivalent physical animals and
systems. The conclusions derived from this study will help shed further light into: (i)
the EM power absorption distribution within the exposed animals or tissue samples;
(ii) the implication of aging of animals on the interaction with EM fields; and (iii) the

accuracy of the numerical algorithms used in numerical dosimetry studies.

1.2 Types of RF radiations

In general, the human body is continually exposed to a variety of radiation
sources ranging from natural solar emissions to man-made sources. With the recent
advances of EM applications, each individual is vulnerable to EM fields of different
intensities and characteristics. Examples of such exposures can be demonstrated by
considering a person exposed to the radiations from a mobile phone; the same person
is subject to far-field radiations from distant base stations, in addition to radiations

from other broadcasting antennas.
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Humans could also encounter exposure to EM fields while undergoing
controlled medical treatments where the intensity of the field, frequency and duration

of exposure are monitored to achieve the desired biological effect.

1.3 Biological effects due to RF exposure

Understanding the underlying interaction mechanisms caused by RF exposure
is necessary for assessing the possible impact on human health. The interaction of
EM fields with biological systems can be categorised by several mechanisms
depending on the type and frequency of exposure.

During the past few decades, many studies have hypothesised different
categories of the interaction of EM fields with animals and biological tissue, over a
frequency band ranging from just above zero Hz to 300GHz. These categories varied
from induction of currents within tissues in the ELF (extremely low frequency) band

[42], to the induction of thermal energy due to RF radiation absorption.

Exposure to non-continuous (pulsed) waves has a different impact on
biological systems. Evaluation of such impacts is dependent on a variety of
parameters, such as the intensity, pulse shape and width, and the pulse type (single or
multiple) (Chapter 2).

In general, the biological effects arising due to exposure to non-ionising
radiations are categorised in terms of thermal and non-thermal effects. Biological
effects are expected to appear in response to induced heating from the EM power
absorbed within the tissue or body. In addition, other effects may exist as a result of
the direct interactions of E-fields or H-fields with the body cells, or tissues.
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1.3.1 Thermal effect

The thermal effect constitutes a category of biological effects due to the
temperature rise caused by the absorption of the EM energy within a given mass of
biological material. Hypothetically, the basic definition of the electrical power flow
is determined by the equation P=I’R, where | and R correspond to the total current

and resistance of the material sample respectively.

The EM power dissipated within a given mass can also be expressed in terms
of the power absorbed per unit volume P,, and can be defined as a function of

material resistivity r and current density J (see below).

P=rJ? (W/m®) (Equation 1.1)

The power absorption can also be expressed in terms of the rms value of the

electric field (E) and the material conductivity (o), as shown below.

P, =0E’ (W/m?) (Equation 1.2)

The rate at which the EM power is absorbed, can be used to determine

whether such power levels may initiate a biological thermal response.

Temperature in tissues exposed to EM fields continues to rise until the heat
input is balanced by the rate at which it is removed. The temperature is generally
dissipated from the material by means of various mechanisms, such as conduction
with other tissue types, convection through blood perfusion. In addition, heat transfer
also occurs, but less evidently, through radiations to the surroundings (e.g. for tissues
in contact with the outer skin)[43]-[45].

It has been estimated that several minutes are typically needed for
temperature equilibrium during exposure to RF radiations [49]. In view of this slow
response, the equilibrium temperature resulting from the pulsed fields of mobile
telecommunications is essentially determined by the average of the power absorbed.

-4 -
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For this reason, the concept of SAR (Chapter 2) is introduced to determine the power

absorbed per unit mass of tissue.

Practically, thermal variations due to exposure can be measured directly on
the outer skin, or can be assessed using the thermal modelling techniques such as the
FDTD method ([46]-[48]).

The relationship between SAR and the resulting temperature rise is complex,
and is dependent on many parameters. The most problematic feature of temperature
calculations is modelling the effects of blood flow on the heat transfer and metabolic

temperature rise.

The traditional continuum heat-sink model, developed by HH Pennes [47],
was found to give remarkably accurate description of the heat transfer in biological
tissues in many circumstances. Nevertheless, numerous modifications have been
suggested since. For example, heat deposition within the head can be computed by
coupling the SAR with a thermal model [48]. This model includes the convective
effects of discrete blood vessels, whose anatomy was determined using magnetic

resonance angiography of a healthy volunteer.

Many researchers have carried out various numerical modelling of the EM
power dissipation and bio-heat transfer within models equivalent to the human body.
For instance, one study tested the EM and thermal distribution within a human head
exposed to a 915MHz dipole antenna with a time-averaged power output of 0.25W
(equivalent to a typical GSM mobile phone) [49]. Such radiation was found to result
in a SAR of about 1.6W/kg and indicates a maximum brain temperature rise of 0.11°
C in the steady state.

In another study, the computations of the final steady-state temperature rise
were carried out for a 0.25 W antenna at frequencies of 900 and 1800 MHz. The
highest temperature rises found in the brain were around 0.1°C. The temperature rise

noted in these studies was found to be insignificant for a noticeable effect [50].
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1.3.2 Non-thermal effects

According to the Institution of Electrical and Electronic Engineering (IEEE)
standard C95.3™, the non-thermal effects are defined as “any effect of EM energy
absorption not associated with or dependent on the production of heat or a

measurable rise in temperature” [51].

The initial step towards assessing such effects is to determine whether RF
radiation can cause ionisation within biological materials. lonising radiations are
those providing enough energy capable of removing an electron (ionising) of an atom
or a molecule causing the chemical bonds within the genetic molecules (DNA) to
break.

Fundamentally, the absorption of electromagnetic radiation is quantified in

terms of energy quanta (hf ), where f is the frequency and h is Plank’s constant

(~6.626x10* J.s). The energy quanta of RF radiation is measured in electron volt
(eV=160.217x10?! J), which is the work required to move an electron through a

potential difference of one volt.

Based on the definition above, the energy quanta resulting from exposure to
RF radiations in the frequency range 300Hz to 300GHz are estimated to vary from
1.24x10™ to 1.24x107 eV respectively. Both of these values are extremely small in
comparison to the energy required to break the weakest DNA chemical bond (about
1eV)[52]. Hence, the energy associated with mobile phone radiations is considered to

be non-ionising.

Nevertheless, non-thermal biological effects can still exist within these
energy levels. These effects can be detected if the effect of the electric field within
the biological system exposed to RF fields is not masked by thermal noise (or
random motion, or known as Brownian motion). Brownian motion exists due to the

thermal energy that all objects possess at temperatures above absolute zero.
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The averaged power of the thermal energy is determined by the relationship
(kTa), where k is Boltzman’s constant (86 peV per degree), and T, is the absolute
temperature measured in Kelvins (T,=273+t) and t is the temperature in degrees
centigrade. The averaged body temperature is around 37°C (310K), leading to kT, of
around 26.7meV. If this value is much larger than the energy of the motion produced
by the electric field, any effect of the electric field would be masked completely.

This gives an indication of the thermal noise existing within the living body
and provides a good measure of the minimum electric field required to produce a
detectable biological effect. In some cases, biological systems are more sensitive to
some frequencies than others. This is because the thermal motion taking place at

frequencies close to the resonance frequency of that biological system.

lons existing within biological tissues are driven back and forth by the
oscillating electric fields introduced externally from the source. The motion of these
ions is severely reduced by the viscosity of the surrounding liquids. It has been
argued that the movement of ions introduced by an electric field of 100 V/m is in fact
less than 10 m (the diameter of an atomic nucleus) [3]. It was also argued that non-
thermal biological effects are not necessarily caused by this ionic motion for cells
whose radii are smaller than 10um. However, larger cells with greater mass were
found to have higher influence due to the increased sensitivity to externally applied
electric fields [53]-[54].

Attraction between ions could, however, be influenced by the existence of an
electric field. The E-field polarises the cell and makes it act as an electric dipole.

This results in a polarised cell attracting similar polarised cells.

Biological effects associated with cell membranes can also exist at RF
exposure conditions. These effects appear due to the electrical current flow
introduced through the membrane in either direction. Membranes are known to have
strongly non-linear electrical properties; hence, the voltage applied across the
membrane is not always proportional to the current induced. Part of this non-linearity

-7-
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is due to the effect of the E-field on the proteins in the membrane area, which assists
the product currents flowing through the membrane. In addition, membranes are
involved in active chemical reactions that selectively change their porosity to various
ions so that both electrical potentials and chemical signals may change the

membrane’s conductivity by orders of magnitude [55]-[57].

1.4 Review of the existing studies

Bioelectromagnetic studies typically require multi-disciplinary expertise in
both biology and electromagnetic areas. Different type of methodologies can be
applied to investigate the effects of RF exposure on living tissues. This section
briefly describes these major types of studies used for evaluating biological

responses due to the exposure to RF radiations.

1.4.1 In-vitro

The in-vitro method involves experimentations on the biological cells or
tissues when isolated from the body. In-vitro studies are typically carried out to
evaluate specific cellular and tissue level interactions between exposure factors under

very controlled environments.

The main advantage of such studies is that some of the exposure conditions
can be easily and precisely varied (e.g. changing exposure duration, background
temperature, or exposure field intensity) as a means of determining dose-response
relationships and the effect of applying different threshold levels. These factors are
essential to the understanding of the quantitative interaction mechanisms. The
disadvantage of in-vitro testing is that the cells are isolated from the complete
complex systems of the body.

For this reason, in-vitro studies provide understanding of the potential
biological effects due to radiation and other effects, and are necessary in the
assessment of the human health effects of chronic or long-term EM exposure [58]-
[59].
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1.4.2 In-vivo

This method involves evaluating the biological effects of RF exposure on
human or animals, and provides the opportunity to conduct experiments under highly

controlled conditions.

Extrapolation of evidence of exposure effects across species may be limited,
but the demonstration of these effects in one animal increases the possibility of a
similar effect on other species. Animal studies, however, are not able to address
many human exposure factors that are sociologically or geographically based, such

as personal use of a mobile phone in different situations.

Some laboratory experiments may appear to suggest an adverse effect due to
RF exposure, but the results are not necessarily attributed to the exposure itself. This
is due to the fact that other stimuli might arise within certain organs of the body (side
effects). In order to achieve reliable results, it is essential to maintain the accuracy of

the experimental design and measurement methods.

1.4.3 Cognitive studies

Cognitive studies are those which investigate the effects of RF exposure on
the function of the human brain. This is linked to the direct and indirect effects on
human behaviour, such as, the way in which the brain perceives, and the effects on
learning, thinking, behaving, etc. It also involves mapping the sensory input to the
motor output. Example of such cognitive studies are those conducted recently, which
have controversially suggested that exposure to mobile phone radiations may lead to

shorter brain reaction times [10]-[11].
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1.4.4 Other Types of Studies

Epidemiologic studies involve life-time RF exposure to animals to assess the
long term or passive effects which could become evident after few generations of
animals [60]-[64]. Most of the studies mentioned earlier are typically undertaken in
medical laboratories; however, the actual interaction mechanisms need to be assessed

numerically or experimentally to understand the situation fully.

1.5 Guidelines and safety issues

A number of national and international organisations have formulated
guidelines defining the maximum EMF exposure limits for occupational and general
public. Despite the non-conclusive evidence of adverse health effects, the current RF
exposure guidelines are based on the restriction of the levels of energy absorbed by
the body tissues without causing thermal biological effects [65]-[68]. These

restrictions have been adopted in many countries as a precautionary measure.

Safety limits for EM exposure in the RF band are commonly assessed by
dosimetric parameters such as the maximum permissible exposure (MPE) or the
specific absorption rate (SAR). The current guidelines indicated by the different
agencies are based on the current evidence suggesting non-adverse on biological

effects below these restrictions.

In general, these agencies have formulated their guidelines based on the
established frequency-dependent coupling mechanisms through which time-varying
fields interact with living matter [65]. Figure 1-1 illustrates the ICNIRP
(International Commission on Non-lonizing Radiation Protection) reference levels
for exposure to time-varying electric fields as a function of frequency. Figure 1-2
illustrates a similar plot for the magnetic fields. These figures provide a good view of
the exposure reference levels which account for (i) coupling to low-frequency
electric fields, (ii) coupling to low-frequency magnetic fields, and (iii) absorption of
energy from electromagnetic fields, which is commonly assessed in terms of the

specific absorption rates.
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The SAR is more widely used and it signifies the derivative of EM power

absorbed within a given volume containing a mass of biological tissue (Chapter 2).

The ICNIRP has specified in its guidelines that the maximum permitted SAR
values for occupational exposure as 10 W/kg peak, and five times lower for the
general public (Table 1.1)[65]. For the frequency range 100 kHz to 10 GHz, basic
restrictions on exposure are considered to prevent whole-body heat stress and
excessive localised tissue heating. Most regions, such as Europe, Korea, and Japan,
are adopting or intending to adopt the ICNIRP guidelines.

In the UK, the National Radiological Protection Board (NRPB) specified the
maximum occupational and public SAR limits. (Table 1.2)[66].

The Federal Communications Commission (FCC) and the IEEE (Standard
C95.1 -1999) have adopted stricter peak SAR limits [67]-[68]. Under controlled
environments, the maximum permitted whole-body averaged SAR has been
restricted to 0.4 W/Kg. Peak localised SAR values were restricted to 8W/kg (19
averaged) for all tissues, except for the hands, wrists, feet, and ankles where the peak

SAR was permitted to reach up to 20 W/kg (10 g averaged).

For uncontrolled environments, the whole-body averaged SAR has been
allowed up to 0.08 W/kg, and the spatial peak SAR was restricted up to 1.6W/kg (1 g
averaged) for all tissues, except for the hands, wrists, feet, and ankles where the peak
SAR was permitted up to 4W/kg (10g averaged) (Table 1.3).

SAR (W/Kg)
Frequency range Whole-body Spatial peak in the Spatial peak in
100 kHz - 10 GHz ;
average head & trunk limbs
Occupational 04 10 20
General Public 0.08 2 4

Table 1.1: Occupational and public SAR limits considered by ICNIRP.

-12 -
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SAR (W/Kg)
Frequency range Whole-body Spatial peak in the Spatial peak in
100 kHz - 10 GHz X
average head & trunk limbs
Occupational 0.4 10 20
General Public 04 10 20

Table 1.2: Occupational and public SAR limits assigned by NRPB.

SAR (W/KJg)
Frequency range Whole-body Spatial peak in the Spatial peak in
10 kHz - 6 GHz X
average head & trunk limbs
Controlled Environment 0.4 8 20
Uncontrolled Environment 0.08 1.6 4

Table 1.3: FCC and IEEE SAR guidelines for controlled and uncontrolled exposure.

1.6 Research motives

The literature research summarised in this chapter has highlighted the fact
that evaluating the EM interactions with biological systems is a complicated topic
due to the complexity of biological matter. Despite the significant progress in
dosimetry methods, various challenges are still being encountered in the

experimental or numerical dosimetries.

The types of associated complications are typically dependent on the kind of
studies involved. These vary from measurement difficulties to modelling challenges,
depending on the complex nature of biological systems.

Accurate methodologies are needed for assessing the EM field strengths
within the exposed object and to detect biological responses. Experimental
measurements are extremely difficult in this type of studies as they require both
biological and electromagnetic expertise. In practice, further complexities are
introduced when using the measurement tools as they could affect its biological
behaviour or the EM field profile within the exposed object. Hence, theoretical and
numerical techniques are needed for the study.

-13-
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Numerical dosimetry requires full analysis and realistic replication of the
exposure scenario in order to determine the EM behaviour within the exposed
material. In view of the limitations of computational powers, some approximations

are needed to model the given structure.

The main aim of this research is to perform diverse numerical studies and
compare them with measurements to shed further light onto the dosimetric
methodologies used for the investigation of RF interaction with animals at the body
and organ scale (in-vivo), and the tissue samples (in-vitro). Here, the EM interaction

with rat bodies and rat-brain tissue slices will be studied in particular.

There are several reasons for the particular interest in rats. Specifically, these
animals are commonly subject to biological studies to analyse and determine similar
biological responses within humans. Therefore, possible EM effects evaluated within
the exposed rats can provide a better understanding of (i) the interaction within the
animal itself, and (ii) a measure of the interaction with humans (by adjusting and
scaling the data). Although studying of larger animals (e.g. pigs) may provide a
better scalability to human, however, the study of EM exposure to the rat body and

tissue slices are preferred for the following reasons:

e The viability of the study and sacrifice of animals by biologist (rats mostly).

e The EM effects inside the animal’s body can be used in exposure studies to
determine biological implications as a result of exposure to short or long term
EM doses.

e The availability of measured tissue dielectric properties for rats of different
age-groups.

e The relatively small size of the rat body enables full numerical analysis of the
entire exposure scenario using affordable computational resources.

e The brain slices of rats are similar to those of humans, and hence, are

preferred for measurements and in-vitro studies.
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1.6.1 The interaction of EM fields with animals

The interaction of EM fields with animals occurs on several levels, such as
coupling penetration of fields, induction of fields, resonance and others. These
mechanisms and others, result in a variation of the strength and distributions of the
internal fields. Examples of these parameters are known as the body’s electrical

properties, shape, size and orientation, as well as the strength and type of exposure.

In reality, animal exposure occurs in non-idealistic environment and animals
are subject to exposure from different orientations and various distances from RF
sources. Furthermore, animals themselves are not identical in size and their dielectric
properties vary from one to another, especially during their various growth stages.
These facts are also applicable to humans, and correspond well to the concerns raised
about the possibility that children might be affected under RF exposure.

1.6.2 The interaction of EM fields with biological tissue

A number of in-vitro studies have been conducted by various researchers to
assess the biological responses that arise from exposure to fields of certain strengths.
Experimental dosimetry techniques involve invasive measurements of local field

distributions which makes them extremely difficult, if not at all possible, to carry out.

With the advances of computational techniques, it became more viable to
assess the EM behaviour within the exposed tissue numerically. However, several
computational challenges may exist due to the size of tissue slices. Their size is
typically small in comparison to the exposure system that has been used.
Furthermore, the insertion of metallic or glass probes, driving and detecting possible
effects inside the tissue, introduces singularity of the fields at the tip. Again, this type

of effect is not well studied and requires further investigation.
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1.7 Thesis outline

This thesis presents a comprehensive numerical dosimetry study on animal
body, tissue slices under exposure to RF radiations. It extends to evaluate the aging
implications of EM power absorption on animals during their various growth stages.
It also demonstrates an accurate methodology for assessing the absorption within
tissue slices located within a large exposure system and evaluates the effects of
inserting thin metallic probes or glass electrodes. Furthermore, it provides the
performance analysis of microstrip line exposure systems designed for particular

applications.

A brief review of the topic and a general introduction to the motives behind
the study were presented in Chapter 1. An introduction to the background of
bioelectromagnetics and the basic fundamentals is presented in Chapter 2. The
numerical methods and techniques used for solving Maxwell’s equations in order to

assess the fields within biological materials is summarised in Chapter 3.

In Chapter 4, a comprehensive study on the interaction of animal body with

EM fields is given and the effects of aging on such interactions are also highlighted.

Chapters 5 and 6 present the evaluation and analysis of the performance of
various exposure systems and they account for a comprehensive evaluation of the
EM absorption within tissue slices and the effects of inserting metallic probes and
glass electrodes. In these chapters, the interaction of EM fields with tissue slices is

assessed for CW and pulsed wave exposure scenarios.

Finally, both a conclusion of the research and the outline of future work are
presented in Chapter 7.
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Chapter 2 Fundamentals of Bioelectromagnetics

2.1 Overview

The study of interaction between biological materials with EM fields is often
referred to as bioelectromagnetics. The EM field interactions with living tissues can
be characterised by two different effects, namely, the effect of tissues on the
performance of a nearby antenna and field patterns [1]-[2] and the effect of the

antenna’s EM fields on tissues where the energy is exposed [3]-[5].

Interactions of tissues with EM fields are based on several established
mechanisms for each of the electric and magnetic field components. The electric
fields are associated with forces on the presence of electric charges whereas the
magnetic fields exist as a result of the physical movement of electric charges
(electrical currents).

Under EM field exposure, the time varying electric field results in the re-
orientations of the dipoles within the tissue, altering tissue bound charge orientation.
This process creates new dipoles and also creates a flow of electric charges that

forms the electric current flow.

The time varying magnetic field components are, however, responsible for
inducting internal electric fields and circulating electric currents. The magnitudes of
dipole polarisation, charge induction and flow are related to the tissue properties
(permittivity and conductivity), the strength and polarisation of the applied field, and

the dimensions of the body.
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2.2 Electromagnetic interaction mechanisms with biological matter

Materials exposed to EM field may experience variations within their
intermolecular structure. The applied E-field causes displacement of the material’s
free and bound electrons and magnetic fields result in orientation of atomic moments.
Local fields inside materials are different from the applied fields because of the
effect of charges of the surrounding molecules. Forces exerted by the applied electric
and magnetic fields may change charged particles within the exposed material. This
results in altering the material’s charge patterns. This phenomenon could also cause

additional electric and magnetic localised field.

2.2.1 Effects of bound charges

Bound charges are tightly held within their material and they are involved in
limited movements around their original positions. Normally, positive and negative
bound charges are superimposed upon each other cancelling their net charge (Figure
2.1a).

Applying an E-field that opposes the bound charges causes their separation
and creates induced dipoles consisting of a combination of positive and negative
charges separated by a small distance (Figure 2.1b). The new induced fields can be

created from the polarisation charge created by altering the balanced net charge.

2.2.2 Effects of dipole orientations

Most materials consist of molecules made of charge arrangements forming
permanent dipoles. Orientations of these dipoles are random within the material due
to the thermal excitations. When an E-field is applied, the resulting force on the
permanent dipole tends to align the dipole with the applied E-field (Figure 2.1c).
Again, the net alignment of the permanent dipoles results in new induced fields

depending on the strength of the applied field.
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2.2.3 Drift of conduction charges

When charges such as electrons or ions are free enough within the exposed
material, the applied E-field can cause significant movement of these charges
forming induced currents (Figure 2.1d). New fields are hence produced from the
currents resulted from the sums of drifting conduction charges. In general, electric
fields that are external to the body induce surface charges and the drifting of these

induced charges forms currents on the body.

ofY ¢

(&) ) (d)

Figure 2.1: An illustration of the effects of the applied electric field (E) on the bound charges,
dipole orientation, and drift of conduction charges. Each figure corresponds to (a) no electric
field applied; and the effect of E-field on (b) separation of bound charges, (c) orientation
alignment of permanent electric dipoles, and (d) drifting effects of free charges in response to
the applied E-field.

2.3 Dielectric properties of biological materials

Generally, biological materials consist of a complex mix of water, ions, polar
molecules, proteins, lipids, hormones, and many others. Characterisation of the
dielectric properties of such complex materials is heavily dependent on their actual
composition and the frequency of the applied field. Effectively, the interaction of EM
fields with such materials occurs on different levels depending on the size and the

properties of the molecules.

-24 -



Chapter 2 Fundamentals of Bioelectromagnetics

2.3.1 Relaxation theory

The dielectric properties of materials are generally defined in terms of their
relative permittivity (¢’) and conductivity (o). These two parameters respectively
represent the charge and current densities induced in response to an applied electric
field of unit amplitude. Naturally, the dielectric properties of materials can be
affected by several factors, such as frequency or temperature. Material dielectric
properties are normally defined in the form of complex permittivity (¢*) as shown in

Equation 2.1.

e*=¢g,(e' - j&") (FIm) ( Equation 2.1)

The real part (&) of Equation 2.1 is known as the relative permittivity (or
dielectric constant), which reflects the amount of polarisation produced by the
electric field. The imaginary part (£") is known as the ‘loss factor’ and is related to
the conductivity of the material (o )[6]. The material conductivity (o) is related to

the displacement conductivity (o, ), whereas in biological tissues the conductivity is

given by Equation 2.2.

og=0,+0, (S/m) ( Equation 2.2)

where o, is the ionic conductivity due to the drift of free ions under the action of the

field in biological tissue [7]. The conductivity (o) is related to the loss factor in
terms of the absolute permittivity (&) and the angular frequency (w=21f), as shown

below:

&'=— ( Equation 2.3)

In the case of biological tissues, ¢” represents the ionic conductivity and the
absorption due to processes of relaxation, including the friction associated with the

alignment of the electric dipoles and with vibration and rotation in molecules. In
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principle, the response of any material to a voltage variation involves physical
displacement of charge and the Kkinetics of this displacement establishes the

frequency response of the bulk properties.

In nature, such variations could result in either relaxation or resonance forms.
Generally, relaxation responses for most materials can be described by the physical
processes involved, which can be represented in terms of the relaxation time constant
(7). However, there are some materials whose dielectric processes are known to have

more than one relaxation time constant.

Furthermore, the complex physical nature of biological materials allows
several relaxation processes to take place simultaneously. Hence, the total electrical

response of the material can be characterised by several time constants.

The Debye relaxation theory has been typically used to characterise the
dielectric properties of materials in terms of the relaxation time (7). First and second

order Debye equations are illustrated in equations 2.4 and 2.5 respectively [8].

=g, +—= ( Equation 2.4)

g*( =& +£sl_£oo+‘%2_goo
1+ jwr, 1+ jwr,

( Equation 2.5)

where £* is the complex permittivity, & is the relative permittivity at low frequencies

(static) and €., correspond to the permittivity at high frequencies (optical).

Characterisation of the dielectric relaxation spectrum of biological materials
extends over the EM spectrum with different dispersion regions which are dependent
on the type of biological material and the exposure frequency. Biological tissues in
general are characterised by three main dispersion regions (a, £ and )) which
represent the relaxation processes for the frequencies ranging from a few Hertz to a
few Giga-Hertz[9] (Table 2.1).

-26 -



Chapter 2 Fundamentals of Bioelectromagnetics

Region Frequency range (Hz)
a 1-10°
B 10*-10°
0 10% - 10°
1% ~2x10%

Table 2.1, Frequency characterisation of the main biological tissue relaxation regions[9].

For frequencies up to a few tens of kilohertz, ionic diffusion processes at the
site of the cellular membrane introduces dispersions in the o region. Polarisation of
the cellular membrane and organic macromolecules for the frequency region (10 kHz

to 100MHz) bring the Sdispersion region into effect.

In the gigahertz region, the y dispersion exists due to the polarisation of tissue
water molecule. Between the S and y regions there exists a minor relaxation region
known as o. The 9 region is caused partially by the rotation of amino acids, by the
partial rotation of charged groups of proteins and the relaxation of protein-bounds
[10].

In general, the permittivity (¢) values decrease as the frequency increases.
This is due to the inability of the charges in tissue to respond to higher frequencies
where the relaxation response becomes limited to the polarised and permanent

molecular dipoles (e.g. water).

2.3.2 Age-dependent dielectric properties

The aging of animals is generally characterised by the increase in size of the
body and organs, by variations of their tissues dielectric properties as a direct
consequence of their changes in the cellular structure and composition of the body
and by their water concentration as well. For this reason, the dielectric properties of
animal organs and tissues tend to vary at each growth stage. Such variations cannot
be assumed to change linearly with age and are not applicable to all tissue types

within the body [11]. This study has also shown that there is a general trend of
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decreasing permittivity and conductivity with increasing age for most tissue types.
Furthermore, these changes in dielectric properties were found to be more
pronounced in certain tissue types, such as the brain, the skin or the skull tissues.
Projection of these results to human tissues suggests disparity in the absorption of RF

radiations by younger people in comparison to adults.

2.4 The interaction of EM fields with biological materials

The dielectric properties of biological materials can be considered as one of
the many factors that determine the interaction with EM fields. These properties are
generally used to characterise the bulk EM property of a given material sample and

the effect which might initiate biological responses.

In the case of animal exposure to RF, the incident fields exposed on the body
undergo various measures of propagation and may suffer various boundary effects
such as reflection or scattering depending on tissues’ properties, shape, size,

direction and the angle of exposure.

Coupling between EM fields and the exposed body may exist in various
amounts depending on the field characteristics, the body dimensions and material
properties. The maximum coupling can be achieved when the size of body is of the
same order of magnitude as the wavelength and when the long axis of the exposed
body is in the direction and polarisation of the electric field. Internal electric fields
inside the body are a combination of the penetrated fields and those induced from the
external fields. These fields may also interact with bound- and free- charges, forming
ionic currents which may interact with the local fields at the cell level, in the extra-

cellular space, within cells and across cell membranes.
Tissues exposed to electric and magnetic fields by a nearby antenna might be

subject to both thermal and non-thermal biological implications (section 2.2). There
are several mechanisms by which energy can be transferred from the EM fields into a
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biological material. For instance, energy can be gained by the electric charges within

the biological material due to the forces exerted by the applied electric fields.

The magnetic fields, however, do not pass energy to charges, but the forces
that the magnetic fields exert on the charges can change their direction. Nevertheless,
the magnetic fields can convey energy through the forces they exert on the magnetic
dipoles within the material. Clearly, the transfer of energy from the magnetic fields is
less pronounced in biological tissues due to the fact that biological materials are

predominantly non-magnetic.

Although biological materials are generally treated as non-magnetic (their
permeability is essentially equal to that of free space), magnetic fields are still
thought to affect living species in many ways. For instance, it is well established that
static magnetic fields are used by animals, such as birds, for tracing directions. From
this, the effects of magnetic fields are likely to be most sensitive in biological tissues
containing small amounts of magnetite (for static cases). In the case of time-varying
magnetic fields, the most evident way is the induction of electric fields from the

magnetically induced currents (within tissues).

However, small amounts of magnetite molecules exist within human tissues
as naturally occurring oxide of ferrimagnet iron (Fe3O4). This type of ferrimagnet
behaves similarly within magnetic fields to a ferromagnet such as iron. Under
exposure to EM fields which are limited by the current guidelines, it has been
calculated that the largest RF effect that could be possibly caused by magnetic fields
is extremely small [12]. Any other effects due to magnetic fields at these frequencies

should be even smaller.

The above suggests that biological effects from EM fields are much more
likely to be caused by electric rather than magnetic fields. EM field interaction with
biological tissues is influenced by many factors such as the radiation frequency and

shape, size and the dielectric properties of the material under exposure.
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2.4.1 Interactions on the body scale

Interactions of the EM fields in the communication frequency band with
animal bodies can be assessed in terms of the whole-body averaged and localised EM
energy patterns. The wavelength of this particular frequency band can be considered
to be comparable to the body size of the exposed animal. Coupling and resonance
tend to dominate the extent of interaction mechanisms between the fields and the

animal body.

In nature, the animal’s organs have various shapes and sizes and consist of
different tissue types. For this reason, the peak EM distributions within the exposed
animal tend to vary significantly with frequency. Organs such as the brain, eyes, or
ears may particularly undergo higher EM absorptions as a result of exposure. Peak
power absorptions and EM resonance within the animal organs are particularly

important in health and safety risk assessments [13].

2.4.2 Interactions on the tissue scale

At the tissue scale level (e.g. in-vitro samples), the size of the exposed sample
is considerably smaller than the wavelength of the communication frequency band.
In this case, propagation mechanisms tend to dominate and the biological organ is
simply seen by the EM fields as a scatterer. Hence, biological tissue sample can be

represented in the form of a homogeneous lossy dielectric medium.

2.4.3 Interaction on the cellular scale

At the microscopic level, the wavelengths of the communication frequency
band are considered to be much larger than the exposed objects. Analysis in such
conditions can be carried out using a ‘quasi-static’ approximation approach, where
the spatial variation of the E and H fields are approximated as being the same within
that of static EM fields.
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The electric-circuit theory can also be applied as a simpler approach in
comparison to the EM solution. In this method the voltages and currents are the
principle variables. Hodgkin and Huxley (HH) have established an equivalent circuit
for describing the membrane complex electrical activity in terms of circuit theory
[14]. Several other improved models have been developed over the years describing
the operational mechanisms of an ionic channel, such as a finite-states Markov’s
machine [15]. Further microscopic studies have been attempted in order to
investigate the effect of EM field interactions with an ion and a receptor site based
on the quantum Zeeman-Stark model [16]-[17].

2.5 Dosimetry concept

In order to understand the effects of EM fields on biological tissues, it is
necessary to determine the magnitude of the exposed fields within the various parts
of the object (or body). This requires knowledge of the dielectric properties of the
different types of tissues and the signal type and field strengths and many other
parameters. Assessments of the EM energy absorption within a given mass of tissue
can be carried out using the averaged field strength together with the tissue electrical
properties at that given location. Several dosimetric parameters have been used to
assess the exposure to biological systems, such as the maximum permeable exposure
(MPE) and the more commonly used, specific absorption and specific absorption rate
(SA and SAR respectively).

2.5.1 The specific absorption rate (SAR)

The specific absorption rate (SAR) is used in dosimetry to denote the transfer
of energy from the EM fields to biological materials (rate of energy deposition per
unit mass of tissue). The SAR at a point is defined as the rate of change of energy
absorbed by charged particles within an infinitesimal volume at that point within an

absorber, averaged by the mass of that small volume (Equation 2.6).
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o/
SAR=—29 ([ kg) (Equation 2.6)
0

m

where p,, is the mass density.

However, the rate of change of energy a%t is equivalent to power density (P).

Hence, Equation 2.6 can be rewritten as:

SAR = £ W 1kg) (Equation 2.7)
P

m

Equation 2.7 can be re-formulated to relate the SAR to the internal E-fields:

olE[ :
SAR =——— W lkg) (Equation 2.8)

m

where orepresents the conductivity of the material, |E| is the r.m.s. magnitude of the

electric field and p is the mass density.

The whole-body averaged SAR is defined as the time rate of change of the
total energy transferred to the absorber body, divided by the total mass of the body.

In the IEEE standard C95.3 [18], the SAR is defined as the time derivative of
the incremental energy (dW) dissipated in an incremental mass (dm) contained in a

volume element (V) of a given density (o).

sap=L W _d AV e ( Equation 2.9)

dt dm dt pdv

The SAR is also related to heat capacity in terms of the rate of change of temperature

within the exposed object as shown below [18]:

SAR =¢ % W lkg) (Equation 2.10)

where ¢ is the specific heat capacity, AT is the change in temperature and 4¢ is
change in time. This equation is based on the assumption that any heat transportation

mechanisms are negligible.
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2.5.2 SAR measurement techniques over the frequency spectrum

Different measurement techniques are needed to evaluate the SAR induced at
the exposed body over the frequency spectrum [19]-[22]. At frequencies below
100MHz, the induced current flowing through the body towards the ground is
measured in order to assess the induced SAR. Below a few hundreds of megahertz,
SAR values can be determined by measuring both of the electric and magnetic fields.
Assessment of the SAR in the frequency band (300MHz-3GHz) can be achieved by
measuring either the temperature or electric field distributions within the exposed
object (Section 2.5.1).

For exposure to frequencies below few Gigahertz, the SAR values can also be
evaluated by measuring the thermal profiles using RF-transparent temperature
sensors. Above few Gigahertz, most of the EM absorption occurs on the surface of
the lossy material, and hence thermographic cameras can be used to measure the

SAR at the surface of the exposed body.

2.5.2.1 SAR spatial averaging

Measurements and computations of the SAR values are typically carried out
through averaging data over volumes containing a given tissue mass (e.g. 1 gram).
Animal bodies consist of a vast number of tissue types distributed inside the body
forming regions (or organs) of different shapes, sizes, and mass densities. Averaging
data over a fixed volume is therefore not possible over an inhomogeneous volume of
tissues. Other difficulties could rise when discretising the animal body for
computation, e.g. FDTD gridding, where the voxel does not necessary hold the
averaging mass required. This problem is addressed in the IEEE (C95.3 1991-
2002)[18] recommended procedures for SAR spatial averaging.

The IEEE averaging procedure recommends considering a tissue sub-volume
such that it does not extend exterior surfaces of the body, but may have pockets of air
within it. The mass of each sub-volume may not be smaller than the averaging mass
(e.g. 1g) but preferably as close to it as possible. Averaging of the SAR over a fixed
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mass of tissue in the body should be considered separately for each type. Any other
tissue type contained within the cube volume should be treated as air (mass=0 and
SAR=0).

2.5.2.2 Tissue mass averaging procedures

According to the IEEE recommendation [18], the peak spatial-averaged SAR
should be assessed over cubical tissue volumes containing a mass within 5% of that

required (e.g. of the 1 or 10 g) (Figure 2.2).

The peak spatial-averaged SAR values are commonly averaged over 1g of
tissue volume, whereas 10g averaging is used for extremities cases (e.g. peak SAR

values at hands).

The size of the cubical volume centred at each location is increased from all
cube sides until the desired value for the required mass should be accomplished
without extending beyond the most exterior surface of the body (Figure 2.3). If the
required tissue mass was not obtained, the centre of the cubical volume should be
moved to the next location. The centres of each valid averaging volume should be
assigned with the averaged SAR values. All locations included as part of this
averaging volume should be flagged so as to indicate that they have been averaged at
least once, whereas locations that are not part of any valid averaging volume should

be marked as “unused”.

Any positions marked as “used”, and have not been in the centre of any
averaging volume should be assigned the highest mass averaged SAR value of that
averaging volume. In the case of an “unused” location, a new averaging volume is
constructed with the unused location centred at one surface of the averaging cube and
the other five surfaces expanded evenly in all directions until the required mass of

tissue is obtained (Figure 2.4).

For cases where averaging is performed over tissue volumes that contain

mass less than that used for averaging (e.g. 10 gram averaged peak SAR of ear

-34 -



Chapter 2 Fundamentals of Bioelectromagnetics

pinna), the average SAR should be determined as the total SAR averaged over the

total mass of the tissue of concern.

-Divide the problem space into cubical volumes containing within 5%
of the averaging mass (e.g. of 1 g)
-Mark all locations as “unused”

\ 4
Set a centre location for next cubical volume

A 4

A 4
Expand cube volume

Mark centre and move
to the next location

Surface boundary reached
beyond the body exterior?

Volume contains mass reauired?

NO

Assign the maximum averaging SAR value for voxels involved.

A 4

- Mark averaged locations as “used”

- Allocate the valid centre with the averaged SAR

- Locations marked as “used” but never considered as a centre of
volume are assigned the highest averaging mass

Figure 2.2: Flowchart showing the basic IEEE procedure for peak SAR numerical averaging
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Body is subdivided into volumes containing

/ mass within 5% of that required.

<«— Valid averaging volume

[ Invalid averaging volume

F

B Volume centre: Assigned with the averaged SAR value.
Voxels marked as “used” within the averaging volume.

Figure 2.3: A valid setup for the SAR averaging volumes™
*Reproduced from [18].

Averaging volume for the “unused” cell

[l Used as centre for SAR averaging

Not used as centres (Assigned with
highest averaged SAR value of the
averaging volume they enclose)

B Not included in any valid averaging
volume

Figure 2.4: Assignment of SAR values for each tissue sub-volume*
*Reproduced from [18].
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2.5.2.3 Localised and whole-body averaged SAR

There are special cases where the averaging mass is very small and hence the
average SAR can be expressed as the total SAR averaged over the total mass of the
body part of concern. The whole-body averaged SAR is therefore defined as the total
absorbed power averaged over the total absorbing body mass.

2.5.3 The specific absorption (SA)

Characterisation of the interaction of electromagnetic (EM) fields with
biological matter is commonly evaluated using a dosimetric parameter known as the
specific absorption rate (SAR). However, the situation is different for exposure to
pulsed fields, and another dosimetric parameter is needed. Several studies have
utilised the specific absorption (SA) which is defined as the quotient of the
incremental energy (dW) absorbed by an incremental mass contained in a volume of
a given density (o.dV).

Evaluation of the SA of biological materials in the time domain is a
complicated issue. Although many techniques are available for solving dispersive
materials in the time domain, computation of the SA involves further complexity,
especially when integrating the multiple of the dispersive tissue conductivity by the
local E-fields over the pulse duration. For this reason, most of the previous reported

results are based on assumptions of constant conductivity value [23]-[24].

2.6 Dosimetry methodology

Dosimetry is generally defined as the fundamental process of quantifying the
EM energy absorbed inside biological materials. Typically, dosimetric data are used
to determine whether biological responses could be induced due to non-ionising

radiation exposure.

Theoretical, experimental and numerical methods can be used for dosimetry.

Each of these dosimetry approaches is preferred for different scenarios (Table 2.2).
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This section highlights some numerical and experimental dosimetry methods.
By inspecting this table it can be seen that with the development of advanced
computation methods, combination of experimental dosimetry with numerical

modelling is becoming more desirable.

_ Numerical dosimetry Experimental dosimetry
Technique Theoretical Modelling Frobe Therr_nal
measurement Imaging

Surface SAR Simple Yes No Yes

models only
Simple
Volume SAR models only Yes Yes No
.. No

Multi-tissue (Complicated) Yes No Yes

Typical Averaged Detailed Liquid Solid
application shapes models phantoms phantoms

Method - - Invasive Non-invasive

Table 2.2: A comparison of the current numerical and experimental electromagnetic dosimetry
techniques.

2.6.1 Experimental dosimetry

Measurement provides the means to describe physical phenomena in
quantitative terms. So far, most of the SAR compliance tests are carried out by using
a sensitive electric field probe to scan a certain volume inside a phantom, filled with
a liquid simulating tissue-equivalent material. Such an experimental setup enables
dosimetry studies to detect an approximate peak SAR distribution patterns and
averaged SAR values (Figure 2.5).
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Figure 2.5: Schematic diagram of the probe field measurement within liquid phantom.

This method has been used as a standard technique for SAR evaluations
despite the fact that it takes a long measurement time due to the scanning of large
number of points. The utilisation of the probe makes this method invasive and limits
its function to the liquid phantom [25]-[27]. Furthermore, such a method cannot be
used to measure the SAR values on the surface of the phantom, for example, the ear

region of the phantom head where the peak SAR is usually located [28].

Thermal imaging on solid phantoms is a non-invasive method which has
potential of overcoming the limitations of the probe technique. A thermographic
camera is used to detect the thermal image on a cross section of the phantom under
RF radiation (Figure 2.6). The local SAR is then determined by making a linear
extrapolation from the rate of temperature change during the linear portion of the

heating curve (Equation 2.10).

The main advantage of utilising solid phantoms is that it enables non-invasive
measurements on physical multi-tissue models. However, it involves further
complexity and does not provide direct measurement of the SAR within a given
volume. Recent advances of the solid phantom techniques have encouraged a number

of researchers to select this method for analysis [29].
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Figure 2.6: Schematic diagram of the thermographic measurement set-up.

2.6.2 Numerical dosimetry

Numerical dosimetry involves computing the EM wave propagation through
discretised anatomic models of biological bodies and assessment of their SAR

distributions.

2.6.2.1 Theoretical analysis

Prior to the development of fast computational electromagnetic methods,
theoretical dosimetry has been used extensively to approximate the internal fields
and EM energy absorption within simple basic volumes. Several studies have
established certain simplified techniques for evaluating the EM interaction with
biological objects by means of approximating them with cubical, spheroid or
spherical volumes [7]. This type of theoretical assessment is still being used
extensively for evaluating the interaction of EM fields with biological materials at

the cellular and sub-cellular scales [30]-[31].
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Many theoretical and empirical techniques have also been applied to evaluate
the interaction of certain EM-radiation scenarios with simplified objects. Theoretical
dosimetry has also been used extensively in conjunction with experimental or
numerical studies, particularly for cellular level investigations and for relating the
surface SAR data to volumetric SAR distributions (or visa-versa) [32]-[34].

2.6.2.2 Numerical Modelling

Evaluation of the internal fields within any EM-radiated object can be carried

out by solving Maxwell’s equations using various numerical techniques.

The SAR is assessed using the local electromagnetic fields within the lossy-
volume of biological tissues (Section 2.5.1). In some occasions, SAR distributions
are used to evaluate the energy absorptions and the thermal profiles within the
structure. Thermal assessments can be achieved by using the Bioheat transfer
functions [35]-[36]. As an example, Figure 2.7 describes the steps required to

compute the EM field, SAR, and thermal distributions within human head models.

EM-based numerical modelling has become increasingly viable due to the
recent advances in both hardware and software aspects of computational resources.
The Finite Difference Time Domain (FDTD) method has particularly grown in
importance over the last few years as a time-domain solver for electromagnetic fields

of arbitrary three-dimensional structures (Chapter 3).

The importance of FDTD has evolved as a result of its ability to discretise
Maxwell’s curl equations for solving complex EM problems with reasonable
computational requirements. In this context, it offers the feasibility of achieving
accurate characterization of complex inhomogeneous structures that could possibly
consist of inhomogeneous materials with various dielectric or magnetic properties.
Currently, several models are made available for high-resolution computer-suited
anatomical structures, representing the various organs and tissue types [37]-[39].
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Construction of a computational model
e.g. from MRI scans

Assess
fields Tissues dielectric
database

Electromagnetic Fields Assessments

—2
SAR |- 7|E]

EM energy distributions

BHT| Bioheat Transfer equations
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Figure 2.7: Computation procedure for computing the EM, SAR, and thermal distributions,
which are induced as a result of EM field interactions.
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2.7 Chapter summary

A brief introduction has been presented on the fundamentals of the interaction
of EM fields with biological matter in this chapter. The mechanisms of the EM
interaction with biological matter has been characterised in terms of three main
categories. These are the polarisation of induced and permanent dipoles, the effects

of dipole orientations and the drift of conduction charges.

An overview of tissue dielectric properties of biological materials has also
been presented in terms of their relaxation mechanisms. The dielectric properties of
biological tissues have been categorised in terms of the relaxation regions which are
related to the sizes of composing cells, minerals and ions. At lower frequencies (few
kHz), ionic diffusion processes at the site of the cellular membrane becomes
responsible for the dielectric relaxation in the a region. At higher frequencies
(~10kHz to ~100MHz), the [ dispersion region becomes more evident in response to
the relaxation from the polarisation of cellular membrane and organic
macromolecules. At frequencies in the GHz region, the y dispersion occurs due to the
polarisation of tissue water molecules. The concept of age-dependent tissue dielectric
properties has also been explained.

In this chapter, the interaction of EM fields with biological matter has been
classified into macroscopic and microscopic scales. In this aspect, a brief review of
the EM interaction has been given in terms of (i) animal body scale, (ii) tissue slice

scale, and (iii) cellular scale.

The concept of dosimetry has been discussed and the current safety levels and
EM exposure guidelines have been reviewed. The specific absorption rate (SAR)
dosimetric concept and assessment methods have been particularly highlighted.

Finally, numerical and experimental dosimetry techniques have been discussed.
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Chapter 3  Computational Methods

3.1 Electromagnetic theory

This section briefly introduces the fundamentals of electromagnetic theory, in
particular, Maxwell’s equations, and boundary conditions. These fundamental issues
are extensively used in the EM computation algorithms mentioned later in this
chapter.

3.1.1 Maxwell’s equations

The core of electromagnetic theory is based on the relationships between
charges, fluxes, and electric and magnetic fields [1]-[3]. In 1873, professor James
Clerk Maxwell assembled the laws of Ampere, Faraday, Gauss, and the magnetic
field law into a set of equations which formed the basis of modern EM theory.
Maxwell’s equations can be presented in many forms and are used to describe the

electromagnetic phenomena at the macroscopic level (Table 3.1).

Maxwell’s equations | Differential form Integral form Time Harmonic
Equation(3.1) F__0B - Eal=-9 (Bae- (] T = —iwB-T
q xE=-—-=J, [Edl=-—(Bds~(J,dl XE=-jwB-J,
Faraday’s Law 0t ot
Equation(3.2) xH=7+%  [Ha=[Tds+2[Dds xH=J +jwD
Ampere’s Law ot o1
Equation(3.3) D= D.ds = pdv D=
Gauss’s Law P J J p
Equation(3.4) B=0 B.ds =0 B=0
Magnetic Field Law ' J '

Table 3.1: Differential, integral, and time Harmonic Maxwell's equations

where € = g,¢€, Electrical permittivity (F/m)
H= UM, Magnetic permeability (H/m)

E is the electric field vector (v/m)  H is the magnetic field vector (A/m)

The electric flux density is (D = €E ), and the magnetic flux density is (B = uH ).
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J,=p'H  The equivalent magnetic conduction current density (V/m2)
p is an equivalent magnetic resistivity (Q/m)
J, =0E The electric conduction current density (A/m2)

o is the electric conductivity (S/m)

3.1.2 Boundary conditions

The propagation of EM waves across a certain boundary between two
dielectric media is governed by a set of basic rules defining the field behaviour

depending on the alignment of fields with reference to the boundary plane ([1]-[3]).

Considering the tangential electric fields at a planar boundary, the E-field

tangential component should be equal across the boundary E, = E, (Figure 3.1-a).

Similarly, assuming no charges on the boundary surface, the tangential

magnetic field components are continuous across the boundary (H, = H,). Hence,

the boundary conditions of the tangential field components are given by the

equations below.
nx(E,-E,)=0,and nx(H,-H,)=0 (Equation 3.5)

On the other hand, considering the normal electric fields at boundary, the

normal electric fluxes should be continuous across the boundary, i.e. D,, =D, , and

gE, =¢&,E, (Figure 3.1-b).

n

Similarly, the normal magnetic fluxes should also be continuous across the

boundary, i.e. B, =B,,, and yH, = u,H,, . The vector forms of the normal field

components are given in the equations below in victor algebra.

n (D,-D,)=0,and n (B,~-B,)=0 (Equation 3.6)
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Figure 3.1: Boundary Conditions, (a) the tangential electric field component between two
media; and (b) The normal electric fluxes between two media.

3.2 Numerical methods

A number of numerical algorithms in the time and frequency domains have
been widely used to solve electromagnetic problems. In this study, time-domain
methods are preferred over others due to their stability and strengths in modelling
complex inhomogeneous dispersive media directly in the time domain [4]-[7]. This
section highlights the principle and basics of the finite difference and finite integral

time domain algorithms, which are equivalent.

3.2.1 The Finite Difference Time Domain

The finite difference time domain (FDTD) is a numerical computation
method based on solving the differential form of Maxwell’s equations (Section
3.1.1). The basis of this method has been introduced in 1966 by K.S. Yee who
introduced the FDTD method for solving Maxwell’s equations in a discretised
form[8].

This method uses a leapfrog scheme on staggered Cartesian grids where an
electric field (E) is offset spatially and temporally from the magnetic field (H). This
approach solves the “present” fields throughout the computational domain in terms
of the past fields (Figure 3.2).
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Figure 3.2: Yee's representation of the FDTD method spatially and temporally.

Furthermore, the finite nature of this technique has initially limited the use of
such method from open boundary problems. For this reason, absorbing boundary
conditions (ABC) were later developed to truncate the computational domain within
which the simulation takes place [9]-[13]. The numerical stability and error factors of
the basic FDTD algorithm can be minimised by appropriately modelling the problem
(Section 3.2.1.2). Many improvements have been achieved during the past few
decades where the method has become more stable and flexible for modelling a

variety of EM problems (Section 3.3).

3.2.1.1 The FDTD basis

The FDTD algorithm can be used to solve either scattered fields (Escat) Or
total fields (Eiwr) [14]. Exclusive calculation of the FEs fields requires defining the
source fields and the difference in material parameters from those of the background
medium. Calculation of the Ei fields is more straight-forward, and it can be

formulated easily for the entire computation domain.
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The basic principle of the FDTD can be explained in terms of an update
equation which is expressed in the space domain for each grid point

(i, j, k) = (iAx, jAy,kAz), and in term of a function based on space and time,
F(ibx, jAy, kDz,nAt) = F" (i, j k)

The simplified vector form of Maxwell’s curl equations can be represented in
the FDTD equations for EM waves by using the central finite difference
approximation of space and time derivatives. To incorporate the element of time,
each of the £ and H components are evaluated at alternate half time-steps using an

explicit finite difference approximation in the form:

E:”<z'+§,j,k>

1
(i+=,j,k)
= 1 : 1 : ! {E(i+1,j,k)E;I(i+1,j,k)
g(i+5,j,k)+a(i+5,j,k)ﬂf €(i+§1j,k) 2 ?

1 )74’1 )l*’1 }’[+l
PR e - L e 4 2 kD - L, ke Dy .
Dx 27 2 27 2 2 20 2 2 (Equation 3.7)
nht 1 1
H 2(G,j+= k+=
Lo 5 2)
1,1
/'l(l.lj+7lk+7)
- 11 ‘ 21 1., 11 1 '{”(i’j%’“%)H:(i’ﬂ%’“%)
it k) vo (= k) A =kt =
M, j 3 2) @i,J 2 2) MG, j 3 2)
SR G j 4 kD)= E1 G, 2 )+ B k)~ BN+ Lk + )T} .
Ax 272 2 2 2 (Equation 3.8)

The above FDTD equations are formulated for both lossy and lossless
medium equations except for the factors within the first set of curly brackets. These
are known as the electric and magnetic tapered damping functions, respectively. The

co-ordinates can be easily formulated to include the outer 2-axes of 3D space.
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3.2.1.2 Numerical Error, Convergence, and Stability

The basic FDTD algorithm is usually formulated to second-order accuracy,
however, higher order accuracy can also be achieved but this would incur additional
computational cost for an improvement which could be insignificant. Numerical
dispersion is an intrinsic property of FDTD technique and it is generated due to the
fact that phase velocity of the propagating wave is distorted as the wave propagates
in the discretised spatial domain. Numerical dispersion and grid anisotropy are

typically minimised by maintaining sufficient number of cells per wavelength.

Numerical dispersion is a function of the number of cells used per
wavelength and the direction of the wave propagation with respect to the axis of the
model. The phase velocity of the wave has been found to be at its maximum when it
is at 45° to all the orthogonal axes in a Cartesian coordinate and it is at its minimum
when it is propagating along one of its major grid axis [15]. The variation of the
phase velocity with wave-propagation angle tends to improve significantly when the

number of cells used per-wavelength is increased.

Since a propagating wave suffers from variation in its phase velocity
depending on the direction of propagation and number of cells used per wavelength,
it is clear that anisotropy is present in FDTD modelling. For instance, if an impulse
with infinite frequency spectrum is excited in the model, higher frequencies may
propagate at a slower phase velocity due to the fewer number of cells per
wavelength. Therefore, very high frequency component holding frequencies with a
wavelength shorter than few cells may experience what is known as the ‘ringing

effect which prevents normal propagation in the model.

Numerical stability needs to be ensured to maintain the convergence of the
FDTD solution. One of the convergence factors is the Courant stability condition.
The principle of this stability factor is based on the assumption that the

electromagnetic wave cannot transverse across more than one cell per time step [9].
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In order to guarantee numerical stability, the time increment 4t should be
bound relative to the lattice space increments 4Ax, 4y and Z. This bounding is
necessary to avoid numerical instability and hence the dominant maximum allowable

time step for the smallest cell size is expressed as:

At < - (Equation 3.9)
2 2
I S T
Ax Ay Az

where ¢ corresponds to the speed of light.

For an equilateral cubic voxel i.e, 4 = Ax = 4y = A, the above stability

criterion could be simplified to:

A

c /3

At < (Equation 3.10)

3.2.2 Absorbing Boundary Condition (ABC)

For each cell, the central-difference discretised Maxwell’s curl equations
require the past field information of adjacent cells half a cell located away in order to
update its current field strength (3.2.1.1). The update equations on the outermost
boundary cells can be easily treated as perfect electric conductor (PEC) by setting the
tangential E-field values along the outer boundary to zero. However, the scenario is
different when one attempts to simulate an infinite open boundary.

Logically, only a finite number of cells can be defined for computing a
certain problem and the field values beyond the outermost cells are undetermined.
For this reason, superficial media are defined around the problem boundary. Their

purpose is to provide an absorbing medium with minimal reflections.
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With the use of an absorbing boundary condition (ABC), the computational
domain can be truncated. In principle, the ABC simulates infinitely open boundaries

by using a limited number of cells.

Early ABC attempts were material-based and explained the impedance
matching concept. Such methods result in the characteristic impedance of the free-
space and the matching material is only matched at certain incident angle which
yields a high level of reflection [10]-[11].

Differential based method such as the Mur ABC [12] were developed later
on. As the name suggests, such ABCs use differential wave operators on the scalar
wave equation to predict and approximate the fields at the boundary. Such methods
are based on the factorisation of the wave equation, and they allow one solution

which permits only outgoing waves.

o_o* .
—=— (Equation 3.11)

E M
where ¢* denotes the magnetic conductivity, which is a factitious term in which is

added to facilitate the continuity of wave impedance across the boundaries.

When the equation above is satisfied, the impedance of the lossy free-space
medium equals that of the lossless vacuum; hence no reflection will occur when a
plane wave is incident normally across the two materials. Material-based ABCs, are

constructed so that fields are dampened as they propagate into an absorbing medium.

The perfectly matched layer (PML) [13] has been known to be one of the
most successful ABCs ever developed. The basic characteristic of the PML ABC is
the splitting of the electric and magnetic fields in the absorbing boundary region to
account for the individual losses to be assigned. This creates a non-physical
absorbing medium that has its wave impedance independent of the frequency and

angle of incident of the incoming wave [15].
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3.2.3 The Finite Integration Technique

The Finite Integration Technique (FIT) was introduced in 1977 by T.
Weiland as a time-domain numerical technique for solving the integral forms of
Maxwell’s equations [16]. The FIT algorithm can be defined as a solution for solving
a set of consistent formulations representing the discretised integral equations in a

manner equivalent to the FDTD method.

Like the FDTD method, the formulation of the FIT algorithm is based on
enclosing the computational volume with a numerical region representing the outer
boundary condition. The next stage involves decomposition the computational
volume into a finite number of simplified material-filled homogeneous cell volumes

(voxels).

The voxel grid is given a name as G and is used to compute the integral of the
electric field along the edges of the intersecting voxels (Figure 3.3-a). A dual grid G
equal to the grid G shifted by half a cell length is then introduced to account for the
magnetic flux duality (Figure 3.3-b). Hence, the EM field voltages and fluxes are
coupled on dual grids defined over the cell-averaged dielectric properties (Figure
3.3-c & d).

The basic principle of the FIT algorithm is based on considering a combined
field-description based upon the integral formulations of Maxwell’s equations
implemented on arrays of Cartesian voxels. Definition of the computational domain’s
discretisation volume sizes (voxel sizes) is typically balanced between achieving
numerical stability (e.g. ten lines per wavelengths) and the computation cost in terms

of the memory and time.

Definitions of complex objects within the domain may require very fine
meshing schemes or might lead to a non-conformal scenario where other stair-case
approximations take place. Errors which might exist due to stair-case approximations
can be reduced by either creating denser mesh cells, or by introducing a scheme

where only part of the cell is considered (partial cell filling).
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An example of partially filled cells can be given for a cell partly filled with
PEC material. In this case, the integrals of the electric fields along the cell edges are
enforced to zero, making the entire cell appear as PEC. The presence of objects
within the computational domain can be accounted for by incorporating appropriate
field behaviour into the contour and surface integrals implemented using the FIT
algorithm [17]. This section summarises the analytical and algebraic demonstration
of the field theory conservation with respect to energy and charge discrete

formulations in terms of each of the Maxwell’s equations.

5 2
S VS U g
Ao s, o (a) M ea, 21
e h

©) il U o

Figure 3.3: Cartesian discretisation method for the FIT solution, (a) the basic Cartesian grid G,
(b) the dual grid G, (c) the grid duality, and (d) dual grid representation.

3.2.3.1 Faraday’s law

Maxwell’s equations in the FIT algorithm can be represented in simple form.

Faraday’s law in integral form is naturally expressed as ?E ds = —Iaa—lj dA where
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E is the electric field vector (V/m), and B is the magnetic flux density is related to

the H-field by B = uH , and the magnetic permeability is given by = g,u. (H/m).

By considering a single G grid voxel (Figure 3.3-a), the integral of the

electric field is assigned along each cell line (voltage) so that e, :J’E.dl_. Hence, the

contour integral (EFE ds’) can be reduced to the form e, +e, —e; —¢,.

On the other hand, the surface integral of the magnetic flux density

(—I%—f dA) can be represented in terms of the magnetic flux normal to the

integration surface b, = I B dA.

Therefore, Faraday’s law is expressed in discrete form as:

n

0 .
e +e, _%_64:-55 (Equation 3.12)

The differential approximation can be represented as a process of storing the factors
{-1, 1}
c=h 1 -1 -

Hence, Faraday’s law can be expressed in the following form:

Ce=—gbn (Equation 3.13)
ot
3.2.3.2 The magnetic field law
The magnetic field law is simply represented by the form ?E dA=0. By

transferring the Magnetic field law into the G grid, it is logical to consider the fact

that the total integral over the entire voxel is equivalent to the sum of surface
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integrals. Therefore, the total flux is similarly treated as the sum of flux components

leading to the equation cPE dA=b +b,+b,—b,—b,—b,, in another word,
b +b,+b, —b, —b, —b, =0 This can be represented by a matrix S with a size of Nx3N

with  storing the factors {-1, 1} in a grid topology, where
s=i 1 1 -1 -1 -

Hence, the Magnetic field law can be expressed as:

SH=0 (Equation 3.14)

3.2.3.3 Ampere’s law

Ampere’s law can be expressed in the form Sﬁg dgzj ‘;_54,78 44, Where H
t

and D correspond to the magnetic field vector, and the electric flux density

respectively.

By considering a single G grid voxel (Figure 3.3-b), the integral of the
magnetic field can be assigned along each cell line (as magnetic voltage), where

hl:J'FI dl . Hence, the contour integral <]5ﬁ ds can be reduced to the form

h+hy=hy=hy.

Furthermore, the electric flux d, normal to G grid surface is assigned to each

area as d, = J’E.dZ and the total electric current J, normal to the G grid surface is

given by J, :IJ.dZ.

Since C and S are analogous to C and S, therefore, Ampere’s law can be represented

in the discrete form as:
Ch=—d+J (Equation 3.15)
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3.2.3.4 Gauss’s law
Gauss’s law can be represented in the form §D dd=[p dv - Here, the discrete

charge g¢; is allocated in P; on G elementary volume. Hence, the discrete charge is

given by ¢, =I,az’V. Therefore, the discrete representation of Gauss’s law is given by:

Sd =¢q (Equation 3.16)

3.3 Advances in modelling methods

The main disadvantage of FDTD/FIT methods is the use of Yee-type
Cartesian meshes. Staircase approximation is a common problem when modelling
curved structures. Furthermore, using the basic fixed-size cells in the modelling of
small structures within a larger domain would dictate the generation of excessively

large number fine grids throughout the computational domain.

Various meshing techniques, such as variable meshing, non-orthogonal, or
sub-gridding techniques, have been used in many studies to improve the performance
of the FDTD method. Partial filling of Yee cells represents a consistent extension of
these methods, preserving higher order accuracy and faster computation of complex
structure. In this concept, the standard Cartesian computational grid does not have to
be conformal to the round boundaries. Instead, sub-cellular information is taken into
account, leading to an algorithm with second order accuracy for arbitrary shaped
boundaries [17]-[18].

3.3.1 Meshing techniques

The usage of conventional non-uniform grids sometimes introduces errors of
the geometry representation due to a staircase approximation of curved structure
surface (Figure 3.4-a). Further improvements on the meshing technique could lead to
a reduction of the required computational memory and time, which in turn enables
the accommodation of more complex objects. This section highlights a literature

review of some of the common techniques used for overcoming the stair-case error.
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In general, a finer mesh around critical points in the structure is necessary and
this leads to an overall fine mesh. Variable meshing (hon-uniform meshing) can be
used to condense the number of mesh cells around important areas (Figure 3.4-b).
Sub-gridding techniques have also been used widely within coarse FDTD cells where
it is more efficient to refine the mesh density within certain desired locations instead

of the entire domain (Figure 3.4-c).

&g@% g 7

E=

(a) Required object  (b) Variable mesh (c) Sub-gridding (d) Non-orthogonal

D Required object shape
D Conventionally filled cells
D Required object shape
D Conventionally filled cells

Figure 3.4: Examples of meshing schemes.

The non-orthogonal gridding (Figure 3.4-d) and non-orthogonal gridding with
triangular fillings schemes have gained some interest by a number of researchers and
have been studied extensively. The non-orthogonal gird solution was first proposed
in 1983[19] as a method for solving Maxwell’s equations when modelling curved
objects. The basis of this method has been explained in details in many studies [20]-
[21]. The core of this method is based on transforming the differential equations of
FDTD to covariant and contravariant field components and are extended by
interpolation formulas for neighbouring components. In comparison to the
orthogonal FDTD method, the covariant field components (£ and H) are transformed
into covariant components for the flux quantities (B and D) respectively [22]. In
standard FDTD, averaged material coefficients are applied in a one-to-one scheme
whereas these material relations are extended by projection using components of all

three axes.
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The non-orthogonal algorithm has demonstrated an efficient methodology for
improving the computation of curved and non-conformal structures. However, the
mesh generation process is rather difficult and this fact may result in degenerated
mesh cells with grid angles near to 180°[22]. The concept of triangular fillings has
been introduced to the non-orthogonal grid algorithm to allow more general mesh
generation where degenerated cells can be easily avoided [23]. The implementation
of the triangular filling technique only requires the material matrices D, and D,, and
it enables accurate computation of the problem with no additional computational cost

during the time of iteration.

3.3.2 Partial cell filling techniques in FIT algorithm

The accuracy of the numerical solution is dependent on the discretisation of
the scattering object within the computational domain [17]-[18]. Stair-case errors
may arise when the object does not coincide with the boundaries of the grid (Figure
3.5). Several techniques have been proposed to improve the accuracy of the FDTD
method by altering the meshing scheme, such as the non-orthogoanl gridding,

triangular fillings, sub-gridding, or partial cell filling (Figure 3.4).

/

A

Required object Standard filling (Stair-case) Partially filled cells

D Required object shape
Conventionally filled cells
D Partially filled cells

Figure 3.5: Grid approximations for non-conformal boundaries.
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The principle of partial filling of cells has gained considerable interest and
has been successfully applied in many commercial EM modelling packages,
particularly by the CST Microwave Studio™, which is based on the FIT
algorithm[24]. In this method, several techniques have been introduced to model
more than one material within the same cell, such as the Perfect Boundary
Approximation (PBA™) and the Thin Sheet Technology (TST™) [17]-[18]. The
algorithms of these techniques are not published because of commercial reasons. For
this reason, this section highlights the concept of advanced modelling to emphasise
the feasibility of such techniques in the FDTD/FIT algorithms.

In FDTD, the variables of a partially filled cell are determined only over the
sub-area filled with vacuum or over that part of the elementary lines which borders
vacuum. Figure 3.6 shows an example of an object falling outside the mesh
boundaries.
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Figure 3.6: The basic principle of partial cell filling in FDTD.

The field values can then interpolated at the different regions within the
volume cell. Consideration of the correct treatment of the boundaries is an important
aspect in interpolating the field values. One of the most challenging scenarios is a
partial cell filling of a perfect conductor. Interpolations of the field values at points
inside or outside the conductor region should be carefully treated as this could affect

the convergence of the algorithm.
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The interpolation of fields at the borders with metal (PEC) is possible by
considering the “mirror fields” by using the boundary condition where the tangential
electric field E; is set to zero. This leads to a boundary condition of setting the
electric field components on the edges to zero (See Figure 3.7).

Sub-cell spatial solution for non-conformal objects provides a method for
improving the accuracy in computing slots, thin wires, and surface curvatures

defined within a Cartesian grid system.

Another sub-cell field treatment which has been used in FDTD is the
diagonal split-cell model. This is considered as the simplest sub-cell approach for
approximating the fields located within a portion of cells containing a non-conformal
region of a PEC object [15]. The fields are approximately derived from the contour-

path integration concept of the FIT algorithms.

Diagonal cell splitting permits the field to be evaluated along the cell
diagonals hence improving the accuracy in view of the stair-case scenario. As an
example of this method, Faraday’s law is considered in the diagonal cell splitting

(Figure 3.7-e). Initially, the integral form of Faraday’s law is expressed as:

= __¢0B — 3 _ _ _ =
£ ds==[—= dA O [ F di=-§ E ds

d4 -E

i,j,k X

0
EL HoH. i\j-0.5k Ax + Ey i+05,j.k Ay+E, i\ j+0.5.k Ax + Ey 0.5,/ .k Ay

Applying Faraday’s law in the form of the above equations at the cell split diagonally
gives:
HZ |:1+05 _HZ |ln_0'5 n n n n

— Y = (MflAz + 4, (1~ fz)Az) = (Ex |i,j+o5,k -E, |i,j—0A5,k +E, |i—0.5,j,k -E, |i+0.5,j,k)A

Where 0<£1<1 is the fraction of the cell area embedded in medium #1.

Hy

In the case of PEC, assuming zero field penetration into the PEC structure leads to:
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H |n+0.5 _HZ |n—0.5 A_z
2

z i, jk i, ],k — n _ n n _ n
At - (Ex |i,j+0.5,k Ex |i,j—0.5,k +Ey |i—0.5,j,k Ey |i+0.5,j,k)A

Hy

4° is the area of the split cell carrying the magnetic flux.
2

The terms (-E, [/ ;o5 tE, [Lo5,) correspond to the areas where the field is O at

PEC. This reduces to the equation:

H |n+0.5 _HZ |n—0.5 A_z
2

z i, jk i,/ .k — n _ n
At - (Ex |i,j+0.5,k Ey |z‘+0.5,j,k)A

Ho

Isolating (H, |Zj?,f’) leads to the corresponding time-stepping expression for the split

cell:

n-0.5 At ( |n
x

05 _
H |n+ =H i)k + [,uf - f )]A i, j+0.5,k —E, |7,j—0.5,k +Ey |:'1—0.5,_/',k _Ey |?+0.5,j,k)
1)1 2 2

z li,jk zl

Hence, for PEC:

+ n- ZAt n n i
H.|"5= H_ [ + A (Ex [ voss ~E, |i’/+0.5’k) (Equation 3.17)

z li,jk z |i,_/',k

0

In this method, only the magnetic field components located at the centre of
such split cells are updated using the above equation. The cells containing all the
other components and the special PEC split cell are updated according to the
conventional Yee algorithm. However, the H-field in the special cells are isolated

and calculated according to the split-cell equation.
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(a) Stair-case example

E, E.=0 Edijrosx €2, 12
> >
H o H o
© z © I z I
i AN o AN LLTA o Auf
> > €1, ul
Ex Ex:O u Ex I i, -0.5 k
(c) Normal cell (d) Stair-case (PEC filled)  (e) Diagonally split

Figure 3.7: Non-conformal FDTD solution.

3.4 Chapter summary

This chapter has given an overview of the EM theory and the concepts of
numerical EM computation methods. Fundamentals of the EM theory including the

basics of Maxwell’s equations and boundary conditions have also been presented.

A Dbrief review of the EM numerical computations within complex
inhomogeneous media has been summarised, particularly, the finite difference time-
domain (FDTD) method and finite integral technique (FIT). These time domain
techniques are currently widely used due to their strengths in modelling complex

dielectric media accurately with reasonable computational cost.
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The original Cartesian form of the FDTD or FIT algorithms suffers from
limitations in modelling objects that are non-conformal to the grid itself. Also, it
requires significant computational resources for defining high resolution grids within
a large volume. Several techniques such as variable meshing schemes, partial filling

of cells and others have been used to overcome these limitations.
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