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Summa

SUMMARY

The research in this thesis involves the absorption in the human head of microwaves
in the frequency range 0.5 to 3GHz with the excitation positioned in front of the face.

It is hypothesised that metallic spectacles can significantly affect the absorption in the

head.

The effects of metallic spectacles have been primarily investigated using computer
modelling. The finite-difference time-domain (FDTD) is the most common
computational tool used in bioelectromagnetics. For this research an independent,
specially written FDTD code has been used. The accuracy of the code was carefully

validated against controls. Two anatomically accurate heads were implemented into the

FDTD code.

Different shapes and sizes of metallic spectacles were modelled. The materials that the
spectacles were made of were also investigated. Realistic and geometric spectacles were
considered. Vertically and horizontally polarised plane waves as well as vertically and
horizontally orientated dipoles are used as sources. A genetic algorithm (GA) was
employed as a search technique to optimise the spectacles for the specific absorption

rates (SAR) in the eyes and the head.

Measurements were also made of a phantom with metallic spectacles. Results showed
good agreement with the FDTD code. Results confirmed the hypothesis that metallic

spectacles can significantly affect the SAR in the head and particularly in the eyes.
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Chapter 1 Introduction

Chapter 1

INTRODUCTION

1.1 Previous research into radiofrequency interactions with humans

The possible effect of mobile phones on human health has been topical over the last

several years. The Stewart Report [1] highlighted some of the scientific research that
has been carried out in this area. It stated that the mobile phone market has increased
very rapidly over recent years, and estimated that market penetration in the UK could be

75% by 2005. The report concluded that the rapid advance of the technology and its

popularity had not allowed sufficient time to adequately research the health effects of
mobile phones and that more science is needed. It is likely, that as technology improves,
mobile phones will be used for many more functions and, therefore, for longer periods
every day [2], compounding any possible health effects. New technologies such as
photo, video and text messaging will mean the phone is positioned in front of the head
as opposed to at the side [3]. The long-term effects of using a mobile phone will

probably not be known for decades and it is vital to give biological researchers accurate

information about the amplitude and location of the radiofrequency (RF) absorption

from mobile phones.

The presence of a human disturbs the radiation patterns of a mobile phone and affects
its performance [4-7]. The other reason to investigate this area is from the point of view
of the amount of energy absorbed by the human body, with values varying from 10% to

50% depending on different phones, distances etc. [6-8]. Obviously the two different
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Chapter 1 Introduction

areas are very closely linked and lower absorption within humans will require less

power to be transmitted from the mobile phone antenna to communicate with base

stations.

Mobile phones have been linked to many different health concerns [1], with both
thermal and athermal effects. There are various publications which review the research
into biological effects from RF [1, 9, 10] but, as yet, there is no evidence that mobile
phones are harmful to human health. There is criticism of electromagnetic field (EMF)
research that results can not be reproduced, even within the same laboratory [9]. There
is also the criticism that much of the research has been carried out using frequencies and
power densities that differ from real popular [1]. Van Leeuwen [11] predicted a
maximum temperature increase in the brain of 0.11°C which suggests that there is not

enough power in mobile devices for there to be thermal effects, as the temperature

increase is small compared to the temperature increase in the head during normal

activities such as exercise [8, 12]. It is also hypothesised that local heating in the ear is
due to the lack of convection that 1s possible from the hand covering the ear [13].

Research also shows that, in normal conditions the temperature rise in the eye is not

great enough for there to be a nisk of cataract formation [14-17], although athermal

effects in the eye and in the head could be important [1, 8].

This absorption of energy must comply with international safety limits. The standard
dosimetric parameter is the specific absorption rate (SAR) which is the power absorbed
by a unit mass of tissue (W/Kg). There are two internationally recognised standards; the
International Commission on Non-Ionizing Radiation Protection (ICNIRP) [18], in
effect in Europe and Japan, which defines a limit of 2W/Kg averaged over 10g for 6

minutes and the Federal Communications Commission (FCC) [19], in America, which
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Chapter 1 Introduction

sets a slightly stricter limit of 1.6W/Kg over 1g for 30 seconds. The averaging

procedure is a source of some ambiguity as to whether it should be a cubic shape or an

irregular shape and whether air can be included [20, 21].

There are two popular methods [22] that have been used to investigate the
electromagnetic fields radiated from handheld RF devices in this application. These are:
1) measurements with anatomically shaped phantoms (both thermal and electromagnetic
measurements) and 2) a computational modelling method. Both these techniques have
advantages and disadvantages [22]. The thermal phantom method investigates the
change in temperature of a phantom by means of a temperature probe [23, 24], however
these effects are less than 1°C [11] and are small compared to the inaccuracies of the
system [25]. Temperature measurements are time consuming as thermal equilibrium
must be achieved prior to each measurement [26]. Using specially made devices with
increased output power makes it hard to investigate realistic devices [24]. The

electromagnetic phantom method involves filling a *human-shaped’ shell with a

dielectric fluid with similar electrical properties to the body and using an electric field
probe to measure the field strengths throughout the phantom [6, 25, 27, 28]. The use of
phantoms is generally limited to simple buildable exterior shapes and a homogeneous
liquid, representing the body, thus the detail of the internal structure is limited and
includes no cavities or dielectric boundaries [29]. Yu, for example, used a frequency
specific fluid with electrical properties of the average of white and grey matter of the
brain [30]. Good agreement has been found [6, 22, 27] when comparing measurements

with computer modelling of simple geometric phantoms.
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1.2 Hypothesis

It was predicted that adding metallic spectacles to a head could affect the SAR when a
mobile device is used in front of the face. Both increases and decreases in SAR are

expected. The effects are thought to be most significant around the eye region. It 1s

hypothesised that different shapes and sizes of spectacles will produce different effects.

1.3 Advantages of FDTD

Finite-difference time-domain (FDTD) is a computer modelling technique that

simulates electromagnetic fields propagating in a problem space. FDTD is now the
most widely used computer modelling tool for problems involving RF absorption in
biological bodies [31-35]. Such simulations are clearly advantageous as it is unethical to
use human cadavers to study the effects of RF interaction with the human body, and
using phantoms as outlined in Section 1.1 makes modelling the complexity of the
human anatomy very difficult. Method of moments (MOM), and the generalised
multipole technique (GMT) are two techniques which are used to model antennas but
are suited to largely homogeneous structures [9] and, therefore, are not ideal methods to

handle the complexity and inhomogenity of the human body. The finite-element method
allows more complex shapes, however, its implementation is not straightforward [9].
The advantages of FDTD over other computer simulation tools are that it is an intuitive
method, which can deal with heterogeneous materials that have complex shapes. The
advances in computer memory and processing power have allowed ordinary computers

to be able to solve FDTD problems.
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There are of course disadvantages to FDTD compared to other modelling techniques. It
requires large amounts of memory and must perform millions of calculations [31].

Martens states that the memory required is proportional to the number of grid points M

4
and the computational time is proportional to M ? [8]. A common theme to FDTD is the

need to reduce the computational time and memory requirements. This can be done
either by using the fact that many problems are symmetrical and therefore only a half or
even a quarter of the grid needs to be considered, or by truncating the body in one
direction and assuming that most of the energy is lost close to the surface [17, 31]. The
problem of limited computer resources is compounded at higher frequencies, as more

Yee cells are needed to sample the fields accurately [32].

Other disadvantages include the difficulty in quantifying errors and the use of non-
perfect absorbing boundary conditions, that inevitably result in errors in the field

strengths [33]. Gandhi [36] stated that the accuracy of FDTD has been shown to be
within 5-10% of analytical or experimental values when using simple dipoles near

spheres. Yu [30] modelled ten telephones with FDTD and produced results within 25%

of experimental values. The FDTD method itself is based on three approximations [37],

which produce small inaccuracies.

There are also stair-casing errors arising from constructing continuous curved surfaces
out of a series of finite cubes [14]. The effects of building the eye from 1mm and 2mm
cubic Yee cells are shown in Figure 1.1. The stair-casing approximation becomes more
accurate as the cell size decreases. In the limit of infinitesimal Yee cells the model is

continuous and the object is more accurately represented, albeit with severe increases to

computational costs.
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Figure 1.1. The eye composed of Yee cells, at 2Zmm (left) and 1mm (right)

resolutions.

Errors exist in the accuracy of the FDTD method in modelling both the source and the
phantom. Problems with modelling the source include; antenna distance to the head
which varies from user to user [13], the geometry of the internal components of the
phone [29], the position of the hand relative to the antenna [38], Tinniswood [32]
mentioned problems modelling the thin dielectric coating and suggested that the phones
were not metalised enough and electromagnetic (EM) waves could penetrate into the
box and cause resonance with the circuit boards and other internal components. Nikita
[33] commented on the difficulty in accurately building a source out of Yee cells and
stated that the position of the source compared to the head was very important.
Schiaviani [27] reported errors associated with the alignment of the phone and the
head. There are also problems with modelling the head accurately in Yee cells [27, 33,

35] and the flexibility of the shape of the ear also causes uncertainties for mobile

phones [39]. Errors due to discrepancies in the values of dielectric constants assigned to
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the body have been documented [33, 35, 40, 41]. Gandhi [36] reported that conductivity
and relative permittivity could be up to 100% higher in young children and showed that

peak SAR averaged over 1g and 10g could be increased by 68% at 1900MHz due to the

higher conductivity.

1.4 Realistic and geometric phantoms

There have been many published papers in the last few years using FDTD to investigate
the amount of energy absorbed by biological matter especially from mobile phones.
These absorption models include simple homogenous shapes such as cubes and spheres
[24, 42], realistically shaped but homogeneous heads [28] and realistic heterogeneous
heads with up to 37 different tissues [43]. In this thesis, a realistic head is defined as one
that contains more detail than a simple geometric shape to replicate the concave shape

of the head, thereby including the nose, ears and eye sockets. It is found that a

homogenous head overestimates the SAR compared to a heterogeneous head [28, 44]. A
simple shape such as a sphere gives a reasonable order of magnitude answer but is not
very accurate [28, 43, 45]. The whole human body has been modelled and excited with
a plane wave [40, 43], however many papers [36, 46, 47] use the assumption that the
wavelength of excitation is small compared to the human body and therefore the head
can be considered on its own. Dimbylow [48] showed this assumption was valid to
within 1% above 600MHz. At S00MHz the absence of the body begins to become

relevant. There has also been work, calculating the temperature rise in a body, that

incorporates blood flow into the model [11].
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Dimbylow [46] excited a heterogeneous phantom with a dipole and a simple box model
of a mobile phone with a monopole antenna. Both vertical and horizontal orientations of

phone were compared to a simple dipole antenna. He considered that a dipole provides a

conservative estimate compared to a box-monopole phone model and that a dipole can
be used advantageously as it reduces the run time required. The phone has been
modelled using a monopole on different sizes of metallic box [38, 39, 44]. Lazzi [49]
also modelled a helical antenna on top of a metal box. Tinniswood [32] modelled a
more accurate phone by using CAD files and found that this extra level of detail in the
phone model had little effect. Gandhi [36] concluded that a plastic-covered metal box
provides a good approximation (x10%) of a real phone. Lazzi [29] tilted the head whilst
the phone was kept in a vertical orientation. This produced a more realistic exposure

geometry without inducing stair-casing errors modelling the source.

The hand holding the phone has also been modelled. Watanabe [38] found that the hand
had little etfect as long as it did not shield the antenna. Okoniewski [45] and Dimbylow

[46] found that the presence of the hand decreased the SAR in the head at 900MHz, and

Dimbylow [46] found the hand increased the SAR in the head at 1800MHz as the hand

reflected energy back into the head. The hand in these examples was modelled as a
simple block model and lacks realism. Kuster [S0] measured the SAR in a phantom
head with a real phone held by an actual hand. Negligible effects of the hand were

found at both 900 and 1800MHz and he concluded that the hand should not be included

in the computer model to produce realistic results. However, Anderson [51] also made
measurements with a real hand holding a real phone and found that the hand increased

the SAR in the head from 4 to 17%. The effect of the hand depended on the phone used.
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1.5 Exposure from the front of the head

This section will briefly review studies exciting the head from the front, concentrating
on the effects in the eyes. Taflove looked at the effect of a plane wave illuminating the
eye using FDTD in 1975 [14], and observed hot spots forming in the centre of the eyes

due to the resonance. However this model included little surrounding tissue so is not
directly analogous to a real head. Moneda [52] used analytical techniques to position
two spherical eyes inside a layered spherical head. Although this model 1s simplified
compared to a real head, it showed that the absorption becomes more superficial and the

total power absorbed in the head decreases as the frequency increases. Moneda [52]

found a resonance in the eyes at 2.4GHz and showed the eyes absorb more energy when

the excitation is from the front.

Dimbylow [53] excited the whole head with a plane wave in the frequency range 0.6 -
3.0GHz using a cell size of 3.2mm. The eyes were found to be areas with high levels of
absorption compared to other areas of the head and exhibited signs of resonance when
the size of the eye was approximately equal to 0.4 times the incident wavelength.
Dimbylow also noted that there was a higher average SAR in a scaled down infant’s eye
compared to that of an adult, highlighting the differences for children exposed to

electromagnetic waves.

Hirata has done various research concemning the eye, showing that resonance is caused
by the geometric shape of the eye [54]. He noted that hot spots were formed in the eye
between 900MHz and 3GHz. He concluded that the temperature increase was related to
the average SAR and not the maximum SAR. However, the temperature increase in the

eye of 0.3°C is within normal biological variations [15]. Closed eyelids were found to
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reduce the average SAR by 15% at 5GHz. This is important as the digital head models
can have closed eyelids. Increasing the size of the eye caused the resonance frequency
to decrease. In a recent paper, the angle of incidence was varied [55]. As expected,
moving the incoming plane wave to left or right relative to the nose increases the
average SAR in the near eye and decreases it in the far eye. The average SAR in the

eyes is generally reduced if the angle of incidence is above or below the horizontal.

Bernardi [16] exposed the eye, set in a truncated head model, to a plane wave from the
front of the head but at a higher frequency range of 6 to 30GHz. He noted that, as the
frequency increased, the maximum SAR increased but the average SAR in the eye fell.

This is because, as frequency increases, the relative permittivity of human tissues

decreases [17] causing better matching between the air and the eye. As the conductivity
of the eye increases with frequency, the power will penetrate less deeply into the body
and thus more energy is absorbed towards the front of the head [17]. This effect 1s

augmented by the penetration depth decreasing with increasing wavelength [56].

The head has also been irradiated from in front of the eye using realistic mobile phone
models [8, 13, 46] situated close to the eye in a walkie-talkie position, as shown in
Figure 1.2. Dimbylow [46] modelled a monopole on a box to represent a phone
positioned in front and also at the side of a realistic heterogeneous head. The highest
SAR was found when the phone was positioned in front of the eye. Wainwright [13]
used the finite element method with the Pennes ‘bioheat equation” mechanism to
investigate temperature increases in the head when excited with a transceiver held in
front of the eye. The Pennes bioheat equation uses knowledge of the blood flow in the
head to calculate the heat that is transported away by the blood flowing around the

body. The maximum temperature increase in the brain was found to be 0.1°C.
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Wainwright also considered the implications of the averaging volume used by the safety
standards [13]. He noted that the heating of a long thin strip is likely to have lesser
thermal consequences than heating a cubic or spherical shape as thermal clearance by

conduction is more rapid due to the increased surface area.

Figure 1.2. A head irradiated by a phone model in a 'walkie-talkie' position [46].

1.6 Sensitivity of the eyes

In 1998 Canada’s federal health department proposed that the government adopt a

separate, stricter limit for RF exposure of the eyes from cellular phones and walkie-
talkies [57]. In 1999 a Royal Society of Canada panel concluded that eye research was a
priority [57]. The eyes are considered to be particularly sensitive organs [16] due to
their proximity to the surface, with no protective layer of skin. The eyes are particularly
at risk to thermal damage as there is little blood flow to take heat away from the area
[16] and, as there is negligible heat loss between the eyes and the surrounding tissues

[14], the lens is also susceptible to cataract formation if there is a temperature rise of
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3°C [17]. Lin [3] reviewed the possibility of cataract formation and showed that the
temperature increases were too small to cause cataracts under normal conditions. Hirata
[54] has done some work on this area and found that, at 1.9GHz, an incident power
density of 22mW/cm? was enough to cause the 3°C temperature increase needed for
cataract formation. This is larger than the maximum permissible exposure of SmW/cm?
[58, 59] by a factor of 4.4. This is a concern as this research will show that metallic
spectacles can significantly increase the power absorbed by the eye. Dimbylow [46]

also stresses the vulnerability of the eyes as they have a tendency to accumulate damage

and cellular debris. The Stewart Report [1] noted that the fibres that make up the lens
have only a limited capacity for self-repair. The eye is therefore at risk from both

thermal and athermal effects.

The Stewart Report [1] includes a brief summary of experimental studies into RF effects
on the eye and Elder produced a more detailed analysis [60]. They reported that pulsed
RF fields at 2.45GHz, at moderate SAR levels, produced harmful effects in primates
including lesions in the corneal endothelium and increased vascular leakage from the
blood vessels of the iris. The threshold for these effects was dramatically reduced when

the primates were pre-treated with ophthalmic drug timolol maleate. However, Elder

[60] stated that these results had not been replicated and reported that they could be

caused by other procedures or by repetitive use of drugs and anaesthetics.

In a small epidemiology study, Stang [61] found that users of walkie-talkies were over
three times more likely to develop uveal melanoma, the most common type of eye
cancer, and users of mobile phones were four times more likely. Holly [62] found a
two-fold increase in uveal melanoma among subjects with occupational exposure to

microwaves and radar units. However these were small studies with crude assessment
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methodologies, and a cautious approach is advised in response to their findings [63].
Elder [60] was also sceptical about these results, referring to a study in Denmark where
no increase in the incidence of eye cancer was found, despite the widespread use of
mobile phones. In general, epidemiology studies have produced mixed results, showing
a lack of repeatability and the Stewart Report [1] concluded that there was no evidence
to link mobile phones to cancer. The Stewart Report [1] concluded that the eyes are at
risk, especially from pulsed high powered sources. Other reasons for concentrating on
the eyes are that they are the parts of the body with the highest SAR [53, 64]. And more
power 1s absorbed 1n the eyes when 1rradiated from the front, as opposed to the side
[52]. The frequency range used in this paper includes the resonance hot spot frequency
range for the eyes considered to be above 1.5GHz [14] and less than 3GHz [14, 15, 52,
64]. It 1s also hypothesised that metallic spectacles can increase the SAR in the eye

region, hence the eyes are considered to be especially at risk.

1.7 Research concerning the eyes

As previously mentioned, the eyes are considered to be vulnerable when the excitation

is from the front; hence much of the research about eyes and microwave exposure has
been covered in Section 1.5. At 30GHz, Bernardi [65] showed the absorption of energy

was very superficial and that the modelling of the eyelids was very important.

Simplified models of the head and eye excited by microwaves have also been briefly

reported [64, 66, 67]. Heat transfer in human and rabbit eyes has also been

mathematically modelled [68, 69]. Guy [70] showed that the threshold for cataract

formation in rabbit eyes, which are anatomically similar to human eyes, is 3°C.
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Berjano [71] used the finite element method to study cornea heating with RF currents

used in medical applications. Lazzi [72] and DeMarco [73] used a 2-D FDTD model to

investigate the induced SAR and temperature increase by an implanted retinal
stimulator — a microchip designed to help a patient with limited vision. Temperature

increases of up to 0.6°C in the midvitreous of the human eye have been found.

1.8 Maetallic objects near humans

Tinniswood [32] considered the problem of wires and circuit boards becoming resonate

structures inside a phone. It is therefore expected that other metal objects could also be

resonant. A metallic object can be modelled in FDTD by setting a Yee cell to have very
high conductivity or by setting the tangential electric field components to zero [33].
Burkhardt [9] reviewed the area of RF and human interaction and stressed the need to
reduce the uncertainty that was associated with phantoms and modelling the head,
including effects of jewellery and optical glasses. Meier has done some research into the
area of metallic accessories [74] and this has been summarised by Kuster [50]:
increased SAR values due to currents in the metallic objects were found if the source
was positioned some distance from the head. Cooper [75] modelled a metal wall near a
simple spherical head, discovering that it could increase the SAR averaged over 10g of
tissue by 60%. He also noted that a dipole could couple to a metal wall, reducing its
radiation resistance, therefore making the antenna radiate less efficiently. This results 1n
the phone increasing its power to compensate. Bernardi {76] modelled a wall near a
realistic heterogeneous head, finding that the power absorbed in the head could be

increased by 86%. A vertical wall, parallel to a dipole antenna was found to increase the
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SAR everywhere in the head. A horizontal wall increased the SAR 1n the eye, averaged
over 1g, by four times. Glass walls (with conductivity o = 0 and relative permittivity &=
4) appeared to have little effect. Martinez-Burdalo [77] placed a metallic wall near a

simple spherical head containing a spherical eye and noted increases in the SAR in the
eye of up to 50%. Cooper [78] considered metal implantations inside the head, which
resonated when the wavelength was roughly twice the size of the implantation. The

effect was at its greatest when the metal implantation was parallel to the dipole.

Increases in local SAR of up to 38 times were observed.

1.9 Metallic spectacles

Spectacles have received limited attention in the literature and the attention given to
them 1s brief. This concludes to novelty in this thesis. Bernardi [16] investigated adding
a glass lens in front of the eye in a 2-D FDTD model, and found that the lens could act

as an adapter, increasing the power absorbed in the eye by up to 31%.

Troulis [79] used the FDTD method to briefly examine thin metallic spectacles with no
lens on a heterogeneous phantom with a resolution of Smm. The excitation used was a
monopole on a metallic box positioned at the side of the head. The paper showed that
metallic spectacles can re-distribute the energy produced by the cell phone’s antenna,
causing the efficiency to drop and the peak SAR to increase. Griffin [80] performed
measurements with a phantom and metallic spectacles and showed that spectacles can
Increase or decrease the level of radiation near the eyes by up to 20dB due to shielding,

enhancement and depolarisation effects. Anderson [51] also performed measurements
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with a phantom wearing metallic spectacles. With phones operating at 835MHz next to

the ear, the SAR in the eye closest to the phone was found to increase by up to 29%.

Wang [81] modelled a monopole on a metallic box positioned by the ear of a human
head wearing spectacles at 1.5GHz using the FDTD method. Metallic spectacles were
added by using Yee cells with the conductivity of titanium. The average SAR in the eye

increased by up to 2.7 times. The electric fields were shown to be small in between the

frames but enhanced just above the frames. Wang postulated that these enhancements in

the SAR 1n the head were due to the current on the spectacles.

1.10 Genetic algorithms with electromagnetics

Chapter 5 of this thesis gives details of results of searches for the maximum and
minimum effects of adding metallic spectacles to the digital head. The optimization

technique used is a genetic algorithm (GA). As the name suggests, the genetic algorithm

1s a mathematical search tool which is based on Darwin’s theory of evolution. In the

natural world, animals are filtered by survival of the fittest. The animals which have the
best capacity to survive, breed with each other and their favourable genes are passed

onto the next generation. Random mutations also occur in nature to keep the population

from converging and to remain diverse. This allows the species to cope with changes to

the environment.

The last decade has seen the GA become a popular search tool in electromagnetics.

Haupt [82] and Johnson [83] have reviewed the use of GAs in this area. Many problems
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have benefited by being optimised by a GA, including wire antennas, array design, FSS

design, image reconstruction, microwave absorber design and patch antennas [83].

GAs are popular because they are robust stochastic search methods which are applicable
to electromagnetic problems [83]. Random searches are slow [82]. Gradient methods
converge quickly but require the calculation of gradients and knowledge is needed to
guess the starting position, otherwise this search can get stuck in local minima [82].
GAs are global optimisers and therefore converge towards a global maximum regardless

of the 1nitial guess. GAs also have the advantage that they can handle both discrete and

continuous parameters [83]. The convergence may be slower than with gradient

methods but in electromagnetic-design problems, convergence rate is often not as

important as getting to a solution [83].

1.11 Novel contributions

The research in this thesis concerns exciting a heterogeneous head with metallic

spectacles from the front. This geometry has received limited attention in scientific

journals; therefore the results without metallic spectacles, presented in this thesis, are

valuable in consolidating previous research and in covering new areas. Horizontal and

vertical polarisations of source are both investigated and can be compared. Two
different anatomical heads are investigated allowing a direct comparison that has not

previously been made with this geometry. The eyelids of the two different numerical

heads have been opened, and the effects of this have been investigated over the

frequency range of 0.5 to SGHz. Previously the effects of opening eyelids has only been

reported at the specific frequency of SGHz [15] and 30GHz [65].
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The major novelty of this research is the addition of metallic spectacles with the
excitation positioned in front of the head. As mentioned in Section 1.9, a few journals
have briefly considered the addition of spectacles but with the excitation predominantly
at the side of the head. This work reports a novel geometry and thus is fundamentally

different from the previous research concerning spectacles.

The research in this thesis covers many new aspects of the effects of spectacles that
have not previously been considered even with the different excitation geometry.

Different materials of the lens and the frames have been investigated. Previous research

into spectacles has only considered one pair of spectacles. The results in this thesis will

include many different shapes and sizes of both geometric and realistically shaped

spectacles. The shape and size of the spectacles are found to be very important in

determining their effects. Different positions of the spectacles have also been
investigated. The effects of spectacles are compared on two different heads. Previous
research has considered the effects of spectacles at one specific frequency, the research

considered in this thesis will cover the range of 0.5 to 3.0GHz, therefore including many

novel frequencies. Additionally, different sources with different polarisations are used.

A genetic algorithm (GA) will be employed to find the range of SAR that different
spectacles can produce in the eye and in the head. The application of a GA to a
bioelectromagnetics problem has not been previously reported in the literature and 1s
therefore a novel application of a GA. The GA finds spectacles that both increase and
decrease the SAR in the eye. This is interesting both in terms of finding the maximum

effect of spectacles and investigating possible reductions in absorption.
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This thesis also includes results of measurements with metallic spectacles. SAR
measurements with the source positioned in front of a phantom head wearing spectacles,
is a novel application. Computation and measurement results of the effects of
spectacles are compared for the first time. An additional measurement setup has been
made that allows the effects of spectacles to be measured thoughout the head. This is

novel, as previously only the fields at a single point in the eye have been investigated.

1.12 An overview of this thesis

As stated earlier FDTD is the most popular computational tool used to investigate RF
interaction with biological bodies and is the tool used in this thesis. Thus, Chapter 2 will

give a brief summary of the theory and practicalities of the FDTD method. This chapter
is needed as it provides the theoretical basis and explains how the electromagnetic

waves propagate through the problem space and how the SAR is calculated.

Chapter 2 outlines the theory of FDTD which then needs to be applied accurately to
more complicated structures. Chapter 3 will explain the application of the FDTD code

to a detailed model of the human head. This chapter is important as it demonstrates how
the work can be replicated. Chapter 3 provides details of the three anatomical heads
considered and justifies the assumptions used in the model. These assumptions together
with the head model will be validated against published results to show that all aspects

of the code are accurate. As this thesis concentrates on the eyes, a specific validation of

the SAR in the eyes is included. This extensive range of validations provides confidence
in the FDTD model. Chapters 2 and 3 together explain the theory of the FDTD method

and show that it has been applied to modelling the human head giving good results.
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These two chapters provide the basis for allowing the code to be applied to novel

applications.

The hypothesis of this thesis is that metallic spectacles worn close to the human face
can increase the SAR in the head. To test this theory, metallic spectacles need to be

added to the model of the head. The fourth chapter will explain in detail how the
spectacles have been modelled. Results will show that the hypothesis is correct and that
both geometric and realistically shaped spectacles can significantly affect the SAR in

the head. Particular attention is given to the eyes, demonstrating that metallic spectacles

can both increase and decrease the SAR in the eye.

Chapter 4 shows the effects of arbitrarily chosen spectacles. However further analysis is
needed to investigate the entire range of spectacles that are possible. Chapter 5 will use

a GA to search for maximal effects of spectacles on the SAR in the eye. Both minimum
and maximum SAR in the eye will be considered. There will be a brief statistical
analysis with a number of random spectacles. Different polarisations of plane wave and
dipoles orientated in different directions will be considered. Two different numerical

heads are compared to indicate the effects of the same spectacles on different people.

Chapter 3 includes results of validations of the FDTD code. However, the novel area of

metallic spectacles can not be validated with previous works and thus the results need to
be validated with an alternative method. Chapter 6 shows details of measurements of the

effect of metallic spectacles positioned on a phantom filled with brain-simulating fluid.

Different spectacles and different orientations of excitation are investigated, producing

the same effects as found with the FDTD code. Thus the FDTD code and the

measurements validate each other in this novel area of research.
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A final chapter, Chapter 7, is included to summarise and conclude the research

considered in this thesis.
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Chapter 2

THE FODTD METHOD

2.1 Introduction

This chapter covers some of the basics of the FDTD method. The derivation of the
FDTD equations from Maxwell’s equations is shown. This allows an electromagnetic
wave to travel throughout the grid. Both dipole and plane wave excitations are
considered. Details are included about the modelling of dielectric materials and the
calculation of SAR. Also covered is a method of terminating the grid with absorbing

boundary conditions so the system can be modelled in free space.

2.2 History and applications of FDTD

The FDTD technique has found many areas of use, modelling such varied
electromagnetic problems as microchips and the radar cross-section of fighter aircraft
[1]. The origin of FDTD 1s widely credited to Yee’s paper [2] in 1966 implementing
interleaved electric and magnetic field components in a Cartesian grid and derived their
equations from Maxwell’s curl equations. However, Yee himself was unaware of the
potential worth of this discovery and the technique was ignored until Taflove discovered
it in an old journal. In 1975 Taflove published a paper [3] with details of the numerical
stability criteria and implemented it into a 3-D grid. In 1980 Taflove coined the term

FDTD [4]. However problems remained with the method that restricted its popularity.

2-1



Chapter 2 The FDTD Method

Computers were not advanced enough to be able to handle the amount of calculations
needed and there existed no way of terminating the problem space without causing
reflections from the outgoing waves. This was important as it meant an object could not
be modelled in free space. In 1981 this problem was solved by Mur [5] who invented
Mur’s second order absorbing boundary conditions (ABCs). This new development and
ever-improving computers increased the popularity of FDTD. In 1990 Maloney [6] and
Katz [7] introduced the modelling of simple antennas. In 1994 Berenger [8] presented a
new absorbing boundary condition which was an order of 40dB better than Mur’s ABC
[1]. This allowed problems in open space to be modelled with greater accuracy as the

unphysical errors from the boundary reflections were reduced.

2.3 Maxwell’s equations

There are four equations that can be used to describe the behaviour of electromagnetic

fields in a source-free region of space. Collectively these have become known as

Maxwell’s equations, shown in differential form in (2-1) to (2-4):

From Faraday’s law % =-VXE-J, (2-1)
From Ampere’s law 9—?- =VxH-J, (2-2)
Gauss’s Law for E-field V.D=0 (2-3)
Gauss's Law for H-field  V.B=0 (2-4)
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where H is the magnetic field intensity (A/m); E is the electric field intensity (V/m); B 1s
the magnetic flux density (W/m?); D is the electric flux density (D/m?); Jmis the
magnetic current (V/m?); Je is the electric current (A/m2). Assuming the materials are

linear, isotropic and non dispersive, the relationships in (2-5) and (2-6) apply:
B — ﬂﬁ (2'5)
D =¢E (2-6)

where /is the magnetic permeability (H/m); €is the electric permittivity (F/m) and
using a loss mechanism to allow energy to be converted into heat, magnetic and

electrical currents can be included, see (2-7) and (2-8):
J,=pH (2-7)
J, =0F (2-8)

where ois the conductivity (S/m) and p”is the magnetic resistivity (/m). For lossless

materials p’= o= 0.

Substituting (2-5) to (2-8) into (2-1) and (2-2) and rearranging produces six partial
differential equations (PDEs) for each Cartesian field components. The equation for E:

1s shown in (2-9). The other five equations are listed in Appendix A.

_.5._—_._(______L_O'E ) (2-9)
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2.4 The Yee algorithm

Two texts on FDTD are [1, 9]. Yee [2] split the electric and magnetic field into their
three Cartesian components forming a discretised 3-D space lattice. This is shown in

the Yee cell in Figure 2.1, which forms the structure of FDTD.

x A-ﬂm
A WAL

! -. Hz
-'A'-ﬂ

RN

B _
"l N
AV Ve

Figure 2.1. The Yee cell.

Many of these Yee cells then tessellate together to fill the entire problem space. The

problem space is defined as being the region inside the ABCs. The size of the Yee
cell, Ax x 4y x Az 1s small relative to the object of interest, for example Tinniswood

[10] uses about a million of these Yee cells to model the human head. It should be

noted that each electric field component is surrounded by four magnetic field
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components. Likewise, four circulating electric field components surround each
magnetic field component. This idea is crucial to FDTD as it means the electric and
magnetic fields can be calculated using separate equations yet still interact with each
other. The new field component is related to its old value at a previous time step and
to the four circulating components. The electric and magnetic fields are calculated at

alternate half time step intervals and are said to leapfrog each other in time. This
process is continued until the variations in the field components are due entirely to

the oscillating excitation and thus stability has been achieved. The whole FDTD

process can be more clearly seen in the flowchart in Figure 2.2.

INITIALISE atn=0
Exyvz=Hxyz=0

STIMULUS

e.g. dipoie or plane wave
CALCULATE H FIELDS

ADD TIME STEP

n=n+1
CALCULATE E FIELDS
N
Y
OUTPUT RESULTS

Figure 2.2. The Flowchart of FDTD iteration.

The six PDE expressions of (2-9) are still in their differential form and are not
readily accessible. This is rectified by replacing both the space and time derivatives

with finite differences. These two approximations are the basis of the FDTD
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technique and allow Maxwell’s equations to become discrete in space and time. The
Finite difference expressions for space and time are listed in (2-10) and (2-11). These
two equations represent the partial differentials in time and space of an arbitrary
function u. They are second order accurate, and the accuracy of the approximation

increases as the space and time increments decrease.

ou . . uinﬂIZJk_u?-lIij

—(1, 1,k,n) & —————— (2-10)
Bx( Jokom) Ax

ou . . Uy — Uk

-\, ikin =— — 2"'11)
az( Jkam) At (

The notation that Yee introduced uses (i, j, k) as the position of the field component in
the grid, where i, j and k are integer multiples of the size of an individual Yee cell, 4x,
A4y and A4z respectively. The n subscript refers to the time step at which the field is to be
calculated. The total time elapsed at time step n, is the multiple of the number of time

steps, n and the size of the time step 4.

Substituting the finite difference expressions, (2-10) and (2-11), into the six partial
differential equations, (2-9), results in the formation of six new equations. (2-12) is the

equation for Ez; the other five have a similar structure and are listed in Appendix B.

= — =0k E, li.j.k

B Ax Ay

ntl n n+1/2 _ n-17/2 n+l/2 n+l/2
E: |i.j.k E: li.j.k 1 Hy ||‘+ll2,j.k Hy |i—1/2.j,k Hx |z‘,j+112,k _Hx li.j-l.Z.k n+l/2
At € ik

(2-12)

Notice that the electric tields are calculated at integer time steps and magnetic fields at

quadrature time steps. Examining the last term on the right hand side of (2-12), the
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value of Ez is required at time step n+1/2. However, the electric fields are never known
at half integer time steps due to the leapfrogging in time. This problem can be resolved

by using another approximation. The field value at the unknown time step can be
estimated by taking the average of the two field values, half a time step either side of the

field value at the unknown time step as in (2-13).

‘u+l!2..... E: Ii.j.t +E: L'.J'J«' (2"'13)

Use of the approximation (2-13) completes the derivation of the six FDTD equations.

The E; equation is shown in (2-14) and the other five are shown in Appendix C.

1= A At
n+l/2 ntl/2 n+l/2 n+l/2
FE |n+1 - 28‘-!* E |n + si.j.k H y |i+112.j,k -H y L'-uz. j.k H x L‘. J+112.k _H X L‘. j=112.k
Z “J'k_ 0' At Z l-.’.k o- At Ax A
1+ ]k 1+ i,j.k y
28, ;4 2€, 14

(2-14)

The equation set (2-14) is known as the FDTD equations. The six field components are

calculated using this set of six equations, throughout the problem space. Equation (2-14)

shows that the field component is related to its previous value and the four surrounding
components. The equation becomes much simpler in free space where the conductivity,
o, 1s zero and the relative permittivity, €r is one. The work in this thesis assumes that the

matenals are non-magnetic and therefore the coefficients in the H field equations can

always be simplified.
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2.5 Sampling and stability criteria

From the Nyquist theorem sampling must take place every A/2 for the fields to be

adequately sampled. Sampling in FDTD maps to the size of the Yee cell. As the FDTD

method is based on approximations and is not exact, the space must be sampled more

frequently than the Nyquist limit [9]. Reasonable results have been achieved with A4 as

small as A4 [1] however it is usual to use at least ten cells per wavelength. In a

dielectric material, &> I, the wave is compressed as the speed of light in a material 1s

related to its permittivity and its permeability, see (2-15).

C=4— (2-15)

Therefore, using A = ¢/f, the wavelength will be reduced by a factor of V& In a material

such as the human body, where & =64, the size of each side of the Yee cell should be of

the order of 1/80 of the free space wavelength.

As FDTD works on the principle of nearest neighbour interaction, it is important for
numerical stability that the wave does not propagate more than one Yee cell in each
time period. This enforces a relationship between the size of the cell and the time step

duration and is known as the Courant condition [1], see (2-16). In the case of the cubic
Yee cell, where Ax = 4y = 4z = 4, this conditions simplifies to (2-17) using algebraic

manipulation.

1
C + +

(Ax)*  (Ay)*  (Az)?
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A< B (2-17)
cN3

In this research a cubic Yee cell is always used. Often the time step At = A/2cis chosen

which means the EM wave propagates one Yee cell in free space every two time steps.

This is the time step used in this research.

2.6 Incident wave source conditions

The previous sections in this chapter have outlined the Yee cell structure of the FDTD

method and have derived the equations that relate the field values. Another important
point, the excitation mechanism, is considered here. Initially, all field values are set to

zero. By introducing a non-zero value to one field location and by applying the FDTD
equation set (2-14) to all points in the grid, an electromagnetic wave will propagate
throughout the grid from the incident point. The incident wave needs to accurately
model the physics of an electromagnetic source. It is advantageous to make the source

as compact as possible to reduce the computational requirements.

2.6.1 Half-wave dipole excitation

A commonly used source is a sinusoidal hard source dipole. A hard source 1s a field
value that oscillates with a time dependence and is independent of anything else in the
grid. A z directed electric field hard source, with a maximum amplitude of Eo, can be

applied at position i, j, k using (2-18). This is a continuous sinusoidal source and (2-18)

replaces the FDTD equation (2-14) at the source position.
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E, | = E, sin(wAt) (2-18)

A metallic dipole can be modelled by forcing a line of electric field components to zero
either side of the source position, as shown in Figure 2.3. This can be achieved by
setting a line of Ez components to zero in the z direction for all time steps. This
produces a z directed PEC dipole with zero tangential electric fields. A commonly used
source is a half-wave dipole; this 1s produced in FDTD by setting the appropriate

number of electric field components to zero. Both the source and the metallic dipole are
hard sources and do not allow reflections to travel through the source position. Such

reflections are termed retroreflections. These retroreflections are very small in a 3-D

grid, because they intercept negligible fractions of the total energy in the grid and

Taflove assumed that they can be ignored [1].

n _
zl Hx o th li,j.k+2_ 0 ®hx
. Y
n ——
Hx ® 1Ez ‘i.j,k+1"’ 0 e Hx
Hx @ T ® Hx
E, |}, = E,sin(wAt)
Hx @ 1D |n _ = O
z li,j.k-1 ® Hx
H n —
x @ 1Ez Ii,j,k—2"'0 ® Fix

Figure 2.3, Sctting the electric fields to zero either side of the source position to

model a dipole excitation.
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2.7 Representing the properties of materials in FDTD

As mentioned in Chapter 1, an advantage of FDTD is that it can handle complex
heterogeneous shapes. Different properties can be assigned to each Yee cell such as
permittivity, conductivity, permeability and magnetic resistivity. The Yee cell properties
change the coefficients in the FDTD equation set (2-14). In this way, the properties of
complex forms, for example the human head, can be mapped to the gridded Yee cells.

Magnetic materials can also be modelled. However, in this work all materials will be

assumed to be non-magnetic.

The FDTD method is a discontinuous method where each Yee cell has a finite size. The

electric fields may be calculated at the interface of different materials and therefore the
interfaces need to be assigned different electrical properties from the surrounding cells.

In Figure 2.4 an Ez component is at the interface of four different materals.

Y Hx

5. ‘_ \

Figure 2.4. A 2-D cross section showing the interface of four different materials

surrounding an EZ field component.
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A smooth transition between cells is achieved by averaging the conductivity and
permittivity by the values of materials in the four surrounding cells [11, 12]. The
effective conductivity and relative permittivity at the Ez grid position in Figure 2.4 can
be calculated using (2-19) and (2-20). These new values are then used to evaluate the
coefficients in the FDTD equation set (2-14). Note that the effective properties will be

different for all three Cartesian coordinates.

Oz =?1t-(cn'1 +0,+0,+0,) (2-19)
1
Ep = -Z (g, +&, + € +E,) (2-20)

2.8 Algorithm for computations of EM absorption

Specific absorption rate (SAR), the standard criteria to measure the amount of
electromagnetic energy absorbed in the body, is the power absorbed per unit mass. The
SAR can be calculated by using the electric field strengths or the rate of temperature

increase as shown in (2-21). This relation to the temperature increase is important as

many biological effects are caused by the tissues being heated.

glE' _ AT (WiKg) (2-21)
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