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ABSTRACT 

The extensive availability of Electromagnetic (EM) technology has led to 

increasing concerns on the possible health hazards. Meanwhile, the EM interactions 

with biological materials have generated considerable interest in a variety of 

biological and medical applications. In this project, the interactions between EM 

fields and biological materials are studied on tissue scale and cellular scale. The 

understanding of these interactions is a complicated subject due to the complex 

inhomogeneous nature of biological objects. 

 

On the tissue scale, numerical dosimetry is used to characterise the EM wave 

behaviour and the Specific Absorption Rate (SAR) profiles inside a brain tissue slice 

located within a microstrip line exposure system. Two types of microstrip line 

exposure systems are introduced and the evaluation of porcine brain tissue slices is 

performed based on the dielectric-filled perfusion system. The SAR distributions 

inside the thin tissue slices are evaluated for exposure to frequencies ranging from 

300MHz to 3000MHz. The study of the thin metal probes insertion to tissue slice 

confirms the strong effects from the probe, and suggested the best angle of insertion 

(the angle leading to least influence from probe) for the experimental measurement. 

Specific Absorption (SA) of the tissue slices is calculated efficiently by using a novel 

method based on the SAR values at different frequencies, which reduces the 

computational burden when the frequency-dependent SARs are available. 

 

On the cellular and membrane scale, a computational microdosimetry has 

been conducted in the following two aspects: Firstly, two analytical methods for 

estimating electromagnetic wave interactions with cells have been performed on a 

spherical cell model. Agreement between the full wave method and the quasi-static 

based method confirms that the quasi-static approximation is suitable for small cells 

subjected to radio frequency electromagnetic fields irradiations. Secondly, the 

numerical technique Finite Element Method (FEM) based on quasi-static 
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approximation has been utilised to evaluate the complicated cell models which can 

not be analytically solved from Laplace’s equation. The E-field strength and 

transmembrane potential distributions on the cross section of cells presents the 

influence of the external fields. The concept “effective area” is proposed in this 

thesis to analyse the unitary external field influence on a cell. Its strong reliance on 

cell shape and orientation can explain the yield variation with cell shapes. 

 

Electroporation is a significant increase in the electrical conductivity and 

permeability of the cell plasma membrane caused by an externally applied electrical 

field. In order to study the cell electroporation, an electrode on microscope slide is 

designed for the real-time observation of membrane permeability changes and 

cellular physiology. At the same time, a short-pulse electroporation system is 

designed consisting of a high voltage short pulse generator (100s ns and 10s kV/cm), 

connected with the epifluorescence microscope system with camera for recording the 

cellular responses. The flexible control of single pulse width and repetition rate of 

the pulse train can assist the study of electric field’s influence on biological cells. 
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GLOSSARIES 

Bregma The junction of the sagittal and coronal sutures at the top of the 
skull. 

Eukaryote A single-celled or multicellular organism whose cells contain a 
distinct membrane-bound nucleus 

Fungus Any of numerous eukaryotic organisms of the kingdom Fungi, 
which lack chlorophyll and vascular tissue and range in form 
from a single cell to a body mass of branched filamentous 
hyphae that often produce specialized fruiting bodies. The 
kingdom includes the yeasts, mold, smuts, and mushrooms 

Interaural Situated between or connecting the ears 
Lysis  The dissolution or destruction of cells. 
Nucleoid Nucleus of virus (prokaryote) 
  
Prokaryote An organism of the kingdom Prokaryotae, constituting the 

bacteria and cyanobacteria, characterized by the absence of a 
nuclear membrane and by DNA that is not organized into 
chromosomes 

Protist Any of the eukaryotic, unicellular organisms of the former 
kingdom Protist, which includes protozoan, slime mold, and 
certain algae.  

Supra- 
electroporation 

Supra-electroporation – the poration of intra-cellular structures 
induced by external electric field. 
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Chapter 1     Introduction 

1.1 Overview 

The study of the interaction between Electromagnetic (EM) fields and 

biological materials is often referred to as bioelectromagnetics. The understanding of 

these interactions is a complicated subject due to the complex nature of biological 

objects. A large amount of research has been performed on the biological effects 

which are caused by exposure to RF radiation [1][2]. 

 

The extensive availability of EM technology has led to increasing concerns in 

the possible health hazards. Several guidelines have been introduced to restrict the 

human Radio Frequency (RF) exposure to certain power levels [1]-[5]. Meanwhile, 

the EM interactions with biological materials have generated a considerable interest 

on a variety of medical and industrial applications [6]-[8]. 

 

In the assessment of EM field interaction with biological structures, the 

studies can be classified into two general categories: in-vivo and in-vitro, with regard 

to whether the tissue samples are inside the body or isolated from the body, 

respectively. In the in-vitro studies on tissue scale level, evaluation of fields inside 

tissue samples has been performed and the energy absorption rate and temperature 

rising induced by the RF field exposure are studied by several groups [9][10]. Below 

the tissue scale, a number of studies have looked into the underlying interaction 

mechanisms at the cellular and membrane scales, including a variety of 

bioelectromagnetic phenomena, such as the Dielectrophoresis (DEP), Electroporation 

(EP) and ion-channel performances [11]-[15]. However, the small size and thickness 

of cells and their thin membranes result in great difficulty for undertaking 

experimental and numerical dosimetry. 
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In this thesis, numerical dosimetry techniques have been used to investigate 

the interaction of EM fields with tissue samples and cells. The outcome of these 

assessments will guide the experimental evaluations of EM fields influences on 

biological materials at tissue and cellular level. More specifically, the studies 

presented in this thesis will elucidate: (i) the EM power absorption distribution 

within the tissue samples under exposure; (ii) the field intensity and potential 

difference built on cell membrane. 

 

1.2 Electromagnetic radiations 

A variety of radiation sources ranging from natural solar emissions to 

man-made sources exist in human’s living environment ， including wireless 

communication devices, broadcasting transmitters, and various microwave apparatus. 

Each individual is exposed to several EM fields simultaneously, such as the radiation 

from a mobile phone, the far-field radiation from distant base station, as well as the 

broadcasting transmitters. In addition to these uncontrolled exposures, one could also 

encounter controlled exposure while undergoing certain medical treatments where 

the intensity of the field, frequency and duration of exposure are monitored to 

achieve the desired biological effect [16]. 

 

Understanding the underlying interaction mechanisms caused by EM fields is 

necessary for assessing the possible impact on biological systems. The 

electromagnetic radiations can be categorised into two types: ionising radiation and 

non-ionising radiation.  

 

Ionising radiation is defined as the EM radiation with high energy so that 

during an interaction with an atom, it can remove bound electrons from the orbit of 

an atom, causing the atom to become charged or ionised [17]. Lower frequency 

waves (heat and radio) have less energy than higher frequency waves (X and gamma 

rays); hence, only the high frequency portion of the electromagnetic spectrum which 

includes X rays and gamma rays has enough energy to cause ionisation. 
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The other category is called non-ionising radiation, which refers to the type of 

EM radiation that does not carry enough energy to ionise atom or molecules, 

including near ultraviolet, visible light, infrared and RF waves. The main interest in 

this project is the RF wave, whose frequency varies from the extremely low 

frequency (ELF) band (3-30Hz in the International Telecommunication Union (ITU) 

spectrum, but 50-60Hz also included in the bioelectromagnetic studies) [18], to the 

microwave band (including the Very High Frequency (VHF), Ultra High Frequency 

(UHF) and Super High Frequency (SHF) in the ITU spectrum, from 30MHz to 

30GHz). 

 

1.3 Biological effects due to EM exposure 

The EM radiations can also be divided into several categories depending on 

the properties of EM waves. One category is the continuous wave exposure, varied 

from induction of currents within tissue in ELF band [19], to the induction of thermal 

energy for RF ablation [20]. On the other hand, exposure to non-continuous (pulsed 

or pulse modulated) waves has a different impact on the biological system. 

Evaluation of such impacts is dependent on a variety of parameters, such as intensity, 

pulse shape and width, and the pulse sequence type [21][22]. 

 

In terms of heating effect, these non-ionising radiations can be further 

categorised into thermal and non-thermal types. The thermal effect is expected to 

appear in response to induced heating from EM power absorbed within the tissue or 

body. The non-thermal effect is resulted from the direct interactions of E-fields or 

H-fields with the body cells or tissues. 

 

1.3.1 Thermal effect 

The thermal effect refers to the biological effect due to the temperature rise 

caused by the absorption of the EM energy within a given mass of biological 

material. In principle, the temperature keeps rising until the heat input is balanced by 

the rate at which it is removed by heat conduction and convection. It takes several 

minutes to achieve temperature equilibrium [23]. In view of this slow response, the 
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equilibrium temperature resulting from the external exposure fields is essentially 

determined by the average of the power absorbed. To evaluate the incremental EM 

power absorbed by a given mass, Specific Absorption Rate (SAR) is defined as the 

time derivative of the incremental energy (dW) absorbed by an incremental mass 

contained in a volume of a given mass density (ρdV) [24]. 

ρ
σ

ρ

2E
dV

dW
dt
dSAR =⎟⎟
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⎞
⎜⎜
⎝

⎛
⋅

=
 

(1.1) 

where σ is the conductivity, |E| is the r.m.s. amplitude of electric field and ρ is 

the mass density of the object. SAR, the rate of EM power absorption, is adopted as 

one of the criterion for measuring the biological thermal response. 

 

Tissue exposed to EM fields will continue rising with temperature until the 

heat absorption rate is balanced with the rate at which it is dissipated. The 

temperature dissipation is due to conduction with other tissue types, convection 

through blood perfusion and radiation to the surroundings. The relationship between 

SAR and the resulting temperature rise is complex, and is dependent on many 

parameters. The traditional continuum heat-sink model, developed by Pennes [25], 

was found to give remarkable accurate results in many circumstances.  

( ) mabbb qTTcTk
t
Tc +−+∇⋅∇=
∂
∂ ωρρ  (1.2) 

where ρ is the tissue density (kg/m3), c is the tissue heat capacity (J/kg·K), T is the 

tissue temperature (K), k is the tissue thermal conductivity (W/m·K), ρb is the blood 

density (kg/m3), cb is the blood heat capacity (J/kg·K), ωb is the blood perfusion and 

qm is the metabolic volume heat. 

 

Some recent studies argued that Pennes’ modelling of the heat transfer in 

perfused tissues cannot account for the actual thermal equilibration process between 

the flowing blood and the surrounding tissue [26]. Therefore, new models based on a 

more realistic anatomy of the perfused tissue are required. Evaluation of the thermal 

equilibration length of individual vessels promotes the clarification of the heat 

transfer mechanisms in living tissue. The magnitude of heat transfer between vessels 

and tissue energy with the surrounding tissue and their temperatures are unaffected 

by the thermal field in the tissue, while small ones are nearly in complete thermal 
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equilibration with tissue. Chen and Holmes model [27] grouped the blood vessels 

into two categories: large vessels, each of which is treated separately, and small 

vessels that, in view of their small size and large number, are treated as part of the 

continuum that also includes the tissue. Weinbaum [28] also evaluated thermal 

equilibrium length of blood vessel for several specific vessel configurations, whose 

results confirmed that the thermal equilibration of the blood with the tissue occurs 

not in the capillaries, but in vessels with diameters in the range of 0.2-0.5mm. These 

argument stated that the underlying assumption of Pennes's bio-heat model (energy 

exchange between blood vessels and the surrounding tissue occurs mainly across the 

wall of capillaries) was incorrect. However, due to the lack of experiment grounding 

and inherent complexity, the Pennes model is still the best practical approach for 

modelling bio-heat transfer in living tissue. 

 

In order to regulate the thermal effects, RF exposure guidelines are defined to 

restrict the levels of energy absorbed by body tissues under a certain level. The 

International Commission on Non-Ionising Radiation Protection (ICNIRP), Health 

Protection Agency (HPA) and Federal Communications Commission (FCC) and the 

Institution of Electrical and Electronic Engineering (IEEE) (Standard C95.1 – 1991) 

have established their guidelines for both controlled and uncontrolled environments. 

The IEEE guideline was replaced by an improved version of IEEE standard C95.1 – 

2005 lately. In United States, the FCC requires that phones sold have a SAR level at 

or below 1.6 W/kg taken over a volume of 1g of tissue. While in European Union, 

the SAR limit is 2 W/kg averaged over 10g of tissue. In addition to these local SAR 

evaluations, the SAR averaged over whole body volume is also adopted as an overall 

criterion. A whole-body average SAR of 0.4 W/kg has therefore been chosen as the 

restriction that provides adequate protection for occupational exposure [29]. 

 

1.3.2 Non-thermal effects 

According to the IEEE standard C95.3-2005, 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” [24]. 
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Although the energy associated with RF radiations is not large enough to 

cause ionisation of atom and molecules, 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).  

 

One of the most detectable non-thermal effects is the ion-flux (also written as 

ion-efflux in biology), which describes the movement of calcium ions under the 

influence of external oscillating electric fields. However, 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 

10-14 m (the diameter of an atomic nucleus) [30][31]. 

 

Another mechanism involves the polarisation of cells in the presence of an 

electric field. Due to the induced charge on the surface of cells, the cell becomes an 

electric dipole and attracts similar polarised cells. The translational movement of 

cells is known as dielectrophoresis (DEP), while the rotational movement is called 

electrorotation (EP), which are quantified by the dielectrophoretic force and the 

electric torque of the cell [32]-[33]. 

 

Biological effects associated with cell membranes can also exist under RF 

exposure conditions. Membranes’ selective porosity to various ions involved in 

active chemical reactions is governed by both electrical potentials and chemical 

signals [34][35]. In addition, the formation of large aqueous pores (electroporation) 

on the membrane can be initiated by the induced transmembrane potential up to a 

certain threshold. 

 

1.4 Bioelectromagnetic experimental methods 

Bioelectromagnetic studies typically require multi-disciplinary expertise in 

both biology and electromagnetic areas. Different types of methodologies can be 

applied to investigate the effects of RF exposure on living tissues. This section 
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briefly describes some major methodologies used for evaluating biological responses 

due to the exposure to RF radiations. 

 

1.4.1 In-vitro method 

The in-vitro method refers to the technique of performing a given experiment 

in a controlled environment outside of a living organism. They are typically carried 

out to evaluate specific cellular and tissue level interactions with exposed EM fields 

under controlled environments.  

 

The main advantage of such studies is that some of the exposure conditions 

can be easily and precisely controlled (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 [36]. These factors 

are essential to the understanding of the quantitative interaction mechanisms. The 

disadvantage of in-vitro testing is that the tissues and cells are isolated from the 

complete complex systems of the body [37]. So, any effects observed in-vitro needs 

to be carefully translated back to the whole body system scenario. 

 

1.4.2 In-vivo method 

The in-vivo method involves evaluating the biological effects of RF exposure 

on human or animals, and provides the opportunity to conduct experiments under 

controlled conditions. In contrast to the in-vitro method, the in-vivo method 

particularly emphasises on the living tissues of a whole living body system as 

opposed to a partial or dead one. 

 

Although in-vivo studies can predict directly any effect due to RF exposure,  

the results are not necessarily related to the exposure itself due to the complexity of 

the biological system [38]. For example, 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 experiment design and measurement methods. 
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1.4.3 Other methods 

The ex-vivo study is another type of experiment methodology, which refers to 

experimentation or measurements done in or on living tissue in an artificial 

environment outside the organism with the minimum alteration of the natural 

conditions. Although the definition is similar to in-vitro, ex-vivo studies emphasise 

on the “natural conditions”. For example, the "ex-vivo" procedures involve living 

cells or tissues taken from an organism and cultured in a laboratory apparatus. They 

are usually kept under sterile conditions for a few hours, much shorter than in-vitro 

procedures (days or weeks) [39]. 

 

Long term studies may cover a few years, life-time, or several generations of 

the testing animals. They assess the long term or passive effects which could become 

evident after a relatively long period of exposure. Such studies are typically 

undertaken in medical laboratories [40]. However, the actual interaction mechanisms 

need to be assessed statistically and combined with epidemiology. 

 

1.5 Motivations 

Global exposures to emerging wireless technologies from applications 

including mobile phones, WLAN, and others may present serious public health 

consequences. There exist a lot of studies based on thermal effects from 

communication operating signals, such as modulated continuous waves. The rapidly 

expanding development of new wireless technologies means that evaluation of the 

thermal effects of various signal types, especially the ultra-wide band signals is 

desired. Instead of in-vivo studies, the in-vitro estimation of the separated tissue 

slices could be utilised as an intermediate studying object for the evaluation of 

radiation influence of the varied signals. Analysis of the EM interactions on tissue 

level involves modelling of complex exposure system and quantifying energy 

absorption on testing samples. The Specific Absorption Rate (SAR) and Specific 

Absorption (SA) are required to evaluate the energy absorption. The SA calculation 

directly based on the point electric field values is computational intensive. So a new 
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efficient method based on known frequency dependent SARs is proposed and applied 

to ultra-wide band exposure signals. 

 

On the other aspect, the EM interactions with biological materials also 

generate considerable interest in the biological and medical applications. 

Electroporation, defined as electric pulses triggered increase of the permeability of 

cell membranes, is one of these EM induced Bio-EM phenomenon. It provides the 

possibility to control functions and membrane transport processes in biological cells 

by external pulsed electric fields. In order to quantitatively study the electroporation 

on different cells, evaluation of the EM interactions on cellular level is required.  

Despite the significant progress in microdosimetry, several challenges still remain for 

accurate and efficient modelling. Analytical calculations can only calculate the 

sphere and ellipsoid with a confocal shell and the numerical methods require huge 

computing resources for an accurate modelling of realistic cells. Therefore, accurate 

microdosimetry with viable computing resources is needed for assessing the EM 

field interactions with exposed cells of various structures. 

 

The ultra-short pulsed electric field is possible to induce the 

supra-electroporation, which may initiate apoptosis and release of intracellular 

compounds [42]. Therefore, a short pulse generator with adjustable voltage and pulse 

duration is desired to facilitate electroporation experiment. The incorporated 

electrodes on microscope slides and microscope observation system are also needed 

simultaneously. 

 

1.6 Thesis outline 

This thesis presents a comprehensive numerical study on tissue slices and 

cells exposed to EM radiations. It evaluates the RF power absorption rate within the 

tissue slices. It also assesses the induced electric fields on cell membranes through 

the analytical solution of Maxwell’s equations and Laplace’s equation with the 

quasi-static approximation and numerical calculation by COMSOL Multiphysics 

based on Finite Element Method (FEM). Furthermore, it presents the development of 
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a high voltage short pulse generator and cell exposure system designed for ultra-short 

pulse electroporation. 

 

A brief review of the topic and a general introduction to the study are 

presented in Chapter 1. An introduction to the background of bioelectromagnetics 

and the basis of electroporation is presented in Chapter 2. A dielectric layered cell 

model is also established for theoretical evaluation of cell response to external 

electric field. 

 

Chapter 3 presents a numerical evaluation of tissue slice exposure systems. 

Power absorption rate and absorbed energy by tissue slices are evaluated with and 

without the presence of metallic probes inserted into tissue sample under test. The 

interaction of EM fields with tissue slices is assessed for several continuous waves 

(CW) and pulsed exposure scenarios. 

 

In Chapter 4, two analytical methods solving the Maxwell’s equations and 

Laplace’s equation are presented. Analyses of single and double layer spherical cell 

models subject to electromagnetic wave are performed and results are compared. 

Finite Element Method (FEM) is adopted to evaluate the electromagnetic field 

interaction with cells numerically in Chapter 5. Cell models with various geometries 

are studied by the simplified FEM with the quasi-static approximation. 

 

In chapter 6, the development of a short-pulse electroporation system is 

presented. A high voltage short pulse generator has been connected to the 

epifluorescence microscope system with camera for recording the cellular response. 

To allow real-time observation of membrane permeability changes and cellular 

physiology, an electrode on microscope slide has also been fabricated. 

 

Finally, conclusions and future work are presented in Chapter 7. 
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Chapter 2     Fundamentals of Bioelectromagnetics 

2.1 Overview 

The electric and magnetic fields E and H were originally defined to account 

for forces; hence, the fundamental interactions of E and H with materials are the 

forces exerted on the charges in the materials. The electric fields are associated with 

forces in the presence of electric charges whereas the magnetic field exists as a result 

of the movement of electric charges (electrical currents) [43]. 

 

However, the interaction is actually more complicated due to the appearance 

of sources in the studied materials. The time varying electric field creates induced- 

dipoles, aligns the existing dipoles within the material, alters the bound-charge 

orientation, and also forces the electric charges to form electric currents. These 

effects of the EM field are described by the induced charge density and dipole 

polarization, which are related to the electrical property of the examined material. 

Three parameters are defined to describe these effects macroscopically, namely 

permittivity, conductivity and permeability.  

 

In general, biological materials are composed of a complex mix of water, ions, 

polar and non-polar molecules, proteins, lipids and others. Characteristics of the 

dielectric properties of such complex materials are heavily dependent on their actual 

composition and the environment, as well as EM frequency and temperature. 

 

In this chapter, the Bioelectromagnetic phenomena are first introduced, 

followed by a description of EM interaction mechanisms with biological matter and 

dielectric properties of biological materials. Then the biological cells and membranes 

are presented together with their shelled model. The formation of permeable pores on 

plasmatic cell membranes is introduced. The dosimetry concept based on the IEEE 

standard is presented and the numerical techniques for computational 

electromagnetics are discussed at the end. 
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2.2 Bioelectromagnetic phenomena 

Three phenomena which are closely related to EM field exposure have been 

extensively studied both theoretically and experimentally, namely, electroporation 

(EP), dielectrophoresis (DEP) and ion-channelling. 

 

2.2.1 Electroporation (EP) 

Electroporation is the phenomenon in which a cell exposed to an electric 

pulse is permeabilised as though aqueous pores are focused on the cell membrane. 

An intense external electric field could damage the cell membrane and lead to cell 

lysis2. If the external electric field is short enough, the membrane possibly recovers 

from the porous state, provides an instant channel for ions and molecules on the two 

sides of membrane. Therefore, electroporation is widely used as a tool for artificially 

altering cellular contents [44]-[46]. 

 

The direct cause of electroporation is suggested to be the transmembrane 

potential induced by the externally applied electric field. Therefore, in the theoretical 

evaluation of electroporation, transmembrane potential is the target of the analysis. 

More details of the electroporation will be discussed in section 2.5. 

 

2.2.2 Dielectrophoresis (DEP) 

Dielectrophoresis is the movement of polarised particles due to the 

application of non-uniform electric fields. The particles are polarised in the external 

applied alternating electric field, and moving in the non-uniform electric field, 

depending on their effective polarisability. Dielectrophoresis is distinguished from 

the traditional electrophoresis by the external applied alternating field, which is static 

in electrophoresis. The dielectrophoresis technique is suggested to be widely used in 

cell manipulation and particle separation [47]. 

 

In non-uniform electric fields, the particles experiencing a positive 

dielectrophoretic force will be attracted towards the field-generating electrodes, and 

repelled from the electrodes under a negative DEP force [48], as shown in Figure 2-1. 
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Therefore, the elemental factors in the dielectrophoresis evaluation are the 

polarisability and the dielectrophoretic force. 

(a) Positive DEP at the start point (b) Positive DEP at the end point 

(c) Negative DEP at the start point (d) Negative DEP at the end point 

Figure 2-1: Positive and Negative Dielectrophoresis: (a) and (b) shows the positive 
dielectrophoretic force pulls the particles towards the electrodes; (c) and (d) shows 
the negative repel the particles from the electrodes [49]. 

 

2.2.3 Ion channels 

Ion channels, the proteins embedded in the membranes, conduct and control 

the flow of ions, and establish a small negative voltage (about 80mV) across the 

membrane, with respect to the potential at the outer surface of cells. The ion channel 

conducts a specific species of ion, such as sodium or potassium, and transports them 

through the membrane in one direction [50]-[51]. Access to the conveying pore is 

governed by ‘gates’, which may be opened or closed by chemical or electrical 

signals. 
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The controlling gate involved in the typical bioelectromagnetic problems is 

the Voltage-gate. These channels sense the transmembrane potential and open or 

close in response to depolarization or hyper-polarization, such as the sodium and 

potassium voltage-gated channels of nerve and muscle. 

  

2.3 Dielectric properties of biological materials 

Materials exposed to EM field may experience modifications within their 

intermolecular structure. The applied E field causes induced-polarisation, alignment 

of already existing electric dipoles, and movement of free charges. The electric fields 

inside and outside of the substance are altered from the incident field because of 

these effects. 

 

Three macroscopic terms are defined to account for the interactions between 

EM fields and matters. Permittivity ε (unit: F/m, farads per meter), describes how 

much induced polarization and partial alignment of permanent electric dipoles occurs 

for a given applied E field. Conductivity σ (unit: S/m, siemens per meter), describes 

how much conduction current density produced by a given applied E field. 

Alignment of permanent magnetic dipoles is accounted for by permeability μ (unit: 

H/m, henrys per meter). 

 

2.3.1 Complex permittivity 

A perfect dielectric is a material that exhibits a displacement current only, 

therefore, it stores and returns electric energy as if it were an ideal battery [52]. 

However, the conduction current is no longer negligible in a lossy medium, so the 

total current density is:  

dctot JJJ +=  (2.1) 

Jc is the conduction current density; 

Jd is the displacement current density. 
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In a time harmonic electromagnetic field, equation (2.1) can be expressed as: 
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σr is the conductivity of the medium; 

εr is the relative permittivity of the medium; 

ε0 is the permittivity of vacuum; 

 

Consequently, the complex permittivity ε~ of a lossy media is defined as 
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where 'ε , real part of the complex permittivity, directly relates to the relative 

permittivity rε of the medium, i.e. rε  times of the permittivity of vacuum. The 

imaginary part of the complex permittivity
0

''
ωε
σ

ε r=  is related to the conductivity of 

the medium and frequency. The ratio between the image and real part is defined as 

the loss factor as given in (2.4): 

factorloss≡= '

''

tan
ε
εδ

 
(2.4) 

 

2.3.2 Relaxation and dispersion 

The electric polarisation in the matter exposed to an electric field does not 

occur instantaneously, but is a relaxation process with an associated time constant, 

called relaxation time τ. It can be measured by applying a step function as the 

excitation and then monitoring the relaxation process towards a new equilibrium in 

the time domain. 

 

Generally, relaxation responses of most materials may be described by a first 

order differential equation which relates to a single relaxation time constant τ. 

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. 
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Hence, the total electrical response of the material can be characterised by several 

time constants [53]. 

 

The Debye relaxation theory has been typically used to empirically 

approximate the dielectric properties of materials in terms of the relaxation time τ. 

The frequency dependent complex permittivity ( )ωε~  is expressed as a function of 

angular frequency ω in (2.5): 
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where ( )ωε~  is the frequency-dependent complex permittivity, εs is the 

relative permittivity at low frequencies (static region), ε∞ correspond to the 

permittivity at high frequencies (optical permittivity), and σs expresses the static 

conductivity.  

 

Separate ( )ωε~  into real and imaginary parts yields: 
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In (2.6), 'ε consists of two parts: the frequency-independent part being the 

permittivity at infinite frequencies due to the electronic polarisability, the other part 

being frequency-dependent resulted from the relaxation effects of the dielectric 

medium. The imaginary part ''ε expressed by (2.7) also involves two components: the 

frequency-independent one owing to charge conduction and the frequency- 

dependent one attributed to the dielectric relaxation. 

 

Assuming the conductivity is also frequency dependent, it can be obtained by 

substituting (2.7) into the relationship
0

''

ωε
σ

ε r= . Therefore, the conductivity at 

infinite frequency is 
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By simple mathematical manipulation, the limit-values are interrelated by: 
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frequency- dependent conductivity is obtained as: 
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The dielectric properties of cell components are frequency-dependent and 

mathematically described by the Debye relaxation theory. Details of the dielectric 

properties of cells will be presented in section 2.4.2, after introducing the 

fundamentals of biological cells. 

 

Moreover, the second-order Debye model, as an extension of the first-order 

Debye model, has been used to characterise the more complex dispersive dielectric 

properties, as shown below.  

1 2

1 2

*
1 1

s s

j j
ε ε ε εε ε

ωτ ωτ
∞ ∞

∞

− −
= + +

+ +
 

 

where εs1 and εs2 correspond to the first and second static permittivities, and 

τ1 and τ2 represent the first and second relaxation times respectively. 

 

2.4 Biological cell modelling 

The cell is the structural and functional unit of all living organisms. Some 

organisms exist as single cells (unicellular), such as bacteria, yeast and amoebae; 

while other organisms are multi-cellular, such as a human, an adult example of which 

is composed of billions of cells, organized into collective communities, called tissues. 

The cell theory has summarised several rules as follows: 1) all organisms are 

composed of one or more cells; 2) all cells come from original existing cells; 3) all 
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essential functions of an organism occur within cells; 4) all the necessary information 

for regulating cell performances and for genetic transmission are contained in cells 

[55][56].  

 

2.4.1 Fundamentals of cells and membranes 

Despite the superficial diversity of cells, there are actually only two types of 

cells: prokaryotes3 and eukaryotes4. The prokaryotes (as shown in right of Figure 

2-2), represented by bacteria, are distinguished from eukaryotes on the nuclear 

organization. The nucleoids5 of prokaryotes without nuclear membranes are formed 

as a loose congeries of DNA, different from the structured nucleus of eukaryotes. 

Eukaryotes (as shown in left of Figure 2-2), including protists6, fungi7, plants and 

animals, are about 10 times larger than the typical prokaryotes and characterized by 

their complex structures and functions. All the organelles are immersed in the salty 

cytoplasm that takes up most of the cell volume. The majority of prokaryotes are 1-2 

μm in length, while eukaryotes are generally between 5-100 μm. 

 

 

Figure 2-2: The Eukaryotic and prokaryotic cells (from wikipedia “Image: 
Celltypes.png”, URL: http://en.wikipedia.org/wiki/Image:Celltypes.png). 
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Figure 2-3: The cell membrane (by Geibel G., URL: 
http://sun.menloschool.org/~cweaver/cells/c/cell_membrane/). 

 

The most important common ground between these two kinds of cells is the 

membrane, which envelopes the cell, separates a cell’s interior from the surroundings, 

controls what moves in and out, and maintains the electric potential of the cell (as 

shown in Figure 2-3). The membrane is a bilayer structure composed of 

phospholipids, sprinkled or embedded with proteins which perform as channels or 

transporters across the membrane, or as receptors. The cell membrane is selectively 

permeable, meaning that only some molecules can pass the membrane unobstructed, 

whereas others need to be transported (possibly unidirectional) if they are the 

specific type of molecule. Thickness of the membrane varies from 5 to 10nm. 

 

2.4.2 Model of biological cells 

Apart from the basic category of eukaryote and prokaryote, the variety of 

cells is also presented in many other aspects, such as cell shape, cell structure and 

cell content. The real cell structure, as introduced in last section, is very complex and 

difficult to model, so many simplified models have been used to facilitate the 

studying of cells, such as the circuit model [57], parallel plates model [58] and the 

layered model [59]. Each model has its advantage and suitability for particular 

studies. Layered model primarily represents the structures and dielectric properties of 
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cells and membranes, so it is chosen to evaluate the EM cell reaction under external 

exposure in this thesis. 

 

The biological cell was approximated by a rigid particle with a thin shell 

representing the membrane, initiated by Fricke in 1925 [59]. This double-layer model 

(Figure 2-4(a)) has been extended to several variations, such as the four-layer model 

with nucleus and nuclear membrane (Figure 2-4(b)) [60], and the four-layer model 

involving the bound-water (Figure 2-4(c)) [61]. 

 

Figure 2-4: Spherical shelled model of a cell: (a) double-layer; (b) four-layer with 
nuclear and nuclear membrane; (c) four-layer with bound-water. 

 

For the most commonly used double-layer cell model, dielectric properties of 

the three regions cytoplasm, membrane, and external medium are empirically 

approximated by the Debye relaxation theory. The cytoplasm consisting of various 

organelles is difficult to model exactly in its composition; hence, the physiological 

saline containing proteins is accepted broadly as an equivalent liquid mixture with 

specific frequency-dependent properties according to the cell species [62]. The 

membrane consisting of a phospholipids bilayer has a frequency-independent relative 

permittivity and very low conductivity [63]. The shell-model of the cell is suspended 
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in an infinite extracellular medium that consists of electrolytes in free water, so the 

medium has the frequency-dependent dielectric properties of physiological saline 

[64]. 

 

In this study, the dielectric properties of the cell model are specified as 

follows. The cytoplasm is modelled as physiological saline (0.07N) containing a 

protein volume fraction of 0.262, so the relative permittivity and the conductivity are 

estimated in literature [62]. As a protein solution, the major dispersion at microwave 

frequencies is dominated by the water relaxation near 20GHz, and diminished a little 

due to the proteins’ displacement of a corresponding volume of water. The 

membrane, as a phospholipid bilayer, has a frequency-independent relative 

permittivity of 11.3 (membrane capacity 1.0μF/cm2) and conductivity of 

approximately 0 [64]. The external medium is assumed to have the frequency- 

dependent dielectric properties of physiological saline (0.15N) [64] with a static and 

infinite frequency permittivity values of 76 and 5, respectively. There is no apparent 

difference between the relaxation frequency of the medium and that of the pure water, 

which is 20GHz at room temperature. The characteristic values of the dielectric 

properties on the three sub-domains are listed in Table 2-1. 

Table 2-1: Dielectric properties of double layer cell model. 
 Cytoplasm (Ω1) Membrane (Ω2) External (Ω3) 

εs 57 11.3 76 

εin  5 0 5 

fc (Hz) 15×109 - 20×109 

σs (S/m) 0.3 0 1.1 

 

The parameters illustrated in Table 2-1 are static relative permittivity, infinite 

frequency relative permittivity, relaxation frequency and static conductivity, 

respectively. The frequency dependent permittivities and conductivities are plotted in 

logarithm scale as shown in Figure 2-5. 
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(a) relative permittivity (b) conductivity 

Figure 2-5: Debye 1st order relaxation properties of cell: (a) relative permittivity; (b) 
conductivity. (solid line —: cytoplasm; short line --: membrane; dotted line ···: 
external). 

 

The evaluations of the induced field intensity and transmembrane potential in 

Chapters 4 and 5 are all based on the dielectric properties presented here. 

 

2.5 Aqueous pores generation on membrane – Electroporation 

Electroporation, the transient increase in the electric conductivity and 

permeability of cell membranes when exposed to a high electric field, is an 

established in vitro technique and is used to introduce some substance into a cell, 

such as a large molecule, a drug that can change the cell's function, or a piece of 

coding DNA. When the trans-membrane voltage induced by an external electric field 

exceeds a certain threshold (normally 0.2V – 1V), a rearrangement of the molecular 

structure of the membrane occurs, leading to pore formation in the membrane and a 

considerable increase in the cell membrane permeability to ions, molecules and even 

macromolecules [65]-[67]. 

 

2.5.1 Previous studies of electroporation 

The phenomenon of electroporation has been observed for decades, firstly as 

the reversible electric breakdown of the excitable membranes, in 1954 [68]. Studies 

in the 1970s revealed that when the potential difference across the membrane 

reached a critical value, it could cause a dielectric breakdown of the membrane; this 

was demonstrated in red blood cell membranes [69]. It was also observed that when 
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short duration electric pulses were applied, the cell membranes may reseal [70]. By 

1980s, papers were published reporting the transport of small molecules such as 

sucrose, dyes and monovalent or divalent ions and also DNA and RNA segments 

across the cell membranes that contain electric field-induced “membrane pores” [71]. 

Some pulse shapes other than a Direct Current (DC) pulse have been reported to 

have an improved effect in electroporation; for example, bipolar oscillating pulses 

[72] are reported to be more effective than the unipolar DC pulse, since both poles of 

the cells are permeabilised. The mechanisms of pore formation have been studied on 

both simplified Bilayer Lipid Membranes (BLMs) and biological membranes 

whereas the mechanism for membrane recovery remains unclear [73][74]. In 

summary, experimental insights over the last three decades have established the key 

features of electroporation and inform the promising applications of it. 

 

2.5.2 Formation of electroporation 

Electroporation, as a biophysical response of cell membrane to external 

applied electric field, involves several principal steps [73]: 

STEP 1: The application of electrical pulses on a microsecond time scale 

produces a transiently elevated transmembrane potential typically 0.2V - 1V and a 

resultant electrical field across the membrane of the order of 108 V/m (for a typical 

cell membrane thickness of 10 nm). 

STEP 2: Rapid, localised, rearrangement of the molecular structure of the 

membrane. 

STEP 3: Formation of pores, which perforate the membrane and are filled by 

water molecules (the so-called aqueous, or hydrophilic, pores). 

STEP 4: An increase, by several orders of magnitude, in ionic and molecular 

transport through the cell membrane. 

STEP 5: In some circumstances, following removal of the external field, cell 

membrane can recovery. 

 

The schematic perforation procedure (step 2 and 3) of a simplified membrane 

model, planer Bilayer Lipid Membrane (BLM) [74], is shown in Figure 2-6. Cell 

membranes are much more complex and include proteins embedded in the BLMs 
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and cytoskeleton which undertake various functions associated with the cell 

membrane. 

   
(a) (b) (c) 

Figure 2-6: Hypothetical structural rearrangements of a lipid bilayer membrane 
(Dark ovals denote polar head-groups and twin wavy lines denote lipid tails) 
(a) bilayer membrane structure before pore formation 
(b) Dimple creation by local membrane compression and thinning; 
(c) Hydrophilic pore, showing polar head-groups lining the pore. 

 

2.5.3 Parameters influencing electroporation 

The most important parameters for effective electroporation are the electric 

field strength and the duration of the field is applied (pulse length). A large variety of 

other parameters can influence the efficiency of electroporation, such as the shape of 

the electrical pulse, polarity, number of interval between pulses, size of target cells 

and thermal conditions during and after the pulses. The uptake of molecules also 

depends on their molecular sizes, charges, and other physical and chemical properties. 

The relationship between the two basic parameters, field strength and pulse length, is 

shown in Figure 2-7. 
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Figure 2-7: Parameter range for bioelectric applications (Electric field E – Pulse 
length T ). 

 

As shown in Figure 2-7, in the range of small electric field - pulse duration 

(E-T), the poration will not happen. With increasing field intensity or exposure 

duration, it approaches the range where more obvious effects are expected, even if 

temperature changes are still tolerable. When E-T increases to a vital dosage, the 

cells under exposure could be killed, that is the cell lysis region. 

 

Besides different E-T products, different applications require working in 

different regions of this E-T map. For medical applications, the range of long pulses 

and low-electric fields on the right of Figure 2-7 is the preferred range of operation. 

Particularly, gene transfection occurs with pulsed power parameters on the far right, 

pulse durations in the microsecond range (typically 20ms), and electric field 

amplitudes in the order of 100 V/cm. Electrochemotherapy (drug delivery) requires 

higher electric fields (kilovolts per centimetre) and shorter pulses (>10μs). Bacterial 

decontamination requires pulse durations in near microsecond range, operating at 

electric fields from 10 to more than 100 kV/cm. 
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When it moves to very short pulses and very high-electric fields in the 

left-hand corner of this diagram, a completely different range of applications appears. 

Because the pulse duration is smaller than the membrane charging time, the 

subcellular effects instead of plasma membrane electroporation contribute to the 

intracellular electromanipulation.  

 

2.5.4 Applications of electroporation 

1. Electrofusion of cell membrane 

Utilisation of electric pulses to the suspension of lipid vesicles or cells may 

cause fusions of these vesicles and cells, which is now generally accepted as a result 

of electroporation. Although the molecular mechanism of electric membrane fusion 

has not been decoded yet, electrofusion is emerging as a popular method in 

hybridoma technology, genetic engineering, and agricultural research. 

 

Electrofusion is not a one-step process, transitions of which are shown in 

Figure 2-8. After the electroporation of two cells in contact (Figure 2-8 (a)) and 

starting to porate (Figure 2-8 (b)), fusion of membranes may occur only for the outer 

monolayer of the lipid bilayer (process I), so the end product will be a stable 

conjugate of cells, adjoined by a common envelope but with no mixing of the 

cytoplasmic contents (Figure 2-8 (c)). If fusion occurs in both monolayers of the 

lipid bilayer (process II), the cytoskeletal networks of the two cells will slowly merge 

(Figure 2-8 (d)) and the end product will be a completely fused cell with a shared 

cytoplasm (Figure 2-8 (e)). Therefore content mixing is a necessary criterion for a 

complete fusion of two cells. 

 

Figure 2-8 Different pathways for electrofusion of cells 
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2. Electrotransfection 

Electrotransfection has become a routine technique for DNA transfection of 

cells. In most experiments, plasmid DNAs with high molecular weight are used. Here 

the cells are immersed in plasmid DNA and relatively long pulses are applied to open 

the outer membranes of the cells and to facilitate transfer of DNA into the cell. 

During the application of the pulses, the free DNA bonds reversibly to the membrane 

and begins its reversible insertion into the electropermeabilised membrane. The 

plasmid is translocated into the cell during and after pulsation.  

 

There are two mechanisms for Electrotransfection of cells by plasmid DNA. 

The first one: DNA binds to the cell surface (Figure 2-9(b)). After the electroporation 

(Figure 2-9(c)), the DNA diffuses into the cytoplasm leading to the transfection of 

the cell (Figure 2-9(d)). 

 

Figure 2-9 Mechanism 1 for Electrotransfection of cells 
 

The second mechanism for Electrotransfection is shown in Figure 2-10. The 

surface-bound DNA (Figure 2-10(b)) is driven into the cell by electrophoretic force 

of the applied field (Figure 2-10(c)), so the loaded DNA is enclosed in a shell of lipid 

(Figure 2-10(d)). 

 

 

Figure 2-10 Mechanism 2 for Electrotransfection of cells 
 

3. In-vivo drug delivery 

Introducing a therapeutic agent into desired regions or cells within the human 

body is called drug delivery, which is a significant research area with particular 
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interest in minimally invasive drug delivery. Typical clinical applications of 

electroporation in the category include electro-chemotherapy and transdermal drug 

delivery. 

 

Electrochemotherapy, as a combination of a chemotherapeutic agent and 

pulsed electric field, allows increased uptake of the agent into the cytosol. 

Electrochemotherapy has been used effectively in preclinical and clinical studies. 

The therapy was shown to be effective regardless of histological type of tumour 

including head and neck squamous cell carcinoma, melanoma, basal cell carcinoma 

and adenocarcinoma.  

 

The transdermal drug delivery is potentially valuable because the technology 

can be site-specific, good control of the dose and located outside the body. In order 

to deliver drugs through the skin by means of electrical pulses, the stratum corneum 

with the thickness of 20μm must be electroporated. Because its thickness 

corresponds to approximately 200 times of the lipid bilayer membranes thickness, 

the required potential difference across the stratum corneum is in the order of 200V. 

 

4. Bacterial decontamination 

Lethal effects of pulsed electric fields are used in bacterial decontamination 

of liquids. Because of the size of bacteria, which is in the order of one micron or less, 

much higher electric fields are required for electroporation compared to the 

electroporation of mammalian cells. The bacterial decontamination effect depends on 

a threshold electric field. The killing of bacterial occurs above this threshold value 

and increase exponentially with electric field amplitude. 

 

2.6 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 

different types of tissues, the signal type, the field strengths and other parameters. 

Assessments of the EM energy absorption within a given mass of tissue can be 
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carried out using the averaged field strength, together with the tissue electrical 

properties at that given location.  

 

2.6.1 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. 

       ( / )
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ρ
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(2.11)  

where ρm is the mass density. 

 

However, the rate of change of energy W
t

∂
∂  is equivalent to power density 

(P). Hence, equation (2.11) can be rewritten as: 
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Re-formulated (2.12) to relate the SAR to the internal E fields: 
2
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where σ represents the conductivity of the material, |E| is the r.m.s. magnitude 

of the electric field and ρ is the mass density. 

 

In the IEEE standard C95.3, the SAR is defined as the time derivative of the 

incremental energy (dW) dissipated in an incremental mass (dm) contained in a 

volume element (dV) of a given density (ρm). Equation (2.11) is equivalent to (2.14) 

as presented below. 
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2.6.2 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 

SAR. However, when it is exposed to a pulsed field, the total energy absorbed by the 

biological matter during the pulse duration is also interested, which means another 

parameter depicted the energy absorption is required. Therefore, the Specific 

Absorption (SA), defined as the quotient of the incremental energy (dW) absorbed by 

an incremental mass contained in a volume of a given density (ρ · dV), is introduced 

as a complement of SAR. Several studies have utilised SA to evaluate the energy 

deposition in biological matter [80][81]. 

 

The specific absorption (SA) can be derived from the integral of the energy 

over the pulse duration:  

The energy ∫ ⋅= dtPW  , where W is energy, 

P is power; 

IUP ⋅= , U is voltage in the unit volume, I is 

current in the unit volume; 

lEU Δ⋅=
v

, E is current in volume, Δl is length 

of the unit volume; 

sJI Δ⋅=
v

, J is current density in volume, Δs is area of the unit volume; 

Therefore, for this unit volume, Δl×Δs=ΔV =1, 2EJEVJEP σ=⋅=Δ⋅⋅=
vvvv

, 

put this equation in ∫ ⋅= dtPW , and discretise it: 
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where i is the incremental time step. 
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According to the definitions, energySA
mass

=  (J/kg). 
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where Ei are the E field magnitudes at different time points. 

 

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. 

 

The Specific Absorption Rate (SAR) and Specific Absorption (SA) will be 

further discussed and evaluated in Chapter 3. 

 

2.7 Overview of computational electromagnetics 

Computational electromagnetics is the subject of numerically solving 

Maxwell's equations using limited computer resources. These solutions describe the 

physical interactions between the electromagnetic fields and objects exposed to the 

fields [82]. Quantitative understandings of the interactions are critical in 

microdosimetry for evaluating the field intensity and potentials on cell membrane. 

 

Calculations of electromagnetics can be classified according to distinct 

criterions, such as the equations’ types (differential equations and integral equations), 

the solving domain (frequency domain and time domain) and the degree of 

approximation methods (analytical methods, asymptotic approaches and numerical 

methods). In this section, different approaches are introduced briefly. 
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2.7.1 Analytical methods 

Analytical methods have been used to solve the Maxwell’s equations to 

obtain the closed-form expression. The advantages of these methods include [83]: 

(a) The solutions are accurate for the target equations; 

(b) The solutions are generally suitable for modified parameters; 

(c) The solutions are functions of specific parameters, which illustrate some 

physical information of the problem. 

 

Analytical methods include method of separation of variables, series 

expansion method and green functions and integral transform method. The Mie 

theory in section 4.3 is a combination of method of separation of variables and series 

expansion method. The Laplace’s equation is solved by the method of separation of 

variables in section 4.5. 

 

The main obstacle limiting the application of analytical methods is its 

inability to handle complex geometries [83]. Take the method of separation of 

variables for example; the closed-form expression exists only in the orthogonal 

coordinate systems, which requires that the boundaries of the objects should be 

conformal to at least one coordinate. 

 

2.7.2 Asymptotic approaches 

The frequency spectrum might be divided into three regions considering the 

relative dimension of the problem of interest: low–frequency region λ >> L, 

medium-frequency region λ ≈ L and high-frequency region λ << L. The 

electromagnetic wave presents distinct properties in different region, which leads to 

the asymptotic approaches to avoid the tedious procedure of directly solving of 

Maxwell’s equations. 

 

In the low frequency region, the wavelength is evidently much larger than the 

object’s dimension (so called “electrically small”). Therefore, the propagation effects 

of waves are negligible and fields E and H are uncoupled. Electric circuit theory and 
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quasi-static electromagnetic field theory are used as approximations to Maxwell’s 

equations ((4.1)-(4.4)). 

 

When λ ≈ L, that is, when the wavelength is of the same order of magnitude 

as the size of the object, propagation effects dominate in this range; hence, E and H 

field are strongly coupled. Calculations are often more difficult in this range because 

Maxwell’s equation must be solved without any approximations as in the other two 

frequency regions.  

 

The electrically large problem (λ << L) can be described by optical theory 

[84], such as Geometry Optics (GO), Geometry Theory of Diffraction (GTD), 

Uniform Theory of Diffraction (UTD), Physical Theory of Diffraction (PTD) and 

Spectral Theory of Diffraction (STD). These methods are fast and efficient in the 

specific problems, but might bring in significant errors for complex problem. 

 

2.7.3 Numerical methods 

Numerical techniques have been used in discretising an infinite continuous 

problem into a discrete problem on finite elements. By transforming the solving of 

Maxwell’s equations to the calculation of algebraic equations, the physical 

approximations can be avoided or reduced to maintain high accuracy [86]. By 

increasing the number of elements, the discretised problem can be infinitely close to 

the original continuous problem. Therefore, the application of numerical methods is 

only limited by the speed and storage of computers.  

 

In the 50’s and 60’s of last century, with the development of modern 

computers, several numerical techniques for computational electromagnetics were 

proposed, such as Finite Difference Methods (FDM) in 1950’s [89], Finite 

Difference Time Domain method (FDTD) in 1966 [90]; Method Of Moments (MOM) 

in 1965 [88] and Finite Element Method (FEM) in 1968 [91][92]. Table 2-2 shows 

the classification of these methods according to the solving domain and mathematical 

forms of Maxwell’s equation. FDM and FEM are the frequency domain methods 

solving the partial differential form of Maxwell’s equations. FDTD solves the partial 



Chapter 2 Fundamentals of Bioelectromagnetics 

 

 

60

differential form of Maxwell’s equations in time domain, having a counterpart Finite 

Integral Technique (FIT) solves the integral form of Maxwell’s equations. MOM 

performs the solving procedure of the integral Maxwell’s equations in frequency 

domain. 

 

Table 2-2: Numerical techniques of computational electromagnetics. 
 Frequency Domain Time Domain 

Differential equation method FDM, FEM FDTD 

Integral equation method MOM FIT 

 

A brief history and major features of each technique will be presented in the 

following part of this section. 

 

The Method of Moments (MOM) is essentially the method of weighted 

residuals, which can be used for solving both differential and integral equations.  

The use of MOM in electromagnetics has become popular since the work of 

Richmond in 1965 [87] and Harrington in 1967 [88]. For an integral depicted open 

problem, the boundary integral equations reduce the order of the problem (i.e. 3D 

reduces to 2D), which decreases the number of unknowns significantly. Therefore, 

MOM is fairly efficient for the problems with appropriate properties. 

 

The FDTD technique, as introduced by Yee in 1966 [90], has been proven to 

be a convenient and effective tool for time-domain analysis of various 

electromagnetic scattering problems involving arbitrarily shaped objects. The 

advantage is its extensive applicability to inhomogeneous, anisotropic, dispersion 

and non-linear problems. By combining the time step with the space step in 

calculation, the results in whole frequency band can be obtained by one-run of the 

calculation, which makes this method especially suitable for wide frequency band 

analyses. 

 

The finite element method has its origin in the field of structural analysis. 

Although the earlier mathematical treatment of the method was provided by Courant 

in 1943, the method was not applied to electromagnetic problems until 1968. FEM is 

a powerful technique for handling problems involving complex geometries and 
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inhomogeneous media due to its flexible tetrahedral meshing scheme [86]. The 

operation of the FEM will be introduced in detail in next section. 

 

2.7.4 Finite Integral Technique (FIT) and CST Microwave Studio 

The Finite Integration Technique (FIT) is a one-to-one translation from the 

integral form of Maxwell’s Equations, into a discrete space formulation without 

simplification or specialization. The matrix equations for the EM integral quantities 

obtained from the FIT maintain the inherent properties of Maxwell’s equations with 

respect to charge and energy conservation. Thus, this guarantees an especially 

favourable stability and convergence behaviour in the numerical implementation. 

 

The conventional Yee-type Cartesian meshing scheme has introduced 

inaccuracy to the geometry representation due to a staircase approximation of the 

curved structure surface. Besides, a fine mesh is usually necessary around critical 

points leading to an overall fine mesh in the whole structure. Therefore, various 

meshing techniques, such as variable meshing, non-orthogonal, or sub-girding 

techniques, have been used to improve the performance of the FIT method.  

 

Partial filling of Yee cells represents a consistent extension of the traditional 

Cartesian method, preserving higher order accuracy and faster computation of 

complex structure (Figure 2-11). In this concept, the standard Cartesian 

computational grid does not have to be conformal to the round boundaries [93]. 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) [94]. 
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Figure 2-11: Grid approximation for partial filling meshing scheme. 
 

The stability is another issue in the time domain simulation. To maintain the 

computational stability, the field must not change significantly from one point to 

another, and a wave must not propagate more than one spatial field point in any one 

iteration. Therefore, an up limit has been put on the time-step, which is related to the 

size of the smallest mesh-cell. This is called Courant Stability Criterion. 
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CST Microwave Studio™ (CST MWS) is a general-purpose three 

dimensional electromagnetic simulator based on the Finite Integration Technique 

(FIT), first proposed by Weiland in 1976/1977 [95]. As a powerful software package 

for EM problem simulation, it is used to evaluate the tissue slices within the 

transmission line exposure systems in Chapter 3.  

 

2.7.5 Finite Element Method (FEM) and COMSOL Multiphysics 

Mathematically, the finite element method (FEM) is used for finding an 

approximate solution of partial differential equations (PDE) as well as of integral 

equations. The starting point of the finite element method is the subdivision of the 

domain into small sub-domains called elements, which is described by its vertices 

and one point on each edge. These points are called the nodes. The FEM mesh is 
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constituted by its nodes and the elements. The approximation is calculated on the 

nodes of the elements, which is capable of estimating the fields at any point [96].  

 

The problem is to find the values of the solution approximation at the nodes 

of the FEM mesh from the given PDE. Thus, the original boundary-value problem 

with an infinite number of degrees of freedom is discretised into a problem with a 

finite number of degrees of freedom. The basic steps of the procedure of FEM are 

[86]: 

* Discretisation or subdivision of the domain into elements; 

* Selection of the interpolation functions; 

* Formulation of the system of equations; 

* Solving the system of equations. 

 

The major advantage of FEM is the flexibility of its discretised elements. 

Compared with the cubic Yee-type grids of FDTD, the tetrahedral elements of FEM 

approximate the objects with complex geometry more accurately. By adjusting the 

density of nodes to accommodate the field variation and geometric oddity, the 

computation accuracy and amount are carefully balanced. The second benefit of 

FEM is that its coefficient matrix generated from the finite element equation system 

is sparse and symmetric, which is suitable for solution of the algebraic equations 

system [96]. 

 

COMSOL Multiphysics v3.3 is a modelling package for the simulation of any 

physical process described with Partial Differential Equations (PDE) [97]. It features 

state-of-the-art solvers that address complex problems quickly and accurately based 

on FEM. It is designed to model coupled physics phenomena to deal with the 

realistic representations of the practical problems. Extensive model libraries and 

application-specific modules provide a user friendly simulation environment. 

 

AC/DC module simulates electrical components and devices that depend on 

electrostatics, magnetostatics, and electromagnetic quasi-static applications. The 

electric and magnetic fields and potentials in the studying region can be calculated 

straight forward. The RF module characterises electromagnetic fields, currents, and 
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waves for RF, microwave, optical and other high frequency problems. It allows for 

extensive post-processing such as S-parameter computations and far-field analyses. 

 

COMSOL Multiphysics will be used in Chapter 5 for the numerical 

evaluation of the transmembrane potential and electric field strength on the cells with 

various shapes. 

 

2.8 Chapter summary 

In this chapter, the fundamentals of Bioelectromagnetics have been presented. 

Firstly, the relaxation and dispersion effects of the materials under EM exposure 

have been explained in view of the complex permittivity. Subsequently, the 

biological aspect of cells and membranes has been briefly depicted, followed by a 

layered model of cell. Secondly, the previous experimental studies and existing 

understanding of electroporation, one of the most important biophysical phenomena, 

has been introduced. The presentation of several encouraging applications promotes 

quantitative study on electroporation. Thirdly, the dosimetry concept and SAR 

definition have been explained for the evaluation of energy absorption on the 

exposed targets. Finally, several numerical computation techniques are presented and 

the two commercial software packages used in this project are briefly introduced. 
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Chapter 3     EM Exposure and Energy Absorption Study 

on Tissue Scale 

3.1 Overview of tissue exposure and energy absorption study 

Dosimetric evaluations of the interaction of biological tissues with ultra 

wideband (UWB) radiations or pulses have gained a considerable interest during the 

past few years [98]-[100]. These types of radiations have been reported to be 

associated with biological responses and therefore have been explored for various 

applications in biotechnology and medicine [101]-[104]. The current human 

guidelines for limiting the exposure to pulsed fields are expressed in terms of SAR 

[105]. 

 

Biological responses are typically evaluated after exposing a tissue sample to 

single or multiple ultra-wideband EM pulses. In principle, these EM pulses consist of 

a range of frequency components. Hence, special exposure systems are needed to 

ensure consistent propagation across the frequency band of interest. 

 

This chapter presents the numerical dosimetry for an in-vitro study that was 

carried out to assess the thermal biological effects resulting from exposing tissue 

samples to RF and pulse radiations. Two types of transmission line (TL) exposure 

systems have been presented and modelled to evaluate the EM effects of the tissue 

slices. A thin porcine brain tissue slice, located in a controlled RF exposure system, 

has been exposed to RF radiations. The studies also involve assessments of the SAR 

spatial variations inside the tissue slice due to the insertion of thin metallic probes, 

and the SA within the tissue for ultra wide band exposure pulses. 
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3.2 Parallel plate transmission line exposure system 

The original exposure system was designed as a quasi-TEM (Transverse 

Electric and Magnetic) microstrip transmission line, which operates efficiently over a 

wide frequency band (300MHz - 3000MHz) [106]-[110]. The original exposure 

system has demonstrated excellent transmission characteristics for CW waves. This 

exposure system was used in the previous studies, and will be briefly introduced as a 

benchmark for the improved exposure system. 

 

3.2.1 Structure of the exposure system 

The exposure system is a microstrip transmission line which was designed to 

operate efficiently in the frequency band 300MHz - 3000 MHz and to provide 

uniform field distribution for the exposure of tissue slice samples. The microstrip line 

configuration was chosen for this type of study because it allows external 

manipulation and monitoring of the tissue sample with minimal field disturbance. 

 

The basic structure of the exposure system was made of an empty microstrip 

line consisting of a copper top plate (500mm×100mm×2mm) and an aluminium 

ground plate of (800mm×200mm×12mm). The upper plate was suspended vertically 

away from the ground plate by 34mm, forming a microstrip structure with line 

impedance of 70Ω (Figure 3-1). The top plate has been tapered at both ends via 

triangular transformers (impedance matching circuit). Each of the transformers’ ends 

was connected to a 50Ω coaxial feed that was drilled through the ground plate. The 

RF power was injected from one coaxial feed, whereas the other port was terminated 

with a matched load. 
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Figure 3-1: Dimensions and configurations of the original TL exposure system [111]:    
(a) Top view of the exposure system; (b) Side view of the exposure system. 

 

The tissue slice under study is typically placed on the tissue holder and 

exposed to RF for evaluating the interaction with the EM fields. Figure 3-2 illustrates 

that the plastic sample holder containing the tissue sample is placed on a Perspex 

mount with dimensions of 110mm long, 63mm wide, and 10mm deep. The Perspex 

mount has a relative permittivity εr of 1.6 and a conductivity σ of less than 0.01S/m 

(treated as 0S/m in simulation). The holder inside it has a relative permittivity εr of 

2.4 and a conductivity σ of 0S/m. 

 

Figure 3-2: The original TL exposure system: (a) 3D view of the exposure system;  
(b) Configuration of the tissue mount and holder. 

 

(a) 

(b) 

Tissue 
(16mm x 16mm x 0.4mm)
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Observation and monitoring of the tissue slice are carried out by using 

microscope and probe insertion via a rectangular inspection hole located at the centre 

of the microstrip line’s top plate.  

 

Figure 3-3 illustrates the configuration of the original transmission line 

exposure system which was constructed in QMUL Antenna Lab. The performance of 

the exposure system will be presented in subsection 3.2.2. 

 

Figure 3-3: A photograph of the constructed original TL exposure system. 
 

3.2.2 The operation of the exposure system 

The performance of the exposure system has shown a marked change when 

the tissue mount and holder is inserted. The Perspex mount and the holder have 

higher permittivities than that of the air. This causes a substantial change to the 

electric field distribution in the region of interest. Therefore, the exposure systems, 

including the tissue mount and holder, but excluding the tissue slice under study, 

have been examined. The system characteristics of the line impedance, S-parameters, 

standing waves, and the field distributions are summarised below.  

 

1. S-parameters 

The S-parameters of the TL exposure system are shown in Figure 3-4. Return 

loss S11 oscillates over the entire frequency band between -10dB and -20dB, while 

transmission loss S21 decreases from -3.2dB to -6.5dB. 
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(b) Transmission loss S21 of the exposure systems 

Figure 3-4: S-parameters of the original TL system. 
 

2. Voltage Standing Wave Ratio (VSWR) 

The simulated and measured VSWR values over the frequency band 300MHz 

- 3000MHz are shown in Figure 3-5. The measured and computed VSWR plots agree 

well, and both demonstrate ripples over the entire frequency band. The VSWRs of 

the systems are in a range of approximately 1~2. 
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Figure 3-5: Simulated (blue) and measured (pink) VSWR of the original TL system. 
 

3. Electric field distributions 

In order to approximately validate the computed electric fields, the number of 

half-wavelength cycles (represented by distance between two minima) is counted 

along the entire microstrip line length. Evidently, as shown in Figure 3-6, there are 

two hotspots at 400MHz, where the wavelength is close to the length of the system. 

 

Figure 3-6: The E field (magnitude) distribution of original TL system on the plane 
cutting the centre of the transmission line system (frequency = 400MHz). 

 

The original exposure system already has good transmission characteristics 

for CW waves. However, it has suffered from a drawback that the electrodes couple 

strongly to the E field. Therefore, some modifications have been made to reduce 

coupling between the E field and the inserted electrodes and probes, and to enhance 

the coupling of E fields with the tissue sample. The modified system is filled with a 

dielectric material and a lens system was incorporated to reduce the distortions due to 

impedance mismatch between the tissue area and free space. 
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3.3 Dielectric-filled perfusion transmission line exposure system 

In order to maximise the coupling of the RF fields to the tissue slice, the 

tissue sample is suggested to be vertically inserted to the exposure system. In this 

case, the sample is in the same plane as the electric field component and 

perpendicular to the wave propagation direction. Moreover, this configuration helps 

maintaining positioning the probes or electrodes orthogonal to the E field. Therefore, 

a new dielectric –filled perfusion TL exposure system is designed and developed. Its 

structure and performance will be presented in this section. 

 

3.3.1 Structure of the modified exposure systems 

The upper plate of the microstrip line has dimensions of 400mm×100mm, 

being separated by 34mm from the ground plate (800mm×150mm) as shown in 

Figure 3-7. 

 

Figure 3-7: Dimensions and configurations of the dielectric filled exposure system 
[112]: (a) Top view of the exposure system; (b) Side view of the exposure system. 

 

In order to minimise distortions and reflections in the line, a low loss 

dielectric slab (Polythene) has been introduced between the two plates. Polythene has 

been selected specifically for this purpose as it has a consistent dielectric constant (εr 

= 2.25) across the frequency spectrum.  
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The perfusion system consists of three separate components made of 

Perspex™, namely the ‘base’, the ‘chamber’ and the ‘tube holder’. Figure 3-8 

illustrates the structure in which these components are stacked on top of each other to 

form the perfusion system. For a typical exposure operation, the perfusion system is 

situated in the centre of the waveguide where a block (100mm×75mm×34mm) is 

removed from the polythene filling (the light green part in Figure 3-7). In this study, 

a lossless non-dispersive dielectric material has been used for representing Perspex 

(dielectric constant εr =2.6), and for the Nylon bolts (dielectric constant εr = 3.5). 

 

Figure 3-8: Sections of the perfusion system: (a) Specification [112]; (b) Simplified 
simulation model. 

 

Figure 3-9 shows the photograph of the improved TL exposure system. The 

original system has been rotated by 90 degrees on its side.  

 

Figure 3-9: A photograph showing the new dielectric-filled waveguide (Photo 
supplied by the DSTL Biomedical Sciences Lab). 

 

The main advantage of the dielectric filling is that reflections can be reduced 

to those caused by the tissue, holder and mount. Adding the dielectric filling to the 

Tube holder

Chamber

Base

(a) Specification (b) Model 
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system would reduce the dielectric disparity between the tissue sample, the holder 

areas and the Polythene filling inside the microstrip line. 

In order to overcome the wave distortions in the taper sections of the 

exposure system, a double dielectric lens system converts spherically bounded waves 

in the taper section into plane waves in the sample area with minimal reflection and 

distortion (Figure 3-10).The design is based on introducing a dielectric curvature in 

both horizontal plane and vertical plane. 

 

Figure 3-10: The design of the double lens system: (a) Horizontal plane and (b) 
Vertical plane, to maintain a constant propagation time at all angles. 

 

3.3.2 Numerical modelling of the exposure systems 

The Finite Integration technique (FIT) based commercial simulation software 

CST Microwave Studio 2006B was used to evaluate the EM field profiles within the 

system due to its strengths in solving this type of EM problems. 

 

Accurate modelling of objects within the computational domain requires 

small voxel sizes to ensure a high resolution definition of the structure and to satisfy 

Impedance matching extension

Vertical 
l

Horizontal lens 

(a) Plan view 

(b) Side view 

θV  

θH  
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the computational stability. However, the size of the cell is proportional to the time 

step used for the update equations, and the definition of extremely small voxel sizes 

does not necessarily improve the accuracy notably, but leads to extremely long 

simulating times. Furthermore, the maximum number of the computation voxels is 

limited by the allocated memory size (RAM), and the time-frame given for this 

simulation.  

 

Modelling a very small tissue slice sample placed inside a relatively large 

exposure system is a very challenging task with limited computational resources. In 

order to minimise the computation cost, variable meshing and partial cell filling 

techniques, such as the perfect boundary approximation™ (PBA), were extensively 

employed to define the model. These have provided extra mesh efficiency and 

enabled improved numerical representation of the tapered and other vital parts of the 

model. 

 

For this dielectric filled exposure system, a variable meshing scheme has 

been used to model the structure as it provides denser mesh grids at particular 

regions where necessary (Figure 3-11). About 8.7 million voxels have been used to 

define the exposure system together with the tissue slice under study. The largest and 

smallest cell sizes are set to 5.05mm and 0.1mm respectively, and the intermediate 

cells have been gradually coordinated to match the size of either end. The largest cell 

size within the domain has been configured to comply with the ten cells per 

wavelength stability limit. These parameters are allocated while considering the 

shortest wavelength of the highest dielectric material and are associated with the 

highest frequency. 
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Figure 3-11: Meshing scheme used to define the dielectric filled exposure system. 
 

A free-space computational domain for both models has been specified to 

contain the models where open PML boundaries around the structure were allocated 

to absorb the outgoing waves. Extra free space has been added around the exposure 

system to ensure better approximation of the fields above and on the sides of the 

microstrip line. 

 

Several material types have been used to define the various parts and sections 

of the system. The dielectric properties of most materials (Table 3-1) have been 

assigned with simplified non-dispersive parameters due to the fact that they do not 

change significantly over the frequency range of interest. 
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Table 3-1: A summary of the dielectric constants of the materials used for modelling 
the exposure system. 
Material εr σ (S/m) Components 

Nylon 3.5 0 Bolt joints (used for perfusion system) 

PEC - ∞ All metallic objects 

Perspex 2.6 0 Perfusion system 

Polythene 2.25 0 Dielectric filling 

PTFE 2.1 0 Coaxial feed dielectric filling 

Vacuum 1.0 0 Free space, empty regions 

 

However, the perfusion liquid is known to be a lossy-dispersive dielectric 

solution, and a non-dispersive dielectric property would not be sufficient for the 

entire frequency band (200MHz to 3000MHz). The dispersive behaviour of the 

exposed material could be expressed by the Debye second-order dispersion model (as 

presented in section 2.3).  

 

Figure 3-12 illustrates the measured dispersive behaviour of the real and 

imaginary parts of permittivity.  

 

Figure 3-12: The real and imaginary parts of the perfusion liquid permittivity (ε’ and 
ε"), as a function of frequency (produced by second-order Debye model). 
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The relative permittivities (static and infinity) and the relaxation time values 

used for the Debye equation (second-order) are obtained using a trial-and-error 

approach (Table 3-2). 

Table 3-2: Characteristic parameters of the second-order Debye relaxation model of 
the perfusion liquid. 

ε∞ εS1 εS2 τ1 (s) τ2 (s) 

8.2 243.2 41.5 10.36×10-10 5.4×10-12 

 

3.3.3 The operation of the exposure systems 

1. Line impedance and matching 

The dimension of the original transmission line exposure system is governed 

by the size of the tissue mount arrangement and by the upper frequency band limit 

(3000MHz). It is well established that increasing the width of the upper plate beyond 

half-wavelength could result in a complex variety of higher order propagation modes. 

These higher order modes could lead to variations of the field patterns as well as the 

line impedance. For these reasons, the width of the upper plate was made 100mm 

and the vertical distance from the ground was made 34mm (resulting in a line 

impedance of 70Ω). A triangular transition section was introduced at both ends of the 

upper plate, linking the 50Ω coaxial feeds with the upper plate. The triangular 

tapering played the role of a matching circuit and of an interface between the coaxial 

port and the microstrip line.  

In the improved dielectric filled transmission exposure system, introducing 

the dielectric filling in the microstrip system contributes to a reduction in the 

impedance of the transmission line from 75Ω to 50Ω and provides better matching to 

the input and output ports (equation (3.2)). Using the dimensions and dielectric 

properties of the filling, the characteristic impedance of the microstrip transmission 

line was found to be 70.8Ω (equation 3.1). The effective permittivity can be given by 

[113]: 
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Hence, εeff = 1.92, and the characteristic impedance of the dielectric-filled 

exposure system reduce to 51.1Ω: 

Ω== 1.51/0 effc ZZ ε  (3.2) 
It can be seen that the mismatch is reduced in the new system by reducing the 

impedance differences between the coaxial feeds and the microstrip line. 

 

2. S-parameters 

The S-parameters of both the original exposure system and the improved 

dielectric-filled exposure system are compared in Figure 3-13. 
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(b) Transmission loss S21 of the exposure systems 

Figure 3-13: S-parameters of the original TL system (pink line) and the improved 
dielectric-filled TL system (blue line). 
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The reflection coefficients (S11s) of both systems show rippling patterns over 

the entire frequency band. These ripples could be attributed to the standing waves 

established as a result of the constructive and destructive superposition between the 

incident and multiple reflections of fields within the structure. In contrast, the S21 

curves show remarkably good transmission characteristics for the entire frequency 

band of the signal. However, both S11 and S21 of the original exposure system 

present less efficient power transmission. These differences arise from the fact that 

the physical structure of the dielectric-filled transmission line system has less 

discontinuity in the system, which benefits the EM wave propagation and power 

transmission. 

 

3. Voltage Standing Wave Ratio (VSWR) 

The VSWR computed in the frequency band 200MHz – 3000MHz are in a 

range of approximately 1-1.7 as shown in Figure 3-14. Both of the measured and 

computed VSWR plots agree well for the entire frequency band and illustrate 

variations over the entire frequency band especially at higher frequencies. 

 

Figure 3-14: Simulated (blue) and measured (pink) VSWR of the dielectric-filled 
exposure system. 

 

4. Electric field distributions 

In order to approximately validate the computed electric fields, the number of 

half-wavelength cycles (represented by distance between two minima) is counted 

along the entire microstrip line length. For the original exposure system, as shown in 

Figure 3-6, there are about two hotspots. However, for the dielectric-filled system, 
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three hotspots are induced, due to the shrunk wavelength inside the dielectric 

medium. This process has been carried out to verify the number of wavelengths for 

each of the frequencies tested (Appendix 3A). 

 

Figure 3-15: The E field (magnitude) distribution of the dielectric-filled exposure 
system on the plane cutting the centre of the transmission line system (frequency = 
400MHz). 

 

Analyses of the parameters of the two exposure systems, i.e., line impedance, 

scattering parameters and standing waves, and the field distributions illustrate that 

the dielectric-filled transmission line system provides better power transmission 

efficiency in the system.  

 

3.4 The operation target – porcine brain tissue slices 

The porcine cerebrum studied in this section has been sliced up in the 

anterior-posterior coordinates (interaural and bregma relative distance). Each slice is 

0.4 mm thick and several typical samples of them are shown in Appendix 3B. The 

tissues slices cut at different length have different shapes and sizes. There are two 

typical structures, which are illustrated and simplified in section 3.4.1 for modelling 

and numerical simulation. 

 

The porcine cerebrum contains many tissues including the three main tissues, 

white matter, grey matter and Cerebral Spinal Fluid (CSF). The dielectric properties 

and mass density of these tissues are essential for the estimation of the power 

absorption of the tissue slices. The tissue properties issue are also discussed in 

section 3.4.2. 
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3.4.1 Dimensions of the porcine brain tissue slices 

Porcine tissue is a good animal substitute to human tissue. In the past decade, 

it is broadly used for RF power and energy absorption studies in vivo and in vitro 

[115]-[117]. According to the tissue slices samples provided by Dstl lab as shown in 

Appendix 3B, it is observed that the tissue slices exhibit severe differences at altered 

cut position. Two typical tissue slices are selected to present their groups, and their 

simplified structures are shown in Figure 3-16. 

 

Tissue slice 1 (Figure 3-16(a)) cut at interaural8 4.84mm / bregma9 -4.16mm 

contains a large amount of white matter on periphery. Grey matter of the pallium 

presents as the tortuous belts, and the CSF is simplified as a central portion and two 

wide belts on the edge. Tissue slice 2 (Figure 3-16(b)) cut at interaural 8.20mm / 

bregma -0.8mm illustrates significant change from tissue slice 1. It is observed that 

the grey matter is on periphery and the white matter is an irregular belt in the centre.  

(a) Simplified structural model of tissue slice 1:  
cut at interaural 4.84mm / bregma -4.16mm 

White 

Grey 

CSF
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(b) Simplified structural model of tissue slice 2:  
cut at interaural 8.20mm / bregma -0.80mm 

Figure 3-16: Two typical types of primarily simplified structural models of porcine 
tissue slices (in interaural / bregma coordinate). 

 

The simplified structural models reduce the complexity to some extent, but it 

still preserve considerable difficulty to describe such compound geometry in 

simulations. Moreover, the geometry with complex curvature will load the 

computation with great burden. Therefore, the structures have been further simplified 

and described in simple geometries as shown in Figure 3-17. 

16mm

10
m

m

Grey Matter 

CSF

White Matter
1.5mm

diameter 

 

(a) Further simplified model of tissue slice 1:  
cut at interaural 4.84mm / bregma -4.16mm 

White 

Grey 

CSF 



Chapter 3 EM Exposure and Energy Absorption Study on Tissue Scale 

 

 

88

 

(b) Further simplified model of tissue slice 2:  
cut at interaural 8.20mm / bregma -0.80mm 

Figure 3-17: Two typical types of further simplified geometric models of porcine 
tissue slices (in interaural / bregma coordinate). 

 

Figure 3-17 displays the top view of the further simplified tissue slices 

models used in the simulation model building. The thickness of the structures is 

0.4mm. These models consist of simple geometries such as rectangular, circle and 

ellipse, which will alleviate the computational burden significantly. 

 

3.4.2 Dielectric properties of the porcine brain tissue slices 

The mass density of the brain tissue slices is assumed to be approximately 

1000kg/m3. The dielectric properties of the tissue sample slices were measured or 

extrapolated from the measured data [118]. The data in this reference are measured 

in-vivo, which are slightly different from the in-vitro testing in the exposure system. 

A summary of the tissue dielectric properties is listed in Figure 3-18. 



Chapter 3 EM Exposure and Energy Absorption Study on Tissue Scale 

 

 

89

 

Figure 3-18: Dielectric properties of the main tissues: grey matter, white 
matter and CSF (curve extrapolated from the measured data in [118]). 

 

It can be seen from Figure 3-18(a) that the relative permittivities of the CSF 

are higher than those of grey matter and white matter at all frequency range 

(150MHz ~ 3000MHz), while the whiter matter’s relative permittivity has the 

smallest value. It is also observed from Figure 3-18(b) that the conductivities of the 

white matter are lower than those of grey matter and CSF at each frequency, while 

the conductivities of the CSF have the highest values.  

 

(a) Relative permittivities of grey matter, white matter and CSF 

(b) Conductivities of grey matter, white matter and CSF 
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The divergence of dielectric properties is determined by the composition of 

the tissues. CSF, as a kind of fluid, contains large amount of water molecules and 

water soluble components, which are responsible for its relative high permittivity and 

conductivity. Grey matter is composed of nerve cell bodies as opposite to white 

matter, which is composed of nerve cell axon. Therefore, grey matter has higher 

permittivity and conductivity than white matter. 

 

3.4.3 Fitting the tissue slices into the exposure system 

The modelled brain tissue slices are placed within the dielectric-filled 

transmission line exposure system to evaluate the energy absorption. According to 

the design of the perfusion system in the exposure system, the tissue can be only 

placed between the base and the chamber. In practice, there is a piece of very thin 

membrane just covered above the upper face of the base and below the lower face of 

the chamber in order to prevent the tissue slices from dropping into the lower part of 

the base due to the gravity.  

 

However, the whole porcine brain tissue slices cannot be fitted in the 

perfusion system. If they are fitted in as shown in Figure 3-19, the tissue slices are 

crossing the boundary of the perfusion system.  

 

(a) Tissue slice 1 located in the perfusion system (top view and side view)  

Top view Side view 

Tissue 



Chapter 3 EM Exposure and Energy Absorption Study on Tissue Scale 

 

 

91

 
 (b) Tissue slice 2 located in the perfusion system (top view and side view)  

Figure 3-19: Tissue slice 1 and 2 placed in the perfusion system (exceed the 
perfusion system). 

 

Because of this fitting difficulty, the brain tissue slices had to be cut into 

quarters to fit into the perfusion system. The first and fourth quadrants of the 

quarter-tissue slices are shown in Figure 3-20 (2D view with label). The thickness of 

the quartered tissue slices is not changed and kept the same as 0.4mm.  

Grey Matter

ACSF

White Matter
5 mm

6.5 mm   

(a) 1st quadrant of the tissue slice 1 (b) 4th quadrant of the tissue slice 1 

5 mm

6.5 mm

White Matter

ACSF

Grey Matter

 

5 mm

6.5 mm

White Matter

ACSF
Grey Matter

 

(c) 1st quadrant of the tissue slice 2 (d) 4th quadrant of the tissue slice 2 

Figure 3-20: 2D top view of the quartered brain tissue slices 1 and 2. 
 

Top view Side view 

Tissue 
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The 3D views of the quartered brain tissue slices fit into the perfusion system 

are shown in Figure 3-21. It displays that the brain tissue slices are placed at the 

centre of the chamber (light green components in the figures), and surrounded by the 

perfusion liquid (light blue part in the figure). 

  

(a) 1st quadrant of the tissue slice 1 (b) 4th quadrant of the tissue slice 1 

  

(c) 1st quadrant of the tissue slice 2 (d) 4th quadrant of the tissue slice 2 

Figure 3-21: 3D view of the quartered brain tissue slices 1 and 2 in the perfusion 
system. 

 

3.5 Numerical SAR evaluation of porcine brain tissue slices 

In this section, the exposure signal in time domain is transferred to frequency 

domain, and used to normalise the frequency dependent SAR values to the input 

power. Using this approach, the power absorptions within the tissue slices are 

monitored at a number of selected frequencies. The point SAR values are calculated 

within a single mesh cell, which are highly dependent upon the meshing. Therefore, 

they are averaged to specific volume (10μg) for SAR evaluation. The SARs were 

normalised for an equivalent input of 1W continuous waves oscillating at 400MHz, 

700MHz, 900MHz, 1800MHz and 2450MHz respectively. Considering the different 

frequency components for some specific input signal, for example, Gaussian 
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ultra-wide band signal, the frequency-dependent SAR of the tissue slice was also 

calculated. 

 

3.5.1 The averaged SARs calculations 

In this subsection, the whole-tissue SAR (total averaged SAR) is referred to 

the averaged SAR over the entire tissue volume. The 10μg averaged SAR are 

averaged on the 10μg volume. This volume averaged SAR values are dependent 

upon the meshing. Therefore, the meshcells are selected to be 0.1×0.1×0.1mm3 cubic 

grids in the simulation model. The peak SAR is the maximum value of volume 

averaged SAR. 

 

3.5.1.1 Averaged total and peak SAR 

Table 3-3 summarises the peak and total averaged SAR values induced within 

the quartered brain tissue slices, when the tissue slices are exposed to sinusoidal CW 

of 1W at frequencies of 400MHz, 700MHz, 900MHz, 1800MHz and 2450MHz.  

Table 3-3: 10μg averaged total and peak SARs over the quartered brain tissue slices 
(Input power: 1W). 

Slice 1 (Q1) Slice 1 (Q4) Slice 2 (Q1) Slice 2 (Q4) Freq. 

(MHz) Total Peak Total Peak Total Peak Total Peak 

400 0.12 1.92 0.12 2.17 0.15 2.49 0.16 3.82  

700 0.25 4.53 0.27 4.81 0.31 5.58 0.34 8.25  

900 0.37 7.07 0.37 7.11 0.45 8.41 0.48 11.92  

1800 1.60 46.89 1.66 46.86 1.85 49.42 1.95 58.13  

2450 7.68 252.56 8.79 282.09 9.18 309.74 9.87 331.33 

 

The averaged SARs are plotted in Figure 3-22. Curve fitting technique has 

been applied to obtain the following equation: 
-9 3 -6 2 -31.5 10 F  - 2.4 10 F  + 2.9 10 FSAR = × × ×  (3.3) 

where F is the frequency (MHz). 

The above equation assumes 1W RF input for CW at every frequency, and 

can be used to determine the SARs over the frequency band 400-2450MHz. Such 

estimation is useful when assessing SAR inside the tissue slice for any intermediate 
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frequency point or for pulses consisting of any number of frequency components 

within this band. 10μg averaged total and peak SAR for quartered brain slice 1 and 2 

are plotted in Figure 3-22. 

0

2

4

6

8

10

12

0 500 1000 1500 2000 2500

Frequency (MHz)

1μ
g 

av
er

ag
ed

 to
ta

l S
AR

 (W
/k

g) slice1-q1
slice1-q4
slice2-q1
slice2-q4

 
(a) 10μg averaged total SAR for brain slice 1 and 2 
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(b) 10μg averaged peak SAR for brain slice 1 and 2 

Figure 3-22: 10μg averaged total and peak SAR for brain slice 1 and 2. 
 

Slice 1 contains a larger portion of white matter, which has lower 

conductivity than grey matter, the main content of slice 2. Therefore, slice 1 has 
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lower total average SAR than slice 2. For the same reason, the 4th quadrant of slice 1 

and 2 has higher total average SAR than 1st quadrant as shown in Figure 3-22(a).  

 

The SAR values increase with the frequency increasing. As shown in Figure 

3-23, the E field intensity is increasing due to the decrease of the permittivity of the 

tissue slice and the perfusion liquid, and the conductivities of the tissue components 

are increasing gradually as well.  

(a) |E| on the surface of tissue slice (b) Conductivities of tissue matters 

Figure 3-23: E field intensity and the averaged conductivity of tissue slice. 
 

Taking both E field intensity and conductivity into consideration, the 

averaged σ|E|2 variation according to frequency is compared with the total SAR 

values shown in Table 3-3 as plotted in Figure 3-24. It is observed that both of them 

increase quickly with the same trend. 

(a) Averaged σ|E|2 (b) Total SAR 

Figure 3-24: Averaged σ|E|2 and the total SAR of tissue slice1 q1. 
 

3.5.1.2 Total averaged SAR for Gaussian pulse 

The previous discussed SARs are induced in response to an equivalent of 1W 

input at each frequency. Determination of the whole-tissue averaged SAR 

corresponding to the special input signal involves the frequency components over the 
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studied frequency band. For example, considering a 0-3000MHz Gaussian pulse 

input as shown in Figure 3-25, the SAR responses to the input pulse is presented as:  

)(*)()( ReIm fSARfINPUTfnewSAR sponsepulse=  
(3.4) 

where INPUT(f) is the frequency spectrum of the input pulse, newSAR(f) is 

the SAR frequency response under the input pulse and SARImpulseResponse(f) is the 

un-normalised SAR for the brain tissue slice. 

 

Figure 3-25: Input Gaussian signal in time domain and frequency domain. 
 

Figure 3-26 illustrates the normalised SAR as a function of frequency. The 

blue line represents the SAR induced in response to an equivalent of 1W input at 

each frequency, whereas the red curve represents the SAR frequency response which 

has been normalised to the input pulse.  
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Figure 3-26: Normalised total averaged SAR responses of the Gaussian input 
exposure pulses for the brain tissue slice 1 quarter 1. 
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3.5.1.3 SAR distributions 

Figure 3-27 summarises the 10μg averaged SAR distributions induced inside 

the tissue slice at 400MHz. The SAR distributions at 700MHz, 900MHz, 1800MHz 

and 2450MHz will be shown in Appendix 3C. 

 The 1st quarter of slice 1 The 4th quarter of slice 1 Scale 

400 

MHz 

   

 The 1st quarter of slice 2 The 4th quarter of slice 2 Scale 

400 

MHz 

   

Figure 3-27: 10μg averaged SAR distribution for brain slice 1 and 2. 
 

The spatial SAR distributions were found to be related to the varying edges of 

the material and the influence of the perfusion liquid. Because the dielectric 

properties of the perfusion liquid is different from the surrounding dielectric blocks, 

the induced E field discontinuity resulted in some irregular changes in the power loss 

density and SAR distributions. 

 

Figure 3-28: Power loss density for 1st quarter of slice 1 immersed in the perfusion 
liquid. 
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3.5.2 SAR evaluation with metal probes insertion 

This subsection evaluates the effects of inserting a metallic probe into the 

tissue slice and its implications on the whole-tissue averaged SAR when located 

within the dielectric filled exposure system. 

Experimental assessments of the temperature and biological responses within 

the tissue slice require various forms of probes to detect these responses. In this study, 

a thin metallic probe has been used to excite and record the response from the 

exposed biological tissue. 

The metal probe is modelled as a thin cylindrical perfect electric conductor 

(PEC) rod. It is evaluated accurately and efficiently with the help of variable 

meshing and the various partially-filled cell methods. Figure 3-29(a) shows the 

physical structure of the probe employed in this study. The modelled probe embodies 

a concentric bipolar electrode with an outer contact diameter of 150μm and an inner 

contact diameter of 25μm. The probe has a length of 50mm. 

 

Figure 3-29: The metallic probe: (a) the physical model [112], and (b) the 
approximated metallic model. 

 

The probe has been modelled as a thin metal needle of 50mm in length, with 

a shaft radius of 0.15 mm and tip radius of 0.025mm (Figure 3-29(b)). Figure 3-30 

demonstrates the configuration of the probe insertion where the probe tip is typically 

inserted 0.1mm under the tissues upper surface. 

(a) 

(b)
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Figure 3-30: A cross section showing: (a) The probe angle of inclination; and (b) 
Meshing view of the slice and probe. 

 

3.5.2.1  The effect of probe tilt angle 

This part involves evaluating the effects of probe tilt angle on the peak and 

whole-tissue averaged SAR when located within the dielectric-filled TL exposure 

system. The probe is rotated along the E field (φ) direction and across the E field 

direction (θ), as shown in Figure 3-31.  

 

When the probe rotates along the E field direction (Figure 3-31(b)), the 

inclination angle between probe axis and the joint line between the chamber and the 

base (φ) is varied from 66o to 138o (the edges) where θ is kept at 90o.  

(b) 
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Figure 3-31: A cross section showing the probe angle of inclination: (a) Top view; (b) 
Side view; (c) 3D view. 

 

Table 3-4 lists the averaged total and peak SAR values obtained from 

simulations at 900MHz with 1W input power. It is noticed that the averaged SAR 

values do not vary very much (from 0.35W/kg to 14.38W/kg), whereas the peak 

SAR values change significantly (from 1.90W/kg to 340.13W/kg). When the probe is 

placed with the inclination angle about 105o, the SAR value becomes the minimum. 

When the probe is placed closed to the edge of the two metal plates, the peak SAR 

value increases significantly. 

Table 3-4: 10μg averaged SAR over the tissue with different probe inclination angle 
φ at 900MHz with θ = 90o (Input power: 1W). 

Probe inclination angle (φ) Total SAR (W/kg) Peak SAR (W/kg) 

66o 14.48 340.13  

75o 2.73 65.86  

90o 0.59 11.15  

105o 0.35 1.90  

120o 1.04 20.51  

135o 3.45 78.99  

138o 5.35 126.62  

no probe 0.26 0.48 

 

(a) 

(b) 

(c) 
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These variations could be related to the coupling and induction between the 

probe and the fringing fields near the metal plates. The closer is the probe to the 

metal plates the more fields would be coupled and inducted, which suggests that the 

best inclination angle to introduce the probe is about 105o to the issue slice. 

 

The metal probe can also rotate perpendicular to the E field (θ) as shown in 

Figure 3-31(a). In order to minimise the influence from the edges of the metal plates 

of the transmission line, the inclination angle φ is fixed to 105o and the angle θ varies 

from 45o to 135o. The total and peak averaged SARs are listed in Table 3-5. 

 

Table 3-5: 10μg averaged SAR over the tissue with different probe inclination angle 
θ at 900MHz with φ = 105o (Input power: 1W). 

Probe inclination angle (θ) Total SAR (W/kg) Peak SAR (W/kg) 

45o 1.02  80.71  

60o 0.54  26.43  

75o 0.39  9.20  

90o 0.35  1.90  

105o 0.37  4.93  

120o 0.56  28.89  

135o 1.46  89.37  

no probe 0.26 0.48 

 

The total SAR variation at 900MHz, which is induced by changing 

inclination angle θ and the results induced by modifying φ have been compared to 

observe the influences from different probe positions. The total and peak averaged 

SARs are plotted in Figure 3-32. 
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(a) 10μg averaged total SAR with metal probe at 900MHz against angles θ and φ 
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(b) 10μg averaged peak SAR with metal probe at 900MHz against angles θ and φ 

Figure 3-32: 10μg averaged total and peak SAR with metal probe of different 
inclination angles at 900MHz. 

 

When rotating the probe parallel to E field, in another word, changing 

inclination angle φ at 900MHz, the total SAR varied from 0.35 W/kg to 14.48 W/kg. 

However, when rotating the probe perpendicular to E field (changing angle θ) at 

900MHz, the total SAR is from 0.35 W/kg to 1.46 W/kg as shown in Figure 3-32(a). 

When the probe rotates across the E field (changing angle θ Figure 3-32(b)), the 

influence of the coupling and induction between the probe and the fringing fields is 

fairly small, so the SAR variation in this situation is not as big as the scenario with 

probe rotating along the E field. 
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3.5.2.2  SAR distributions at typical frequencies 

Inserting a thin metal probe into the slice (0.1mm depth) showed a significant 

increase of SAR values around the pointing tip of the probe. This agrees with the 

theoretical predictions of the field singularities around pointing metals, coupling 

mechanisms with the probe and bringing a conductor closer to the ground plane.  

 

Figure 3-33 illustrates cross-sectional views of the electric field distributions 

at the centre of the transmission line where the probe is inserted at an angle of 

φ=105o and θ=60o. It can be seen that the insertion of the metallic probe produces 

stronger field components around its body and the neighbouring structures.  

 

(a) top view 

 

 

 

(b) front view 

 

(c) side view 

Figure 3-33: 3 cross section view of the E field distribution with metal probe φ=105 
and θ=60 at 400MHz. 

 

The coupling strength and peak distributions of the electric fields were found 

to be dependent on the frequency of the applied waveform. Appendix 3D summaries 

cross sectional views of the E field patterns across the exposure system around the 

φ=105o/θ=60o tilted metallic probe for each of the excitation frequencies 400MHz, 

700MHz, 900MHz, 1800MHz and 2450MHz. The presence of the metallic probe has 

evidently affected the electric field patterns and produced different coupling 

behaviour in response to each of the frequencies tested. 
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3.5.3 The energy absorption SA calculations 

The SAR is commonly used for evaluating the incremental EM power 

absorbed by a given mass. It is defined as the time derivative of the incremental 

energy (dW) absorbed by an incremental mass contained in a volume of a given mass 

density (ρdV). 

 

While SAR is the measure of the rate at which microwave radiation is 

absorbed by a tissue, the SA is defined as the energy density absorbed in the tissue 

divided by its mass density. Hence, the SA is used as the quotient of the incremental 

energy (dW) absorbed by an incremental mass contained in a volume of a given 

density (ρdV) (Equation (2.11)). 

⎟
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⎛
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== kg

J
dV

dW
dm
dWSA

ρ
 

(3.5) 

The SI unit of specific absorption is the joule per kilogram (J/kg). 

 

Therefore, the relationship between the SA and SAR are derived from their 

definitions as follows: 
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i
i ttSARSA Δ⋅= ∑

=

=1
 (3.6) 

where Tti Δ≡Δ , which is the sampling time step. 

The derivation above is not related to the signal type. The exposure signal can 

be either CW (continuous wave) or pulses. 

 

The SA calculation based in the time domain computational methods FDTD 

(or FIT) could be performed in two ways. First, calculate the time dependent E field 

on every point, and use equation (3.7) directly to get the SA on this point. Then the 

volume averaged or total SA can be obtained by averaging SAs on these points over 
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a certain volume. This method is called “Direct SA calculation” in this thesis and 

explained in detail in section 3.5.3.1. The other way is to obtain the SAR values at 

several frequency points and to calculate the SA from the frequency dependent SAR 

using a modified Discrete Fourier Transform (DFT), which is called “Indirect SA 

calculation” and explained in section 3.5.3.2. In this method, the SAR values could 

be point values, volume averaged values and also total averaged values; hence it is 

especially convenient for the case that the frequency dependent SAR values have 

already been calculated in simulation software, such as CST Microwave Studio. 

 

3.5.3.1 Direct SA calculation 

The SA can be calculated directly from the E field strength detected by the 

virtual probes in the simulation software. The pulse duration is calculated by 

multiplying the number of time steps (n) by the sampling time step (Δt).  

Based on the derivation in section 2.6.2, the SA on unit volume can be 

calculation by equation (2.16) as shown below:  

( )kgJ
tE

densitymass
energySA

n

i
i

/1

2

ρ

σ∑
=

Δ⋅
==  (2.16) 

where Ei are the E field magnitudes at different time points measured at the 

centre of tissue slice, n is the number of time steps. 

 

In order to assess the SA within a sample tissue volume, a virtual probe is 

defined within a volume of (1mm×1mm×1mm) at the hotspot of the brain tissue slice 

(1st quadrant of slice 1) as shown in Figure 3-34. 

  

(a) probe in the quarter brain tissue 
slice 1 Q1 

(b) hotspot on the quarter brain tissue 
slice1 Q1 

Figure 3-34: Position of the virtual probe inserted in tissue slice. 
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Figure 3-35 illustrates the magnitude of the signal recorded in the time 

domain over a 1mm volume located at the hotspot of the tissue slice with the 

Gaussian input signal as shown in Figure 3-25. The computation sampling time step 

(Δt) was given by 0.13×10-12 s and the mass density of the liquid were set to 1000 

kg/m3. The conductivity is averaged to a constant value of 2.69 S/m for simplicity. 

 

 

Figure 3-35: The magnitude of E field in time domain (detected by virtual probe at 
hotspot). 

 

Hence, the energy in the volume integrated over the pulse duration (Shown in 

Figure 3-35) can be obtained as follows: 

( )kgJ
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SA

n

i
i

/1060.1
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×=
×

×××
=
∑

 (3.7) 

The above result is based on approximating the conductivity of the exposed 

liquid as constant over the entire frequency band. For the evaluation of dispersive 

materials, this approximation may not be accurate. 
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3.5.3.2  Indirect SA calculation 

The time domain evaluation is intuitive since it is derived directly from the 

SA definition. However, several drawbacks hindered its application in the evaluation 

of the energy absorption of tissue under exposure. First of all, the direct calculating 

method in section 3.5.3.1 uses the approximated constant conductivity, which lost the 

dispersive property of the biological tissue. Secondly, the direct method calculates 

the absorbed energy from the E field values point by point. The computation of 

volume averaged or total tissue SAs require volume average based on the SAR 

averaging protocols, which causes further computation burden. Therefore, in the case 

that SAR values at different frequencies have already been computed in the 

simulation software, such as CST Microwave Studio, a new method is desired for the 

SA calculation. 

 

The directly derived relationship between SA and SAR, as shown in equation 

(3.8), requiring the time-dependent SAR, which can not be directly obtained from the 

simulation. A mathematic manipulation is needed to bridge the equation (3.8) and the 

know values of frequency-dependent SAR. 

Considering x(n) and y(n) as two time domain discrete signal, while X(k) and 

Y(k) are their Discrete Fourier Transformation (DFT) in frequency domain. The 

functions x(n) and X(k), having the same length N, are correlated with [119]: 
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The same relationships apply to y(n) and Y(k). 

 

According to DFT Paseval theory, we have 
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Assume ( ) 1≡ny , then 
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where Y1(k) is the DFT of y1(n), all-one signal, as shown in Figure 3-36. Y1(k) 

is symmetrical with respect to its centre point Y1(N/2), which means the second half 

of Y1(k) mirrors the first half. 

 

Figure 3-36: Y1(k) – DFT of all-one signal y1(n). 
 

Therefore, equation (3.7) ( ) i

Ni

i
i ttSARSA Δ⋅= ∑

=

=1
can be calculated by 

( ) ( ) ( )∑ ∑
−

=

−

=

∗ Δ⋅=Δ⋅=
1

1

1

1
1

1N

n

N

n
TkYkSAR

N
TiSARSA  (3.12) 

where SAR(k) are the SAR values normalised to input signal in frequency 

domain. 

 

In this indirect method, SAR(k) are obtained from the simulation software 

CST Microwave Studio, which has already considered the dispersive properties of 

biological materials by using Recursive Convolution (RC) with FIT. Moreover, the 

SAR values can be either averaged SAR or point SAR, so it can be used to evaluated 

whole tissue energy absorption as well as unit volume energy absorption. 
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3.5.3.3  Verification of the direct and indirect methods for SA calculation 

In order to validate these methods, a virtual voltage probe has been put in the 

dielectric filled transmission line exposure system to collect the E field strength in 

time and frequency domain. The probe is in the centre of the tissue slice, which is 

exposed to a wave operating from 0GHz to 3GHz. The input Gaussian signal of the 

exposure system is shown in Figure 3-37 and the E field strengths measured by the 

virtual probe in the time and frequency domains are shown in Figure 3-38. 

 

Figure 3-37: Input Gaussian signal in time domain and frequency domain. 
 

 

Figure 3-38: Probe signal in the time domain and frequency domain. 
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Conductivity 2.69S/m of the perfusion liquid at 1.5GHz is taken as the 

averaged value over whole range, and the mass density of it is assumed to be the 

same as water, which is 1000 kg/m3. Based on the proposed method, the direct 

method calculation result is 1.065×10-12 J/kg, and the indirect calculated result is 

1.014×10-12 J/kg, which agree with each other quite well. The 4.8% difference might 

be due to the approximation of the conductivity. Therefore, this method can be 

utilised in the estimation of SA from the known SAR values in frequency domain as 

a convenient way. 

 

3.5.3.4  SA evaluation of the wideband pulses 

With the Gaussian pulse exposure as shown in Figure 3-37, the unit volume 

SA calculated in the hotspot of tissue slice by equation (3.10) can also be calculated 

by this indirect method. The 1μg peak SAR values of the brain tissue slice 1 quarter 

1 are plotted and fitted into a curve as a function of frequency as shown in Figure 

3-39. It is normalised to the input signal and used in equation (3.15). The calculated 

SA is 1.49×10-9 J/kg, which is quite close to the point SA calculated by the time 

domain method in section 3.5.3.3. 
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Figure 3-39: 1μg averaged peak SAR (blue circle: simulated SAR at 400MHz, 
700MHz, 900MHz, 1800MHz and 2450MHz; blue line: curve fitted SAR; pink line: 
Gaussian normalised SAR). 
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The second application of the indirect SA calculation is for the same piece of 

brain slice exposed to the ultra-wideband signal provided by Dstl (as shown in Figure 

3-40). The pulse duration is 0.7ns, and its frequency spectrum is 4GHz~13GHz.  

 

Figure 3-40: Input Dstl ultra-wideband signal in time domain and frequency domain. 
 

The curve of 1μg total SAR versus frequency is shown in Figure 3-41. It is 

normalised to the Dstl ultra-wideband input signal (the pink line in Figure 3-41). The 

calculated SA is 0.984×10-9 J/kg, which is the total absorbed energy of this piece of 

brain slice. 

 

Figure 3-41: 1μg averaged total SAR (blue line: curve fitted SAR; pink line: Dstl 
ultra-wideband signal normalised SAR). 
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3.6 Chapter summary 

Electromagnetic modelling of a modified transmission line exposure system, 

used for studying the effects of EM fields on thin tissue sample, has been carried out 

by using a program based on the finite integration technique (FIT) algorithm. The 

EM field profiles inside the entire exposure system as well as the fields and SAR 

values inside the exposed tissues were computed across the operational frequency 

band 300MHz-3000MHz.  

 

Computation of the scattering parameters and standing wave ratio has shown 

a reasonable uniformity and good transmission characteristics across the 

300MHz-3000MHz frequency band. Comparisons between the computed and 

measured results of the complete dielectric-filled microstrip transmission line system 

have shown a good agreement. 

 

The SAR within a dispersive lossy-dielectric tissue slice has been assessed 

for exposure to signals at 400MHz, 700MHz, 900MHz, 1800MHz, 2450MHz, and a 

short Gaussian pulse of limited-bandwidth containing sufficient frequency 

components. Using the computed data, an empirical formula has been derived for the 

SAR within the tissue slice when exposed to a normalised RF signal input of 1W. 

This equation can provide valid estimation of the whole-tissue averaged SAR for 

exposure to RF waves across the operational frequency band. 

 

The EM energy absorptions within lossy biological tissue slices were 

evaluated for continuous waves and pulses and the SAR were computed for several 

frequencies selected from the studied frequency band in a pulse exposure scenario. 

For this purpose, the specific absorption (SA) inside a biological material has been 

assessed directly and indirectly based on its definition in time domain. The direct 

method evaluates the energy absorption based on the E field magnitudes in unit 

volume, and the overall SA can be obtained by spatial averaging over the whole 

tissue sample. The indirect method is to utilise the frequency dependent SAR values 

for evaluating the energy absorption of the whole tissue slice. This indirect method is 

convenient and efficient for the scenario where frequency dependent SAR is known. 



Chapter 3 EM Exposure and Energy Absorption Study on Tissue Scale 

 

 

113

3.7 References 

[98] Bottomley, A.L., Neely, S.J., Wood, S.J., and Tattersall, J.E.H., “Effects of 

Ultrawide Band Microwave Pulses on Rat Hearts in Vitro”, Electricity and 

Magnetism in Biology and Medicine, vol. 477(8), 1999. 

[99] Rogers, W.R., Merritt, J.H., Comeaux, J.A., Kuhnel, C.T., Moreland, D.F., 

Teltschik, D.G., Lucas, J.H., and Murphy, M.R., “Strength-Duration Curve 

for an Electrically Excitable Tissue Extended Down to Near 1 Nanosecond”, 

IEEE trans. on plasma science, vol. 32(4), 2004. 

[100] Okoniewska, E., Stuchly, M.A., and Okoniewski, M., “Interactions of 

electrostatic discharge with the human body”, IEEE trans. on microwave 

theory and techniques, vol. 52(8): 2030-2039, 2004. 

[101] Beebe, S., Fox, P., and Rec, L., “Nanosecond Pulsed Electric Field (nsPEF) 

Effects on Cells and Tissues: Apoptosis Induction and Tumor Growth 

Inhibition”, IEEE trans. Plasma Science, vol. 30: 286-202, 2002. 

[102] Jordan, D.W, Gilgenbach, R.M., Uhler, M.D., Gates, L.H., and Lau, Y.Y., 

“Effect of Pulsed, High-Power Radiofrequency Radiation on Electroporation 

of Mammalian Cells”, IEEE trans. on plasma science, vol. 32: 1-6, 2004. 

[103] Lin, J.C., Yuan, P.M.K., and Jung, D.T., “Enhancement of anticancer drug 

delivery to the brain by microwave induced hyperthermia”, 

Bioelectrochemistry and Bioenergetics, vol. 47: 259-264, 1998. 

[104] Weaver, J.C., “Electroporation of Cells and Tissues”, IEEE trans. on plasma 

science, vol. 28(1): 24-33, 2000. 

[105] IEEE Standard C95.3-2002, “IEEE recommended practice for measurements 

and computations of radio frequency electromagnetic fields with respect to 

human exposure to such fields, 100kHz-300GHz”, IEEE Standards, 2002. 

[106] Tattersall, J.E.H., Scott, I.R., Wood, S.J., Nettell, J.J., Bevir, M.K., Wang, Z., 

Somasiri, N.P., Chen, X., “Effects of low intensity radiofrequency 

electromagnetic fields on electrical activity in rat hippocampal slices”, Brain 

Research, vol. 904(1): 43-53, 2001. 



Chapter 3 EM Exposure and Energy Absorption Study on Tissue Scale 

 

 

114

[107] Scott, I.R., and Tattersall, J.E.H., “The effects of radiofrequency radiation on 

hippocampal long term potentiation in vitro”, EMC York 99, Conf. 

publication no. 464: 26-29, 1999. 

[108] Scott, I.R., Wood, S.J., and Tattersall, J.E.H., “Effects of radiofrequency 

radiation on long-term potentiation in rat hippocampal slices”, 

Bioelectromagnetic Society (BEMS) annual meeting, 1999. 

[109] Wood, S.J., Nettell, J.J, and Tattersall, J.E.H., “An electrophysiological 

investigation of the effects of radiofrequency radiation on rat hippocampal 

slices”, Soc. Neuroci. Abstr., vol. 23: 2205, 1997. 

[110] Tattersall, J.E.H., Wood, S.J., and Scott, R.I., “The effects of radiofrequency 

electromagnetic fields on the electrophysiology of rat brain slices in vitro”, 

IEE Seminar on Electromagnetic Assessment and Antenna Design Relating 

To Health Implications of Mobile Phones (Ref. No. 1999/043), 1999. 

[111] Scott, I.R., Wood, S.J., Tattersall, J.E.H., “Specification of the transmission 

line exposure system”, Dstl, 2003. 

[112] Scott, I.R., Wood, S.J., Tattersall, J.E.H., “Specification of the 

dielectric-filled transmission line exposure system”, Dstl, 2005. 

[113] Kraus, J.D., “Electromagnetics: with applications”, 5th Edition, ISBN: 

0071164294, McGraw-Hill, 1999. 

[114] Ramo, S., “Fields and Waves in Communication Electronics”, 3rd Edition, 

ISBN 0471585513, John Wiley & Sons. Inc, 1993. 

[115] Hartwig, V., Giovannetti, G., Vanello, N., Landini, L., and Benassi, A., 

“Radiofrequency measurement of liquid sample dielectric properties for 

magnetic resonance applications”, J. of Biomedical Eng. And Tech., vol. 1(2): 

158-171, 2007. 

[116] Chin, L. and Sherar, M., “Changes in dielectric properties of ex vivo bovine 

liver at 915 MHz during heating”, Phys. Med. Biol., vol. 46: 197-211, 2001. 

 

 



Chapter 3 EM Exposure and Energy Absorption Study on Tissue Scale 

 

 

115

[117] Aran, J.M., Carrere, N., Chalan, Y., Dulou, P.E., Larrieu, S., Leteneur, L., 

Veyret, B. and Dulon, D., “Effects of exposure of the ear to GSM 

microwaves: in vivo and in vitro experimental studies”, J. of Audiology, vol. 

43(9): 545-554, 2004. 

[118] Peyman, A, Holden, S. J., Watts, S., Perrott, R., and Gabriel, C., “Dielectric 

properties of porcine cerebrospinal tissues at microwave frequencies: in vivo, 

in vitro and systematic variation with age”, Phys. Med. Biol., vol. 52: 

2229-2245. , 2007 

[119] Mitra, S.K., “Digital signal processing laboratory using MATLAB”, 

McGraw-Hill, ISBN 72327219, 1999. 



Chapter 4 Analytical Microdosimetry on Cellular Scale 

 

 

116

Chapter 4     Analytical Microdosimetry on Cellular Scale 

4.1 Overview 

Both the potential health hazards and the promising applications of cell 

manipulation require understanding of biophysical phenomena of cells, such as 

electroporation. Electroporation, an instantaneous pore formation on the cell plasma 

membrane, is principally controlled by the transmembrane potential, which is 

defined as the potential difference across the plasma membrane. Therefore, to 

understand the related phenomena, the electric field distribution and electric potential 

on the membrane need to be quantified inside and around cells. 

 

The simplest theoretical model of cells is a homogeneous sphere immersed in 

a lossy dielectric medium. Moreover, to describe the heterogeneity of a biological 

cell, multi-layer shelled models are suggested in [120]-[122]. The dielectric 

properties of the corresponding components are estimated and summarised according 

to literatures [123]-[125]. 

 

In this chapter, firstly, the model of the cell under exposure of the external 

illuminated EM field will be built. Then the full-wave analytical solution Mie theory 

is performed to obtain an accurate calculation of electric field distribution which can 

be used as a benchmark for further studies. Thirdly, the quasi-static approximation is 

introduced and Laplace’s equation is solved to simplify the problem with acceptable 

accuracy. Finally, the results from the two methods, Mie theory and Laplace’s 

equation are compared to verify the quasi-static approximation, which is an 

important step for further studies. 
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4.2 Cell modelling 

Biological cells were approximated by multi-layer spheres with homogeneous, 

lossy and dispersive dielectric properties for each layer, as introduced in chapter 2. In 

this chapter, a spherical double layer model is adopted for simplicity, as shown in 

Figure 4-1. 

 

Figure 4-1: 3D double layer spherical model of a cell in spherical coordinates (r, θ, 
φ). r1 is the cell radius and d is the membrane thickness; the incident plane wave 
propagates along z-direction with x-polarised E field. 

 

Figure 4-1 illustrates the spherical double-layer shell-model of a cell in 

3-dimensional view. The point (r, θ, φ) is presented in spherical coordinate system. 

The parameters r1 and d are the radius of cell and membrane thickness, respectively. 

The typical value of cell radius r1 is 10 ~ 100 μm for eukaryotes (chosen as 50 μm in 

this chapter) and the average thickness of biological membranes d is 10 nm. 

 

The dielectric properties of each layer of the cell model are difficult to 

measure directly. Hence, the characteristic values of the material are approximated 

by the solution with similar content as presented in section 2.4.2. The characteristic 

values of the dielectric properties on the three sub-domains are listed in Table 4-1. 
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Table 4-1: (Table 2-1) Dielectric properties of double-layer shell-model of cell (εs is 
static relative permittivity, εin represents infinite frequency relative permittivity, fc is 
the relaxation frequency and σs is the static conductivity) [61]. 
 Cytoplasm (Ω1) Membrane (Ω2) External (Ω3) 

εs 57 11.3 76 

εin 5 0 5 

fc (Hz) 15 x 109 - 20 x 109 

σs (S/m) 0.3 0 1.1 

 

The cell under test is exposed to a linearly polarised plane wave with electric 

field intensity E0 of 1V/m in the external medium, which is operating at 2.45GHz. 

The incident plane wave propagates along +z axis polarised in x-axis, as shown in 

Figure 4-1. 

 

4.3 Full-wave analysis by Mie theory 

Mie theory was first proposed by Gustav Mie in an effort to understand the 

varied colours in absorption and scattering exhibited by small colloidal particles of 

gold suspended in water. About the same time, Peter Debye considered the problem 

of the radiation pressure exerted on small particles in space, which is the first 

application of the theory to astrophysics [134]. Although it is firstly developed for 

the light absorption and scattering problems, Mie theory can also be used in 

electromagnetic problems, due to the wave property shared with the light problems. 

Julius A. Stratton presented detailed explanations of this theory in 1941 [135], which 

have been extended to multi-layers by N. G. Volkov and V. Y. Kovach in 1990 

[138]. 

 

The mathematics of Mie theory is straightforward, although it is cumbersome. 

The deduction starts from the simplest situation, one layer, simple (linear, isotropic, 

homogeneous) sphere exposed to a time-harmonic plane wave, in a source-free 

region of space. 
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4.3.1 Vector wave equations 

In a linear, isotropic, homogeneous and source-free medium, Maxwell’s 

equations are combined to give a second-order equations in E
v

 or H
v

 

independently, referred to as homogeneous Helmholtz’s equations as shown in 

(4.5)-(4.6). The Maxwell’s equations in linear, isotropic, homogeneous and 

source-free medium are: 

HjE
vv

ωμ−=×∇  (4.1) 
EjH
vv

ωε=×∇  (4.2) 
0=⋅∇ E

v
 (4.3) 

0=⋅∇ H
v

 (4.4) 
 

We can derive the Helmholtz’s equations: 

022 =+∇ EkE
vv

 (4.5) 
022 =+∇ HkH

vv
 (4.6) 

where wavenumber k with μεω 22 =k . 

 

4.3.1.1  Vector Harmonics 

The Helmholtz’s equations of vector E and H can be separated to 6 combined 

scalar 2nd order deferential equations, which are very difficult to solve. Therefore, a 

pair of special functions (one scalar and the other one vector) is brought in to reduce 

the complexity of the vector Helmholtz’s equations [134]. With the given scalar 

function ψ and an arbitrary constant vector cv , a vector function M
v

 has been 

constructed [135]: 

( )ψcM vv
×∇=  (4.7) 

where M
v

 is intrinsically divergence-free 0=⋅∇ M
v

. 

 

By using the vector identities, the wave equation form of M
v

 is: 

( )][ 2222 ψψ kcMkM +∇×∇=+∇ vvv
 (4.8) 
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Therefore, M
v

 satisfies the vector wave equation 022 =+∇ MkM
vv

 if ψ is a 

solution to the scalar wave equation: 

022 =+∇ ψψ k  (4.9) 
 

Because ( )ψcM vv
×∇= can also be written as ψ∇×−= cM vv

, M
v

is 

perpendicular to cv . Construct another vector N
v

 from the curl of M
v

(4.10), which 

is also inherently divergence-free (resulted in (4.11)): 

k
MN
v

v ×∇
=  and 0=⋅∇ N

v
 (4.10) 

022 =+∇ NkN
vv

 (4.11) 
 

Therefore, M
v

 and N
v

 have all the required properties of an 

electromagnetic field: satisfying the Helmholtz’s equation, divergence-free, being 

proportional to each other’s curl. Thus, the E
v

 and H
v

 in the electromagnetic 

problem might be extended as the series of M
v

 and N
v

, which can be solved by the 

scalar wave equation of ψ. ψ is called the generating function for the vector 

harmonics M
v

 and N
v

, and the arbitrary vector cv  is called the pilot vector. 

 

4.3.1.2  Solution to wave equation in spherical coordinates 

Considering the problem under study, the arbitrary pilot vector cv  was 

chosen as the radius vector rv  in the spherical coordinates [134]. Then M
v

 is 

always tangential to the local radius vector rv  (i.e., 0=⋅Mr
v

). The generating 

function satisfies the scalar wave equation (4.12) in the spherical coordinates, as 

shown in Figure 4-1: 

0
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ψ k
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r
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 (4.12) 

 

Assuming that the particular solution to (4.12) can be separated in the form: 

( ) ( ) ( ) ( )φθφθψ ΦΘ= rRr ,,  (4.13)
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Substitute (4.13) into (4.12), three separated equations of r, θ, and φ are 

obtained: 

02
2

2

=Φ+
Φ m

d
d
φ

 (4.14) 

( ) 0
sin

1sin
sin

1
2

2

=Θ⎥
⎦

⎤
⎢
⎣

⎡
−++⎟

⎠
⎞

⎜
⎝
⎛ Θ

θθ
θ

θθ
mnn

d
d

d
d  (4.15) 

( )[ ] 01222 =+−+⎟
⎠
⎞

⎜
⎝
⎛ Rnnrk

dr
dRr

dr
d  (4.16) 

where the separation constant m and n are coefficients to be determined by 

subsidiary conditions of ψ. 

 

Solving the three ordinary differential equations (4.14), (4.15) and (4.16), 

their linear independent solutions are: 

(i). Solving (4.14) for ( )φΦ  

The two linear independent solutions, even and odd, are φme cos=Φ  and 

φmo sin=Φ , where m is integer or zero. 

 

(ii). Solving (4.15) for ( )θΘ  

The associated Legendre functions of the first kind, ( )θcosm
nP of degree n 

and order m, where n=m, m+1,…, satisfy the equation (4.15), as shown in Appendix 

4A. These functions are featured with the finite values at the two poles (θ=0 and θ=π) 

and the orthogonality to each other. 

 

(iii). Solving (4.16) for ( )rR  

The linear independent solutions to (4.16) are the first and second kind of 

spherical Bessel functions ( ) ( )ρ
ρ
πρ 2/12 += nn Jj  and ( ) ( )ρ

ρ
πρ 2/12 += nn Yy  (where 

kr=ρ , ( )ρvJ and ( )ρvY are the first and second kind of Bessel functions). Their 

combination, the third kind of spherical Bessel functions (also called spherical 

Hankel functions) ( ) ( ) ( )ρρρ nnn jyjh +=)1(  and ( ) ( ) ( )ρρρ nnn jyjh −=)2(  can be 

another set of linear independent solutions [Appendix 4B]. 
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With the three solutions, the generating function which satisfies the scalar 

wave equation in spherical coordinates can be generated as: 

( ) ( )krzPm n
m

nemn θφψ coscos=  (4.17) 
( ) ( )krzPm n

m
nomn θφψ cossin=  (4.18) 

where zn can be any of the four spherical Bessel function jn, yn, hn
(1) or hn

(2). 

 

Consequently, the vector spherical harmonics generated by ψemn and ψomn are: 

( ) ( ) ( )

( ) ( ) φ

θ

ρ
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θ
φ

ρθφ
θ

ψ

ez
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−

−
=×∇= vv
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 (4.22) 

where kr in (4.17) and (4.18) is written as ρ here. 

 

4.3.2 Expansion of a plane wave 

In this section, the x-polarised plane wave will be expanded in vector 

spherical harmonics with the appropriate coefficients.  
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4.3.2.1  Expansion of a plane wave 

The incident plane wave propagated along the +z axis is x-polarised, written 

in spherical coordinates as 

x
jkr

i eeEE ˆcos
0

θ=
v

 (4.23) 
where φθ φφθφθ eeee rx ˆsinˆcoscosˆcossinˆ −+= . 

Expanding this expression in vector spherical harmonics: 

( )∑∑
∞

=

∞

=

+++=
0m mn

omnomnemnemnomnomnemnemni NANAMBMBE
vvvvv

 (4.24) 

where omnemnomnemn NandNMM
vvvv

,,, are vector harmonics introduced in 

section 4.3.1.1 and the coefficients Aemn, Aomn, Bemn and Bomn are to be determined in 

the following of this section. 

 

4.3.2.2  Coefficients determination 

Due to the orthogonality [Appendix 4C] of the vector spherical harmonics 

pairs ( )emnomn MM
vv

, , ( )emnomn NN
vv

, , ( )omnomn NM
vv

, , ( )emnemn NM
vv

, , ( )omnemn NM
vv

,  

( )emnomn NM
vv

, , ( )', emnemn MM
vv

, ( )', omnomn MM
vv

, ( )', emnemn NN
vv

 and ( )', omnomn NN
vv

, the 

coefficients in the expansion (4.24) are of the form: 

∫ ∫
∫ ∫ ⋅

= π π

π π

φθθ

φθθ
2

0 0

2

2

0 0

sin

sin

ddM

ddME
B

emn

emni

emn v

vv

 (4.25) 

with similar expressions for Bomn, Aemn and Aomn. 

 

In addition, the orthogonal properties of the vector spherical harmonics pairs 

together with the orthogonality of the sine and cosine determine 0== omnemn AB  for 

all m and n. Moreover, the remaining coefficients vanish unless m=1 for the same 

reason. Therefore, (4.25) can be rewritten in a much more concise form: 

( )∑
∞

=

+=
1

)1(
11

)1(
11

n
nenenonoi NAMBE

vvv
 (4.26) 

where the superscript (1) of M
v

 and N
v

 denotes the spherical Bessel 

function in them are the first kind jn(kr). 

 



Chapter 4 Analytical Microdosimetry on Cellular Scale 

 

 

124

The coefficients calculated from the compartments of (4.25) for Bo1n and Ae1n 

are 
)1(

12
01 +

+
=

nn
nEiB n

no and
)1(

12
0

1
1 +

+
−= +

nn
nEiA n

ne . Therefore, the desired expansion 

of a plane wave in spherical harmonics is: 
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10 )1(

12
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i NiM
nn
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vvv
 (4.27) 

 

Taking the curl of (4.27), the incident magnetic field is obtained: 

( )∑
∞

=

+
+
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=
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)1(
10 )1(

12
n
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n

i NiM
nn
niEkH

vvv

ωμ
 (4.28) 

 

4.3.3 The internal and scattered fields 

The incident electric and magnetic fields are expanded in an infinite series of 

vector spherical harmonics in the preceding section. The interaction between the 

originally incident field and object exposed to the field leads to the scattered fields 

outside the object ( sE
v

, sH
v

) and the internal fields inside the object ( 1E
v

, 1H
v

) as 

shown in Figure 4-2. All of them can be expanded in the form of series of vector 

harmonics. 

 

 

Figure 4-2: Vector illustration of the relationship among incident field, scattered 
field and the internal field of the object. 
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4.3.3.1  Expansion of the internal and scattered fields 

At the interface between the spherical object exposed to the incident field and 

the surrounding medium, the boundary conditions are shown as 

 

0ˆ)( 1 =×−+ rsi eEEE
vvv

 (4.29)

0ˆ)( 1 =×−+ rsi eHHH
vvv

 (4.30)

Considering the orthogonality of the vector harmonics and the form of the 

expansion of the incident field, the boundary condition decides the coefficients in the 

expansions for the scattered field and the internal field while only m=1 remained. 

 

Finiteness at the origin requires the spherical Bessel function to be the first 

kind, i.e., ( )rkjn 1 , where k1 is the wave number in the sphere. Thus, the expansion of 

the internal field is: 

( )∑
∞

=

−
+
+

=
1

)1(
1

)1(
101 )1(

12
n

nennon
n NidMc

nn
niEE

vvv
 (4.31) 

( )∑
∞

=

+
+
+−

=
1

)1(
1

)1(
10

1

1
1 )1(

12
n

nonnen
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nn
niE

k
H

vvv

ωμ
 (4.32) 

where the superscript (1) on the vector harmonics denotes the first kind of 

spherical Bessel functions in them. 

 

In the region outside the sphere, both jn and yn are well behaved, so the 

expansion of the scattered field involves both of these functions. Therefore, the 

spherical Bessel functions of the third kind, Hankel functions, are used in the 

expansion. The asymptotic forms (4.33) and (4.34) of the spherical Hankel functions 

show that hn
(1) express an outgoing spherical wave, whereas  hn

(2) corresponds to an 

incoming spherical wave.  

( ) ( )
ikr

eikrh
ikrn

n
)(1 −

≈  (4.33)

( )
ikr
eikrh

ikrn

n

−

−≈)2(  

2nkr >>
(4.34)

Therefore, only hn
(1) is used in the expansions of the scattered fields. 
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Finally, the expansions of the scattered fields are 
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 (4.35)
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vvv
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 (4.36)

where coefficients an and bn are to be determined by the boundary conditions, 

and the superscript (3) represents the third kind of spherical Bessel functions. 

 

4.3.3.2  Coefficients calculation 

The explicit expressions for the coefficients of the expansions, an, bn, cn and 

dn are determined by the boundary condition given in (4.29). The two independent 

equations are derived in component form: 

θθθ 1EEE si =+  

φφφ 1EEE si =+  
r = r1  (4.29)*

where Eθ and Eφ  represents the θ and φ component of the electric field, 

and r1 is the radius of the sphere. 

 

Substitute the expansions for the vector harmonics in iE
v

, sE
v

and 1E
v

 into the 

boundary conditions (4.29)* and made both the real and imaginary parts equal, four 

linear equations of the coefficients an, bn, cn and dn are eventually obtained: 

)()()( )1( xjbxhcmxj nnnnn =+  

)]'([)]'([)]'([ )1( xxjmaxxhmdmxmxj nnnnn =+  

)()()( 1
)1(

1 xjaxhdmxmj nnnnn μμμ =+  

)]'([)]'([)]'([ 1
)1(

1 xxjbxxhcmxmxj nnnnn μμμ =+  

(4.37)

where the size parameter 1krx =  and the relative refractive index 
k
km 1= ; 

[ ]' denotes the first derivative of the function. 

 

Solving the set of the linear equations, the explicit expressions for the 

coefficients an, bn, cn and dn are finally obtained: 
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)]'([)]'()[(
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n μμ

μμ
−

−
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Substituting the expansions for vector harmonics (4.19)~(4.22) and the 

expressions of the expansion coefficients (4.38)~(4.41) into the expansions for the 

electromagnetic fields outside (4.35) and (4.36) and inside the sphere (4.31) and 

(4.32), the electric fields and magnetic fields can be fully quantified. 

 

4.3.4 Extension to double-layer problems 

For the double-layer concentric spherical model as shown in Figure 4-1, the 

fields in the region 10 rr ≤≤  are to be bounded at the origin, consequently, the 

vector harmonics must be given by the first kind of spherical Bessel function, which 

are the same as (4.31) and (4.32). 
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(4.32)

 

In the region drrr +≤≤ 11 , both the first and second kind of spherical Bessel 

functions are bounded. Therefore, the fields in this region contain both of these 

functions as shown in (4.42) and (4.43). 
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=
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Moreover, in the region rdr ≤+1 , the scattered field has the usual solution as 

shown in section 4.3.3.1. 

( )∑
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The coefficients nnnnnnnn wvgfdcba ,,,,,,,  are determined by the boundary 

conditions: 
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⎪
⎨
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0ˆ

12

12

r

r

eHH
eEE

vv

vv

 On Γ1 (4.44) 

( )
( )⎪⎩

⎪
⎨
⎧

=×−+

=×−+

0ˆ
0ˆ

23

23

ri

ri

eHHH
eEEE

vvv

vvv

 On Γ2 (4.45) 

 

Substituting (4.31), (4.32), (4.42), (4.43), (4.35) and (4.36) into (4.44) and 

(4.45), eight equations which can be separated into two sets are obtained (set xr ≡1  

and ydr ≡+1  for convenience): 
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 (4.47) 

 

By solving the systems of equations obtains the coefficients for vector 

harmonic expansion of the fields. 
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Other seven coefficients can also be calculated and presented in the similar 

form as an in (4.48). 

 

4.3.5 Computation of Mie theory 

The formal solution to the absorption and scattering problem of a sphere with 

arbitrary radius and refractive index has been available for many years; however, it 

has been only practically soluble since the advent of large digital computers, because 

of the tedious calculation of the expansions of vector harmonics o
neM 1 and o

neN 1 , and  

the absorption and scattering coefficients an, bn, cn and dn. 

 

In this section, the aspects related to the computation are discussed, including 

the predigestion of the expressions of the expansions of vector harmonics and the 

absorption and scattering coefficients, as well as the determination of the number of 

terms in Mie series. 

 

4.3.5.1  Predigestion 

(i). πn and τn 

The angle-dependent functions πn and τn are defined for convenience in 

calculating the expansions of vector spherical harmonics: 

θ
π

sin

1
n

n
P

= , 
θ

τ
d
dPn

n

1

=  (4.49) 

which can be computed by upward recurrence [Appendix A]: 

21 11
12

−− −
−

−
−

= nnn n
n

n
n πμππ  (4.50) 

1)1( −+−= nnn nn πμπτ  (4.51) 

where μ=cosθ, beginning with π0=0 and π1=1. 

 

Therefore, the original vector harmonic (4.19)~(4.22) can be written in a 

more concise form: 

( ) ( ) ( ) ( ) φθ ρθτφρθπφ ezezM nnnnne ˆcoscosˆcossin1 −−=
v

 (4.19)* 

( ) ( ) ( ) ( ) φθ ρθτφρθπφ ezezM nnnnno ˆcossinˆcoscos1 −=
v

 (4.20)* 
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(ii). Riccati-Bessel functions 

The absorption and scattering coefficients can be simplified somewhat by 

introducing the Riccati-Bessel functions: 

( ) ( )ρρρψ nn j= , ( ) ( )ρρρξ )1(
nn h=  (4.52) 

 

Assuming the permeability of the sphere and surrounding medium to be the 

same, the coefficients are: 
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4.3.5.2  Number of terms N in Mie series 

The number of summation terms in the expansions of internal and scattered 

fields is infinite, which is not applicable in the practical calculation. Therefore, the 

number of terms N needs to be determined either by convergence criterion [136] or 

by a priori estimation [137]. To take advantage of vector structure in programming, 

the prior estimation is adopted. 
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By generating a large amount of data on N as a function of x using a 

convergence criterion like [136], these data could be excellently fitted by the 

following equations [137]. 

⎪
⎩

⎪
⎨

⎧

≤≤++

<<++

≤≤++

=

000,20420024
42008205.4

802.014

3/1

3/1

3/1

xxx
xxx

xxx
N  (4.53) 

 

In the cell model built in this chapter, 02.01 ≈= krx . Therefore, the number 

of terms N is chosen as 3 in the summation of vector harmonic expansions. 

The results (i.e. E field distribution inside and outside the cell) will be 

compared with the ones calculated with quasi-static approximation in section 4.6. 

 

4.4 Quasi-static approximation 

Maxwell’s equations govern the electromagnetic waves and fields behaviour 

in nature. However, the characteristics of EM fields and their interactions with 

objects are significantly different over different frequency domains. More 

specifically, the characteristic behaviours depend on the ratio of the wavelength of 

the EM wave to an object’s size. Suppose that L is the largest dimension of an object 

under study and λ is the wavelength of the EM field, then the interaction between the 

EM field and objects can be summarized in terms of three categories, λ >> L, λ ≈ L 

and λ << L. 

 

The frequencies of interest are RF frequencies (≤10GHz), whose wavelengths 

are always larger than 30mm (3×10-2m). Taking the dielectric properties of cell 

suspension solution into consideration, the wavelength is still larger than 3.75mm.  

Comparing with the biological cells in our study, with the largest dimension L of 100 

μm (0.1 mm), the wavelength is obviously much larger than the object’s dimension 

(as illustrated in Figure 3-2), so the quasi-static approximation applies. Further 

details of this approximation are explained in the following subsection. 
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Figure 4-3: Wavelength of interest is large compared with the size of object. 
 

4.4.1 Quasi-static approximation 

Quasi-static theory means that the spatial distribution of the EM fields over 

the extent of the device is the same as that of static fields, but the fields vary with 

time [140]. This approximation is valuable due to the simplicity of the static EM 

field equations compared with the time-varying fields. To be distinguished from the 

other low-frequency approximation, electric-circuit theory, the quasi-static EM field 

theory is used whenever information about the distribution of electric or magnetic 

fields is needed.  

 

For the time-harmonic electric field satisfying the quasi-static assumption, the 

magnitude of the electric field vector at each point changes sinusoidally with time in 

synchrony with all the other vectors, but the relative spatial pattern remains the same 

as the static field pattern. The negative values in the sinusoidal variation mean the 

vectors in reverse directions.  

 

In the general Maxwell’s equations, Faraday’s law (4.1) and Ampere’s law 

(4.2) state that a time-changing magnetic field acts as a source of electric field, and in 

turn the time-changing electric field acts as a source of magnetic field. Thus when 

the fields vary with time, they are said to be coupled. However, with the quasi-static 

assumption, the time changing rates of both E
v

and B
v

 are small enough to be 

neglected; consequently the equations ((4.1) and (4.2)) reduce to their static form (as 
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shown in (4.54) and (4.55). In this case, the electric and magnetic fields can exist 

independently, or said to be uncoupled. 

0=×∇ E
v

 (4.54) 

JH
vv

=×∇  (4.55) 

 

4.4.2 Laplace’s equation 

With the quasi-static approximation, combining the equations (4.3) and (4.54) 

(listed below for convenience), the governing equations of the electrostatic model 

can be generated to solve the electric field problem. 

ρ=⋅∇ D
v

 (4.3) 
0=×∇ E

v
 (4.54) 

where ED
vv

ε=  is the continuous condition. 

 

Considering the irrotational nature of E
v

, the scalar electric potential Ф was 

defined as: 

Φ−∇=E
v

 (4.56) 

By substituting (4.3) into the continuous condition and combining it with 

(4.54), the Poisson’s equation is obtained as follows: 

ε
ρ

−=Φ∇ 2  (4.57) 

In a source free medium, i.e. ρ=0, the Poisson’s equation changes to: 

02 =Φ∇  (4.58) 

which is known as Laplace’s equation. 

By solving Laplace’s equation, the internal and external potentials and 

electric field patterns of the object under study are determined. 

 

4.5 Analytical solution of Laplace’s equation 

The problem of a biological cell exposed to RF electromagnetic fields is 

simplified into a simple or shelled-sphere immersed in a quasi-static electromagnetic 

field as shown in Figure 4-1. The dielectric properties of the compartment of the 
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sphere and external medium are according to the literature reported values as 

presented in section 2.5.2, listed in Table 4-1. The single and double layer spherical 

models are plotted in Figure 4-4. 

(a) single layer (b) double layer 

Figure 4-4: Spherical cell model exposed to uniform time-harmonic electric field: (a) 
single layer cell model with radius r1, studying region Ω1 and Ω2 illustrate the 
cytoplasm and external medium, and Γ1 is the interface between the two media; (b) 
double layer cell model with inner radius r1 and outer radius r2, Ω1-3 are the 
cytoplasm, membrane and external medium, respectively, and Γ1-2 are the interfaces 
between them. 

 

The internal and external media are characterised by the complex 

permittivities ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

0
0

~
ωε
σ

εεε r
r j , and the potential due to the external electric 

field zEE ˆ0=
v

 is zE00 −=Φ , which can be expressed as θcos00 rE−=Φ  in 

spherical coordinates. 

 

4.5.1 Solving Laplace’s equation 

The solution of this problem is performed in the 3D domain, with spherical 

coordinates shown as Figure 2.6. The fundamental task in solving Laplace’s equation 

is to determine a function that will satisfy the boundary conditions by selecting 

appropriate parameters. In the following part of this section, the original problem 

will be solved by the method of separation of the variables. 
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In the spherical coordinates, the Laplace’s equation is written as follows: 
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 (4.59) 

where Ф is the potential. 

Assuming that the scalar function Ф can be expressed as a product of three 

independent functions of one variable each: 

)()()( 321 φθ FFrF=Φ  (4.60) 

The (4.59) reduces to: 
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By the separation of the variables, (4.61) leads to three ordinary equations: 
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where the separation constants m and n will be determined by subsidiary 

conditions that Φ must satisfy. 

 

In the problem under studying, the axial symmetry property of the structure 

suggested that the potential Ф is unrelated to φ, namely the solution to F3 is a 

constant. Therefore, m2 in (4.64) equals 0, and (4.63) reduces to: 

0)1()(sin
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2 =++ Fnn
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dF

d
d

θ
θ

θθ
 (4.65) 

which is the so-called Associated Legendre Equation.  

Keeping the regularity at θ = π and 2π, the solution to the associated Legendre 

equation is the Legendre polynomial [Appendix 4A]: 
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In the meantime, the solution to (4.62) is: 
)1(

1
+−+= nn BrArF  (4.67) 

where A and B are coefficients to be determined by boundary conditions. 

 

In summary, the general solution for the Laplace’s equation in spherical 

coordinates is shown in (4.68).  
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n

n
n

n PrBPrAr θθθ  (4.68) 

 

Combined with the particular boundary conditions, the solutions to either 

one-layer sphere or multi-layer shelled spherical problems can be obtained by 

straight forward calculations. 

 

4.5.2 One-layer sphere 

Equation (4.68) presents the general solution of Laplace’s equation, which 

needs some modification to remain regular at the special points.  

 

At any interior point, the coefficients Bn in (4.68) are set to zero to keep 

regularity at r = 0. Therefore, the resulting potential is: 

∑
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The potential outside the sphere consists of two parts. One is the primary 

external potential Ф0, and the other part (Ф1+), is due to induced charge density on 

the interface between two media. They are shown as (4.70) and (4.71). 
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Therefore, the total potential outside the sphere is: 
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On the interface Γ1 between the two media, the boundary conditions give two 

equations: 
−+ Φ=Φ  (4.73) 

rr ∂
Φ∂

=
∂
Φ∂ −+

12
~~ εε  

)( 1rr =  
(4.74) 

 

Making (4.69) and (4.70) satisfy the boundary conditions, the coefficients 

must follow: 
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And 000 == ba ; 0== nn ba , when n >1.  

Solving equations (4.75) yields 
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Within the sphere, the field is parallel and uniform: 
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The field outside is: 
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4.5.3 Double layer sphere problem 

For the N-layer concentric spherical structure, the radii are r1, r2, …, rN, and 

the dielectric properties of each layer are ε1 σ1, ε2 σ2, … , εN σN. The potential of 

arbitrary point in the specific layer is: 
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The superscript i in ii ba 11 , represents the ith layer, and the subscript n refers to 

the nth term in the series. 

 

The potentials on the interface also satisfy the boundary conditions, eg. on the 

interface between the ith layer and i+1th layer: 

1+Φ=Φ ii  (4.80) 

rr
i

i
i

i ∂
Φ∂

=
∂
Φ∂ +

+
1

1
~~ εε  

)( irr =  
(4.81) 

 

Similarly to the single-layer situation, all the coefficients except a1 and b1 

equal to 0. Thus these two coefficients for each layer can be calculated by solving the 

linear equations system obtained from the boundary conditions. The electric field at 

all points in the studied regions are obtained by taking derivatives of the 

potentials iΦ . The electric fields are: 

1
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M    
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Double-layer sphere model, as a reasonable approximation of cell with 

membrane, will be solved in the following part.  

 

As shown in Figure 4-4(b), the studied region has been divided into three 

parts: the cytoplasm of the cell that corresponds to the inner sphere (region Ω1); the 

membrane of the cell that corresponds to the shell of the sphere (region Ω2); and the 

external medium corresponds to region Ω3. The potential on each region can be 

shown as: 
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Considering the boundary conditions (4.80) and (4.81), four linear equations 

of the coefficients 3
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After some laborious but straightforward algebra, the coefficients 
3
1

2
1

2
1

1
1 ,,, bbaa  are derived: 
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where 
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3

1 3
2

1
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r−
=α . 

 

With the calculated coefficients and (4.84), the electric field can be evaluated 

along the z-axis (the external electric field direction). The calculated E field 

distribution inside and outside the cell will be compared with the ones obtained by 

Mie theory in section 4.6. 

 

4.6 Comparison of results 

Two theoretical analyses of the electromagnetic fields’ interaction with 

spherical shelled cell models have been performed in this chapter. One solves the 

full-wave Maxwell’s equations based on the Mie theory, and the other method solves 

the Laplace’s equation under quasi-static approximation. The calculations of these 

two analyses are performed at 2.45GHz and the results are compared in the following 

sections (4.6.1 for the single-layer cell model and 4.6.2 for the double-layer cell 

model). 

 

The cell model with radius of 10 μm and membrane thickness 10 nm was 

shown in Figure 4-1. The dielectric properties at 2.45GHz are listed in Table 4-2. 
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Table 4-2: Dielectric properties of cell components at 2.45GHz (According to Debye 
1st order relaxation property with characteristic values as shown in Table 4-1) [61]. 
 Cytoplasm (Ω1) Membrane (Ω2) External (Ω3) 

Relative permittivity εr 55.6 11.3 75.3 

Conductivity σ (S/m) 1.43 0 2.04 

 

4.6.1 Single-layer cell model 

The amplitude of the electric field distributed along the z-axis (the one 

parallel to the external electric field) is calculated by the two methods (Mie theory 

and Laplace’s equation) and plotted in Figure 4-5. It is observed that the field inside 

the cell is slightly higher than the incident field intensity (E0=1V/m), and the field 

outside the cell is lower than the incident field and approaches to the incident field 

when it’s far enough from the cell. The results of both methods agree well with each 

other with only 1% discrepancy inside the cell and about 7% at the edge of cell. 

 

Figure 4-5: Electric field distribution for single layer cell model along the axis 
parallel to the external field when external field Ei=1V/m (blue solid —: calculated 
by Mie theory; red dashed -- : calculated by Laplace’s equation). 

 

4.6.2 Double-layer spherical model 

The membrane has relatively low permittivity comparing with the cytoplasm 

and external medium, which leads to the higher electric field on the membrane. 
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Therefore, the electric field of the double layer model reaches its peak on the 

membrane, as shown in Figure 4-6.  

 

Figure 4-6: Electric field distribution for double layer cell model along the axis 
parallel to the external field when external field Ei=1V/m (blue solid —: calculated 
by Mie theory; red dashed -- : calculated by Laplace’s equation). 

 

Zooming the region near the membrane in Figure 4-7 and examining the field 

amplitude on the membrane, it’s found that the field calculated by Mie theory is 7% 

higher than the value calculated by Laplace’s equation. 

 

Figure 4-7: Zooming of the electric field distribution for double layer cell model near 
membrane, along the axis parallel to the external field (blue solid —: calculated by 
Mie theory; red dashed -- : calculated by Laplace’s equation). 
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Comparison between the results of the two methods suggested that the largest 

discrepancy between them is below 7%, which is acceptable in the estimate of the 

field distribution in cell modelling. Moreover, the problems described by Laplace’s 

equation under quasi-static approximation are much easier to solve than the ones 

governed by full-wave Maxwell’s equations. Therefore, the quasi-static 

approximation can be used in the cell modelling and analysis in RF frequency band 

to simplify the calculation while maintaining adequate accuracy. 

 

4.7 Chapter summary  

In this chapter, two methods for estimating electromagnetic wave interactions 

with cells are presented. The first one is Mie theory, a theoretical solution based on 

the Helmholtz’s equations. As a full-wave analysis, no approximation has been made 

for calculation convenience, so it should be accurate and used as benchmark of the 

field estimation. The second one is the analytical solution Laplace’s equation, based 

on a quasi-static assumption for spherical models in which the radius is much smaller 

compared to the wavelength of studying. Agreements between the two methods 

verify that the quasi-static approximation is suitable for small cells exposed to radio 

frequency electromagnetic fields radiations. 
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Chapter 5     Numerical Microdosimetry on Cellular 

Scale 

5.1 Overview  

The analytical computation of microdosimetry on the cellular and membrane 

scale has been conducted in the last chapter. The two analytical methods for 

estimating electromagnetic wave interactions with cells have been performed on a 

spherical cell model. Agreement between the full wave method and the quasi-static 

based method confirms that the quasi-static approximation is reasonable for small 

cells subjected to radio frequency electromagnetic fields irradiations. However, the 

analytical analyses are strongly restricted by the geometry of the studying target. 

Therefore, the numerical method is required for evaluation of the complex shaped 

cells. 

 

In this chapter, the numerical technique FEM has been selected to evaluate 

the multilayered complicated cell models. Comparing with the FDTD or FIT 

techniques, FEM is the most suitable one for such quasi-static problem with 

curvature geometric structures. With the assumption of quasi-static approximation, 

the full-wave solution of FEM has been cut down to a compact version, in order to 

save computation resources and time. The analytical calculation and numerical 

simulation results are compared to validate the method. Multilayered spherical cell 

model, as the simplest and ideal model, is analysed to comprehend the influences on 

cell nucleus. Moreover, cells with complex shapes are studied and the electric field 

distribution, peak E field value and transmembrane potential are evaluated by the 

FEM technique. 

 



Chapter 5 Numerical Microdosimetry on Cellular Scale 

 

 

147

5.2 Cell modelling 

The double layer cell model as illustrated in section 4.5 is re-drawn in Figure 

5-1. The cell radius (r1) is 10 μm and membrane thickness is 10 nm (so the outer 

radius r2 = r1+ d =10.01μm). The frequency-dependent dielectric properties of the 

cell components vary according to the Debye 1st order relaxation model as presented 

in section 2.5.2. The cell is exposed to an external electric field along z-direction 

with E0 of 1 V/m in the surrounding medium. The side length of the external medium 

box in the model built in COMSOL Multiphysics is 10 times of the cell radius. The 

two side-boundaries are considered as open space, which will absorb the waves 

hitting the boundaries. The upper and lower boundaries are considered as electrode 

plates, which supply the constant external electric field for the studying region. 

 

Figure 5-1: Double layer spherical cell model is exposed to uniform time-harmonic 
electric field with inner radius r1 and outer radius r2. Ω1-3 are the cytoplasm, 
membrane and external medium, respectively, and Γ1-2 are the interfaces between 
them. 

 

For such a 2D geometry the mesh generator partitions the sub-domains into 

triangular mesh elements as shown in Figure 5-2. The smallest elements are 

extremely dense on the membrane and increases by the “element growth rate” of 1.5. 
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Figure 5-2: Meshing schemes of the double layer cell model in COMSOL 
Multiphysics: (a) mesh on a quarter of cell; (b) zoom-in view of meshes on the 
membrane. 

 

FEM solving the full-wave Maxwell’s equations is also performed on this 

meshing scheme, the same as the one executed under quasi-static assumption. The 

results of the numerical evaluation will be compared with the solutions obtained by 

analytical methods in section 5.3.1. 

 

5.3 Results of double layer cell model 

The double layer cell model built in the preceding section is solved by the 

full-wave Maxwell’s equations as well as the Laplace’s equations under quasi-static 

approximation in COMSOL Multiphysics v3.3. The electric field distributions at 

2.45GHz simulated by the software package are compared with the analytically 

calculated results in the following section. 

 

5.3.1 Comparison with analytical calculations 

Figure 5-3 displays the electric field distributions along the axis parallel to the 

external field. The left part of the separator symbol (‘//’) on figure 3 shown the 

electric field distribution near the membrane of the cell. The field inside the cell is 

slightly higher than the external field strength (1V/m), and the field outside the cell is 

lower than the external field. The right part (right of ‘//’) shows that the electric field 
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increases while leaving the edge of the cell, and approaches the external field 

strength gradually. It is observed that the two dotted lines (Mie theory and FEM with 

full-wave) agree with each other quite well, presenting a more accurate evaluation 

than the other two methods based on the quasi-static approximation (Laplace’s 

solution and FEM with quasi-static). However, the largest discrepancy between them 

is less than 7%, which is acceptable in the estimation of the field distribution in cell 

modelling. 

 

Figure 5-3: Electric field distributions along the axis parallel to the external field 
(z-axis): Mie theory (analytical full-wave): red dotted line ··· ; Laplace’s solution 
(analytical quasi-static): red dashed line -- ; FEM full-wave: blue dotted line ··· ; 
FEM quasi-static: blue solid line —. 

 

Solving the 2D cell model with quasi-static approximation took 2 minutes 27 

seconds in the simulation software COMSOL Multiphysics, whereas the full-wave 

analysis of the same cell model and meshing scheme took 26 hours 48 minutes, both 

on a 2.80GHz PC with 512MB memory. Therefore, FEM based on quasi-static 

approximation is much more efficient than the traditional full-wave analysis while 

maintaining acceptable accuracy (<7% error). All the simulations in following 

sections are based on the quasi-static approximation. 
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5.3.2 E field and potential distributions 

The analytical analyses in section 3.5 indicate that the electric field 

distribution is uniform inside the cell but varying according to θ on the membrane 

and outside the cell. The electric field distribution around the cell is plotted in Figure 

5-4. It is observed that the electric field achieves the highest value at zenith angle 

with °= 0θ , and gradually reduces to the lowest value on the two sides 

when °= 90θ . 

 

Figure 5-4: Electric field (norm) distribution of double layer cell model at 2.45GHz 
when external field E0=1V/m (Unit: V/m). 

 

The potential across the membrane (transmembrane potential) also depends 

on angle θ as plotted in Figure 5-5 together with the normal component of electric 

field. It can be observed that the transmembrane potential varies according to θcos  

in the first quadrant with θ from 0o to 90o. The relationship between the electric field 

and θ is more complex considering (4.78) and (4.81), indicating the electric field 

dependency on angle θ, radius and membrane thickness and the dielectric properties 

of media. 
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In this model, the external electric field intensity is 1V/m and the maximum 

transmembrane potential appears at the zenith angle with the value of 0.05 × 10-6 V. 

Therefore, to achieve the required 1V transmembrane potential for electroporation, 

the external (far enough from the cell, at least 5 times of the cell radius) electric field 

has to be 2 × 107 V/m, that is 200 kV/cm. 

 

 

Figure 5-5: Electric field (blue solid line labelled on left with unit of V/m) and 
transmembrane potential (red dashed line labelled on right with unit of 10-6V) 
according to the angle from z-axis θ of quarter cell model with θ from 0 to 90 degree. 

 

The region with the electric field amplitude higher than 70.7% of the peak 

value is defined as “effective area”, which is quantified as a percentage value. For 

the spherical cell model, the effective area is 52.7% of the total area. The parameter 

“effective area” provides a criterion to keep the balance between the risk of cell 

membrane breakdown and the pore generating efficiency. 

 

Photos of a sea urchin egg (diameter 100 μm) exposed to an electric field at 

400 V/cm for 400 μs are shown in Figure 5-6 [155]. The electroporation of the cell 

membrane results in the influx of Ca2+ ions from the surrounding sea water to the egg 

interior (Ca2+ level shown in false colours). “Red” parts on figures (b) and (c) 

illustrate that more Ca2+ have been delivered in this area, which indicates more pores 

are formed nearby. This pore density presents similar distribution pattern to the 

transmembrane potential as shown in Figure 5-5. 
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(a) (b) (c) 

Figure 5-6: Electroporation of a sea urchin egg with external electric field of 
400V/cm for 400μs [155] (colour illustrating the fluorescent dyes concentration 
inside the cell): (a) DC electric field turns on, no electroporation happens at the 
beginning; (b) When transmembrane potential achieves 1V, electroporation starts 
and the membrane becomes permeable to the fluorescent dyes; (c) When DC electric 
field turns off, the fluorescent dyes are maintained inside the cell. 

 

5.4 Influences of dielectric properties 

The frequency-dependent dielectric properties of the cell components vary 

according to the Debye 1st order relaxation model as presented in section 2.5.2. The 

frequency-dependent permittivities and conductivities are plotted in logarithmic scale 

as shown in Figure 2-8. The calculated electric field is uniform inside the cell; 

whereas the fields on the membrane and outside the cell vary according to the θ 

angle in the polar coordinate. The maximum value of the field intensity is found at 

the zenith angle (0o), and depends on the frequency, as plotted in Figure 5-7. 
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Figure 5-7: Maximum E fields on the membrane of the double layer spherical cell 
model according to frequency (10MHz ~100GHz): blue solid line —: FEM 
simulation with quasi-static; and red dashed line --: Analytical solution with 
quasi-static (Laplace’s solution). 

 

Figure 5-7 shows the electric field simulated by FEM with quasi-static 

approximation and calculated by directly solving Laplace’s equation. The two curves 

agree with each other very well. With the logarithmic scaled axis, Figure 5-7 

illustrates that at the lower frequency band, the E fields are not significantly 

dependent on the dielectric properties. While at the higher frequency range the 

maximum electric field is strongly dependent on the frequency, which agrees well 

with the trends shown in Figure 2-8 of the dielectric properties. 

 

5.5 Multilayered structure for cell model with nucleus 

The real cell structure is much more complex than the double layered shell 

structure. There are many cell organelles immersed in the cytoplasm. Nucleus is the 

most important one, which is comparatively larger than other cell organelles, and 

enveloped by a layer of membrane. Therefore, the multilayer cell model with the 

consideration of cell nucleus is constructed as Figure 5-8. 
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Figure 5-8: Multilayered spherical cell model with nucleolus: (a) illustration of real 
cell with nucleus; (b) multilayered cell model with non-concentric nucleus. [156] 

 

The primary concentric cell model as shown in Figure 5-9 is a four layer 

sphere, representing a cell with membrane and nucleus, immersed in a dielectric 

medium with relative permittivity of 75.3 and conductivity of 2.04 S/m. The relative 

permittivities of the cytoplasm (and nucleus) and membranes (including the nucleus 

membrane) are 55.6 and 11.3, and their conductivities are 1.43 and 3×10-6 S/m, 

respectively. The cell radius is 10μm and membrane thickness is 10nm, while the 

nuclear radius is 2μm and its nuclear membrane thickness is also 10nm.  

 

Figure 5-9: Four layered concentric cell model with nucleolus: (a) illustration of 
concentric cell model; (b) Amplitude of E field along the axis (red line in (a)). 

 

The concentric four layer cell model was calculated analytically and 

numerically, by solving the Laplace’s equation and simulating by FEM. The results 

are compared in Figure 5-9(b), which shows very good agreement.  
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Figure 5-10 displays the electric field distribution of the four layered 

concentric model. It is observed that the induced electric field strength and the 

transmembrane potential on the inner membrane were at the same order as the one on 

the outer membrane, although the transmembrane potential on the nucleus membrane 

is 8.7% lower than the one on the outer cell membrane.  

 

Figure 5-10: Electric field distribution of the four layered concentric cell 
model with nucleolus when external field E0=1V/m: (a) whole cell model; (b) 
zoom in to the cell membrane and nucleus membrane. 

 

 

Figure 5-11 Non-concentric four layer cell model: (a) illustration of shifted 
nucleus up-down and left-right; (b) simulation result of peak transmembrane 
potential on outer (diamond) and inner (dot) membranes. 

 

In the real cell, the nucleus is suspending in the cell cytoplasm, which is not 

always in the centre of the cell. Therefore the non-concentric cell model is evaluated 

as Figure 5-11(a). The transmembrane potential on the cell membrane and nucleus 

membrane are observed in Figure 5-11(b), in which the red curve is for nucleus 

moving up and blue curve is for nucleus moving right; colour marks for outer 
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membrane; black marks for inner membrane. When the nucleus was shifted to the 

right, the peak magnitude of the electric field and transmembrane potential does not 

show significant change. While the nucleus is moved up, the transmembrane 

potential presents at most 10% reduction on the outer cell membrane and the 

transmembrane potential across the inner nucleus membrane remains almost the 

same as the concentric scenario. 

 

With the evaluation of the multilayered cell model, it is to conclude that, first, 

the induced electric field strength and the transmembrane potential on the inner 

membrane are in the same order as the one on the outer membrane. Secondly, the 

position of the nucleus has limited influence on the induced field and potential 

distribution on the outer membrane. 

 

5.6 Ellipsoidal cell model 

Cells have diverse geometric shapes in addition to the normally used sphere, 

such as the ellipsoidal, bi-concave and rod, etc. In this section, the ellipsoidal double 

layer cell model is built and solved by the FEM with quasi-static assumption. 

 

The ellipsoidal cell immersed in an external electric field along z-direction 

with E0 of 1V/m has a major axis of 20μm and a minor axis of 10μm, with a 10nm 

shell as the membrane (Figure 5-12). The calculations are performed at 2.45GHz 

with the dielectric properties of the cell components as shown in Table 2-2. 
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Figure 5-12: Double layer spherical cell model is exposed to uniform time-harmonic 
electric field with major axis of 20 μm, minor axis of 10μm, and membrane thickness 
d of 10 nm. Ω1-3 are the cytoplasm, membrane and external medium, respectively, 
and Γ1-2 are the interfaces between them. 

 

The electric field distribution and the transmembrane potentials will be 

illustrated in section 5.6.1. The influences of the cell shapes and cell orientation will 

be discussed in sections 5.6.2 and 5.6.3, respectively. 

 

5.6.1 E field and potential distributions 

The electric field distribution around the elliptical cell is plotted in Figure 

5-13. The electric field achieves its highest value at zenith angle with °= 0θ , and 

gradually reduces to the lowest value on the two sides with °= 90θ . The maximum 

value of electric field is 5.415 V/m, which is 7% higher than the spherical cell with 

the same dimension along the external field direction (r = 10 microns). The normal 

component of the electric field on the membrane distributed around the cell 

(according to θ) is plotted in Figure 5-14 as the blue curve labelled on the left. 
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Figure 5-13: Electric field (norm) distribution of elliptical cell model at 2.45GHz 
when external field E0=1V/m (Unit: V/m). 

 

The potential across the membrane (transmembrane potential) relying on θ is 

also plotted in Figure 5-14. It can be observed that the sharp decline of both E field 

and transmembrane potential have been postponed to about 70o, which is exhibited as 

the larger red region on membrane in the field distribution (Figure 5-13). The 

effective area of this elliptical cell is 77.7%, which is much higher than the circular 

cell.  

 

Figure 5-14: Electric field (blue solid line labelled on left with unit of V/m) and 
transmembrane potential (red dashed line labelled on right with unit of 10-6V) 
according θ (0˚ ~ 90˚) for quarter of double layer elliptical cell model. 
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5.6.2 Influence of the axial ratio of ellipsoids 

Ellipsoids have one more dimensional variable than the spherical model, axial 

ratio, defined as the ratio between major and minor axes. Modifying the radius on 

y-direction from 50μm to 2μm while maintaining the other radius on z-direction as 

10μm, amplitudes of the maximum electric fields of the cell model vary according to 

the modification of axial ratios as plotted in Figure 5-15. 

 

Figure 5-15: Maximum electric fields and effective area on the membrane of the 
ellipsoidal cell (according to different axial ratio): red line – maximum electric field 
amplitude (label left); black line – effective area (label right).  

 

Figure 5-15 shows that the maximum electric field is higher when the major 

axis of the ellipsoidal cell is perpendicular to the external field, and the value 

decreases while the minor axis increasing. When the major axis is parallel to the 

external field, the E field value increases with the increasing of the minor axis. 

Plotting the E field amplitude according to the axial ratio in logarithm scale, this 

relationship is approximately linear. 

 

The effective area is also influenced by the axial ratio of the elliptical cells. 

Figure 5-15 displays that the effective area variation according to axial ratio changes 

significantly, from 93.2% (axial ratio x/y of 5) to 7.4% (axial ratio x/y of 0.2).  
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5.6.3 Influence of cell orientations 

The orientation of the ellipsoidal cell exposed to external electric fields has 

also been investigated as illustrated in Figure 5-16. The maximum value of electric 

field presents at the frontier of the structure (dark regions highlighted in the sketches 

on top in Figure 5-16).  

 

Figure 5-16: Maximum electric fields and effective area on the membrane of the 
ellipsoidal cell (according to directions of external electric field): red line – 
maximum electric field amplitude (label left); black line – effective area (label right). 

 

Figure 5-16 shows the maximum electric field on the membrane decreasing 

when the ellipsoidal cell rotating from 0° to 90°. It can be observed that the different 

orientation of the cells affects significantly the effective area (decreasing from 80% 

to 14%), which will influence the pore generation and pore density in 

electroporation.  

 

The results obtained in section 5.6.2 and 5.6.3 suggest that the induced 

electric field strength and distribution are strongly related to the cell shape and 

orientation in the electroporation process.  
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5.7 Influences of irregular cell shape 

5.7.1 Biconcave cell model for erythrocytes 

Human red blood cells have attracted many researchers’ attentions due to its 

commonness and importance in human life. The red blood cell, medically called 

erythrocyte, is biconcave shaped, meaning it can not be evaluated by analytically 

solving Laplace’s equation. Therefore, the double layer biconcave cell model is 

investigated in this section. 

A biconcave red blood cell is modelled in Figure 5-17. The long axis is 

normally 10μm and membrane thickness is 10nm. The permittivities of the 

cytoplasm, membrane, and external medium are 55.6, 11.3 and 75.6, respectively. 

The conductivities of them are 1.43S/m, 0 S/m, and 2.04 S/m. 

 

Figure 5-17: Biological red blood cell and its model: (a) biological geometry of red 
blood cell [157]; (b) double layered biconcave cell model.  

 

The electric field distribution around the erythrocyte is plotted in Figure 5-18. 

The strongest electric field (dark red regions in Figure 5-18) is exhibited at zenith 

angle with °= 0θ , and the secondary hot spots (orange regions in Figure 5-18) at the 

forefront. The maximum value of electric field is 5.78 V/m, 14% higher than the 

spherical cell with the same dimension along the external field direction.  



Chapter 5 Numerical Microdosimetry on Cellular Scale 

 

 

162

 

Figure 5-18: Electric field (norm) distribution of biconcave cell model when external 
field E0=1V/m (Unit: V/m): with length (y-axis) of 10 μm, width (z-axis) of 5 μm, 
and membrane thickness d of 10 nm. 

 

The amplitude of the electric field on the membrane and transmembrane 

potential distributed around the cell are plotted vs. θ in Figure 5-19.  

 

Figure 5-19: E field (blue solid line labelled on the left with unit of V/m) and 
transmembrane potential (red dashed line labelled on the right with unit of 10-6V)  
vs. θ (0˚ ~ 90˚) for quarter of double layer erythrocyte model. 

 

Figure 5-19 displays the primary and secondary peaks of the electric field at 

θ=0˚ and θ=52˚. The transition between the two extreme values is not monotonic. 
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Both the electric field and the transmembrane potential decrease from θ=0˚ to θ=43˚, 

then increase to the second peak at about 52˚. 

 

5.7.2 Effects on different cell shapes 

The external electric field influences on cells with different shapes (spherical, 

elliptical, rod shape and biconcave) are evaluated in this section. The electric field 

profile on the membranes (varying according to the angle θ) is shown in Figure 5-20. 

 

Figure 5-20: Electric field profile on the membranes for different shaped cells (black 
– spherical cell; pink – elliptical cell; blue – rod shaped cell; red – biconcave cell). 

 

By examining the electric field profile of the complex shaped cell models, it 

is observed that the peak values of the induced electric field strength on the 

membranes were highest for the biconcave cells and lowest for spherical cells, and 

gradually reducing to 1V/m from 90o to 0o as shown in Figure 5-20. 

 

In subsection 5.3, we defined the parameter “effective area”, as the region 

with electric field amplitude higher than 70.7% of the peak value. It is a useful 

criterion in the analyses of external electric field influences on cells. Figure 5-21 

shows the effective area of cells in different shapes and different orientation. When 

placed horizontally, the elliptical cell has the largest effective area of 77.7%, and 

spherical cell has the smallest one of 52.7%.  

 

By rotating the cell against the direction of the applied electric field, the 

effective area changes most significantly for the elliptical cell (from 77.7% to 9.8%), 
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and less clearly for biconcave cells. Effective area of rod shaped cell has a rapid drop 

between 45° and 60°; and for the spherical cell, the effective area is totally 

unchanged (Figure 5-21). 

 

Figure 5-21: Electric field (blue solid line labelled on the left with unit of V/m) and 
transmembrane potential (red dashed line labelled on the right with unit of 10-6V) vs. 
θ (0˚ ~ 90˚) for quarter of double layer cell models. 

 

The parameter “effective area” provides a criterion to keep a balance between 

the risk of cell membrane breakdown and the pore generating efficiency. The results 

obtained here suggest that the induced electric field strength and distribution are 

strongly related to the cell shape and orientation in the electroporation process. For 

cells with complex shapes, such as the osteosarcoma cells with the shape of a sharp 

ellipse, the effective area of single cell varies significantly according to its relative 

direction to the external electric field. It means some of the cells have been strongly 

porated while some others have very little area been porated. Due to the uniform 

shape and relatively high averaged effective area, the transfection in spherical cells 

(such as jurkat cell line) is easier to achieve than in cells with complex shapes (such 

as neurons). This explains why the yield and survival rate is best and most stable for 

spherical cells in the electroporation, a phenomenon often observed in biomedical 

community. 
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5.8 Chapter summary  

In this chapter, the numerical microdosimetry technique based on FEM has 

been studied. It is demonstrated that the FEM with quasi-static assumption runs 

much faster than the one working with full-wave analysis, while maintaining 

acceptable accuracy.  

 

The analyses on the spherical double layer model indicate the dependency of 

electric field and transmembrane potential on the polar angel θ. Effective area has 

been proposed as a criterion to evaluate the pore generating efficiency and the yield 

and survival rate. The investigations of the frequency-dependent dielectric properties 

of the simple cell model have revealed their impacts on the electric field 

concentration on the membrane. The cell model with nucleus proved the inner 

nucleus membrane endured less influence, and more difficult to be electroporated.  

 

In addition, the electric field interaction with the elliptical, biconcave and rod 

shape cell models have been also been investigated. The effective area has been used 

as a criterion to evaluate the influence of cell shapes and cell orientation on 

electroporation. It explains the mystery of the different electroporation feasibility 

according to cell shapes and types. 
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Chapter 6     High Voltage Ultra-short Pulse Generator 

for Electroporation 

6.1 Overview 

The fascination of controlling cell functions by using EM fields has led to the 

discovery of electroporation. It is the rapid structural rearrangement of the membrane, 

i.e. the formation of aqueous pathways or pores in the lipid bilayer of membranes, in 

response to externally applied electric pulses. The opening of such transient aqueous 

pores in the membrane, not only increases the electrical conductivity by several 

orders of magnitude, but also enables the transport of ions and water soluble species 

both into and out of individual cells in a controlled manner (the opening of pores is 

reversible).  

 

Therefore, electroporation can be used to initiate large molecular fluxes for 

the purposes of introducing genetic materials or drugs into cells and manipulating 

cells and tissues. Numerous related applications in molecular biology, biotechnology 

and medicine have begun to emerge [158]-[160]. Recently, the electroporation of 

cellular membrane, that causes cell lysis and apoptosis, was observed by using 

intense ultra-short pulses (10s ns and 10s kV/cm) [161]. This latest development has 

already stimulated studies on drug-free therapy for treating skin tumours [162][163]. 

However, the previous existing short-pulse generator using Blumlein Line 

configuration has fixed pulse duration. Therefore, a more flexibly adjustable pulse 

generator is desired for the experiment of electroporation. 

 

In this chapter, a short-pulse electroporation system has been designed and 

developed in order to conduct some preliminary studies on cell electroporation. An 

adjustable high voltage short pulse generator (100s ns and 10s kV/cm) is built using 

a Complex Programmable Logic Device (CPLD), and connected to the microscope 
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system to allow real-time observation of membrane permeability changes and 

cellular physiology. 

 

6.2 Experimental electroporation system 

For the analysis of changes in cellular mechanisms, many diagnostic 

techniques, e.g., flow cytometry, require the exposure of large suspension volumes. 

The commercially available electroporation cuvettes with electrode gaps of 1, 2, and 

4 mm have the volume of 100μl, 200μl and 400μl. However, the cuvette-based 

electroporation cannot be observed in real time, at least several seconds after the 

procedures of taking the sample out of the pulse generator and placing it under a 

microscope. To enable the real time observation of a cell during exposure to electric 

field, a pulse generator which can be mounted on a microscope will be developed. 

 

6.2.1 Real time electroporation system setup 

The real time electroporation system allows observation of the temporal 

evolution of fluorescent and light microscopy changes in living cells under electrical 

pulse exposure. The cell chamber, which is the microcuvette built on microscope 

slide consists of a standard 75 x 25 mm glass microscope slide with two 0.1 thick 

stainless steel electrodes attached to the surface with silicone adhesive. After 

placement of cell suspension in the gap between the electrodes, a standard square 

0.17 mm thick glass cover slip will be positioned over the electrode gap and the 

microcuvette will be placed on the microscope stage.  

 

The cell chamber will be examined at 400x magnification using a Nikon 

TE2000-S eclipse inverted microscope. Fluorescent dyes like Green fluorescent 

protein (GFP) will be used as an indicator for plasma membrane integrity in this case. 

The transient cellular response to electric field pulses will be visualized and recorded 

using a computer controlled Charge Coupled Device (CCD) camera Nikon 

DXM1200F. The recording time frame of the camera is 10 ms/frame, long compared 

to the pulse duration of the applied electric fields, but sufficient for observing the 

biological processes. 
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Figure 6-1: Systematic diagram of the real time electroporation system. 
 

The systematic diagram of the real time electroporation system is shown in 

Figure 6-1. The three compartments in the dashed box compose the high voltage 

pulse generator, which delivers the high voltage (up to 1000V), adjustable width 

(100 nanoseconds to 120 microseconds) pulses. The FuG Elektronik GmbH 

MCP1400-1250 supplies up to 1250V voltage DC power. The fast switch 

Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) and low voltage 

pulse generating circuit will be built on a PCB board altogether and safely 

encapsulated in an insulation box. The circuit design will be discussed in detail in 

section 6.3. 

 

6.2.2 Microcuvette – parallel electrodes on microscope slide 

In order to achieve the high electric field intensity of 10s kV/cm, the cells 

need to be placed between electrodes with a distance d of only 0.1mm. Appropriate 

electrodes can be fabricated by cutting the proper electrodes from stainless steel 

sheets of 0.1mm thickness and glueing them onto a microscope slides. The distance 

between the electrodes is controlled by inserting a piece of object with 0.1mm 
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thickness between the electrodes. By this means the parallelism of the electrodes can 

be guaranteed as well. 

 

The electric field within the gap is homogeneous for an electrode thickness 

that is in the order of the gap distance or larger. If the electrode thickness becomes 

small compared to the gap distance, the field becomes increasingly inhomogeneous. 

 

Cells normally tend to settle on the bottom of the gap on the microscope slide. 

Therefore, it is also necessary to pay attention to the way the electrodes are mounted. 

To minimise distortions of the electric field near the bottom of the gap, the glue 

layers need to be as thin as possible. According to the studies of previous researchers 

[164], when the glue thickness is 40μm, the cells will be exposed to a much weaker 

field of only 60% of the value calculated by gap distance and applied voltage. 

Unit: mm
t glue

d

20

20

10

10

10
Microscope 

slide

Stainless 
steel

 

Figure 6-2: Microcuvette – the stainless steel parallel electrodes on 25mm×75mm 
microscope slide. 

 

The designed microcuvette is shown in Figure 6-2. The stainless steel is 

chosen due to its low cost, good conductivity, low effect on biological samples and 

easy fabrication. The two arms extending from the electrodes are deigned to be 

connected to input pulse, through high voltage safety insulated crocodile clips. It 

makes the microcuvette easy to connect and disconnect to the system, and provides 

the convenience for cleaning and sterilisation. 
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6.3 High voltage pulse generator 

6.3.1 Pulse generator system 

The high voltage pulse generator in Figure 6-1 consists of three modules, 

high voltage DC supply, fast switch and the low voltage pulse sequence generator. 

The electrical schematic setup of these modules and its connection to cell chamber is 

shown in Figure 6-3. 

1000V DC supply Insulation 
box (circuit)

HV BNC connector

Probe extension 
Crocodile clips

Coaxial cable

 

Figure 6-3: Electrical schematic setup of the electroporation system. 
 

The high voltage DC supply is safely and firmly connected to the MOSFET 

and low voltage pulse generating circuit (in the insulation box) through the coaxial 

cables and high voltage resistant Bayonet Nut Connector (BNC) connectors. Then 

the high voltage pulses will be delivered to the microcuvette by the special high 

voltage crocodile clips as shown in Figure 6-3. 

 

The properties, functions and constructions of the individual parts in Figure 

6-3 will be discussed in the following part of this section. 

 

6.3.2 DC supply 

The MCP1400-1250 produced by FuG Elektronik GmbH, Rosenheim, 

Germany, is a DC power supply with maximum voltage of 1250V and maximum 

power of 1400W, which allows 1.1A current in the system. The device is featured for 

its 4.5 digit visualisation for voltage and current for all models, adjustable 
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over-voltage protection, 10-turn voltage and current setting with precision scale, 

lockable adjusting knob, etc. The picture of the DC supply displays in Figure 6-4. 

 

Figure 6-4: FuG Elektronik GmbH MCP1400-1250 DC power supply. 
 

6.3.3 Fast switch MOSFET 

The metal–oxide–semiconductor field-effect transistor (MOSFET, MOS-FET, 

or MOS FET) is a device used to amplify or switch electronic signals. The MOSFET 

is composed of a channel of n-type or p-type semiconductor material, and is 

accordingly called an NMOSFET or a PMOSFET.  

 

The N-Channel Enhancement Mode MOSFET IXYS RF DE375-102N12A 

has been selected to perform the fast switch. This device can sustain 1000V voltage 

and 12A current between the drain (D) and source (S) as shown in Figure 6-5. The on 

and off time constant of the MOSFET is 3 ns and 8 ns, respectively, which provide 

fast enough switch speed and a minimised rising time of the output high voltage 

pulse. 
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Figure 6-5: N-channel MOSFET as fast switch of pulse generator. 
 

Low voltage pulse sequence inputted from gate (G) is the controlling signal 

of the MOSFET switch. When the electric level of input signal is high, the switch is 

closed, the output signal is dragged to 0V. When the electric level of input signal is 

low, the switch is open, and the output signal achieves the high level of 1000V. 

Therefore, the input and output signals are inverse as shown in Figure 6-5. 

 

6.3.4 Low voltage pulse generator 

The kernel component of the low voltage pulse generator is a programmable 

CPLD Xilinx XC3596-7PC, together with an oscillator module IQXO-350C, feeding 

the gate of the MOSFET. The simplest schematic circuit of the low voltage pulse 

generator is plotted in Figure 6-6. The optical coupler TLP250 is omissible in the 

short pulse generation scenario. 

 

IQXO-350C is a 50MHz half-8-pin Dual In-line Package (DIP) clock 

oscillator which operates with very little external components. It generates the 

monopolar square pulse sequence with the period of 20ns and duty cycle of 50%. 

The output waveform voltage is up to 90% of the Vcc, i.e. more than 4.5. It has been 

connected to the CLK (pin 2) of the CPLD as the clock signal. 

 

Xilinx XC3596-7PC is a 44-pins CPLD with 32 I/O ports. Pin 2 CLK is 

connected to the output from oscillator, pin 3 is connected to the 5V input power and 

pin 42 is connected to ground. Pin 40 transmits the output signal with appropriate 
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pulse length and period to the MOSFET. The CPLD is programmed as an up edge 

triggered counter to provide the pulse sequence with required pulse length, as the 

integer times of 20ns. TLP 250 is the optical coupler which separates the high 

voltage part of the circuit (High voltage power supply and MOSFET) from the low 

voltage part of the circuit (pulse generation). 

 

Figure 6-6: Schematic testing circuit of low voltage pulse generator. 
 

The proposed design can deliver only one type of pulse, either single pulse or 

pulse sequence with fixed pulse duration. Its function can be extended by appending 

external inputs, like a set of side switches. As shown in Figure 6-7, the Vcc, ground 

and CLK are connected the same as the simplest design in Figure 6-6. Pins 27-43 are 

connected to the side switches through the 4.7k Ohm resistors. Appropriate setting of 

the switches’ functions can be used to control pulse duration, duty cycle and number 

of pulses. Some operating modes can be setup beforehand and displayed on the 7 

segment LED. 
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Figure 6-7: Modified schematic testing circuit of low voltage pulse generator. 
 

The primary functions of the testing circuit have been performed on the 

digilab XCRP testing board with supplement components on breadboard as shown in 

Figure 6-8. The output low voltage pulses with the amplitude of 5V and the duration 

and period can be modified by adjusting the switches. 

 

Figure 6-8: Picture of testing circuit of low voltage pulse generator on breadboard. 
 

6.3.5 Pulse generator performance 

The exported signal from CPLD XC3596-7PC is shown in Figure 6-9. The 

rising time of the pulse is about 10ns, which is slightly longer than the CPLD 

response speed 7ns. This rising time induces 10% pulse-width decrease for the 100ns 

pulse, which is acceptable in practical experiments.  
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Figure 6-9: Single pulse of the exported signal from CPLD (pulse width of 100ns). 
 

The pulse train delivered from the CPLD is easily controlled by the program. 

The period of the pulse train varies from 200ns (twice the length of the single pulse 

in this example) to 200ms (1000 times the single pulse period). One operating mode 

with the duty cycle of 1:4 is shown Figure 6-10. The period of the pulse train is 

500ns, and the pulse width is 100ns. 

 

Figure 6-10: Pulse train of the exported signal from CPLD (pulse width of 100ns, 
repetition period is 500ns). 

 

Because the maximum switching time of the optical coupler TLP 250 is 0.5μs, 

this device cannot be used in the short pulse scenario with pulse duration less than 5 
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microseconds. Removing the TLP 250 will reduce the safety standard of the whole 

circuit but provides sharper upper edge of the pulses.  

 

The pulsed signal delivered from the MOSFET is shown in Figure 6-11. The 

DC supply is set to 300V, which can be changed due to different applications. The 

rising time of the single pulse is about 18ns, which is an accumulation of the CPLD 

response time and MOSFET turn off time. The pulse train delivered from the 

MOSFET can also be modified by the CPLD program and varied in a wide range. 

The voltage of the pulsed signal can be enhanced by increasing the voltage of the DC 

power supply. However, due to limited the pulse rising time, the pulse with very high 

voltage will no longer be a square pulse. 

 

Figure 6-11: Voltage of the exported signal from MOSFET (pulse width of 100ns). 
 

6.4 Chapter summary 

In this chapter, a high voltage short pulse generator is designed and built to 

study short pulse electroporation. It will be connected with the microscope system to 

allow real-time observation of membrane permeability changes and cellular 

physiology. A microcuvette with parallel stainless steel plates on microscope slide 

has also been fabricated to allow real-time observation of membrane permeability 

changes under epifluorescence microscope.  
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The short pulse generator based on CPLD circuit has been designed and 

tested. The high voltage pulses delivered by the MOSFET are controlled by the 

CPLD. The pulse width can be modified from 100ns to 1ms, and the pulse train 

period is varied from 200ns to 200ms. The flexibility of this pulse generator provides 

the high convenience on the study of electric field’s influence on electroporation. 
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Chapter 7     Conclusions and Future Work 

7.1 Summary 

In this thesis, numerical dosimetry techniques have been used to investigate 

the interaction of EM fields with tissue samples and cells. The outcome of these 

assessments will provide insights and guidance to the experimental studies. 

 

Electromagnetic modelling of two transmission line exposure systems, used 

for studying the effects of EM fields on thin tissue sample, have been conducted. The 

performance of the exposure systems have been examined, then the dielectric filled 

transmission line exposure system, which performs better, has been used in the 

evaluation of the tissue slice. The SARs within a dispersive lossy-dielectric tissue 

slice have been assessed for exposure to signals of 400MHz, 700MHz, 900MHz, 

1800MHz, 2450MHz, and a short Gaussian pulse of limited- bandwidth containing 

sufficient frequency components. Moreover the specific absorption (SA), inside a 

dispersive biological material, has been assessed by using a novel method, which 

provides a convenient way to evaluate the total energy absorption within the tissue 

slice. 

 

Two analytical methods for estimating electromagnetic wave interactions 

with a cell were proposed. The first one is Mie theory, a theoretical solution based on 

the Helmholtz’s equations, and the second one is the analytical solution Laplace’s 

equation, based on a quasi-static assumption, when the radius of cell is much smaller 

compared to the wavelength of studying. The theoretical calculation based on Mie 

theory is a powerful method to evaluate the regular shaped cell model, such as the 

spherical and ellipsoidal cells. It provides the full wave solutions while it suffers the 

mathematical complexity in solving the Helmholtz’s equations. The introduction of 

quasi-static approximation in this study has abridged the complicated mathematics 

while maintaining the physical rationality. Agreement between the two methods 
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confirms that the quasi-static approximation is suitable for small cells subjected to 

radio frequency electromagnetic fields irradiations. 

 

Therefore, FEM based on quasi-static approximation has been utilized to 

evaluate the complicated cell models which can not be analytically solved from 

Laplace’s equation. The investigations of the frequency-dependent dielectric 

properties of the cell components have revealed their influences on the electric field 

on the membrane. The electric field interaction with the ellipsoidal, biconcave and 

rod cell models have been also been investigated to detect the determinant factors of 

the maximum electric field and the largest transmembrane potential around the cell. 

Moreover, the investigation of the effective areas of different shapes and orientations 

of cells illustrates that the yield and survival rate is best and most stable for spherical 

cells in the electroporation due to its uniform shape and relatively high averaged 

effective area. Therefore, the effective area has been proposed as a criterion to 

evaluate the pore generating efficiency. 

 

Furthermore, a real time observation system for membrane permeability 

changes and cellular physiology is designed, consisting of a microcuvette on slide, a 

high voltage short pulse generator, and the microscope system. The microcuvette 

with parallel stainless steel plates on microscope slide has been fabricated to allow 

real-time observation of membrane permeability changes under epifluorescence 

microscope. The CPLD based short pulse generator is built and linked to the 

microscope system. The generated pulse width can be modified from 100ns to 1ms, 

and the pulse train period is varied from 200ns to 200ms. The flexibility of this pulse 

generator provides the high convenience on the study of electric field’s influence on 

electroporation. 

 

7.2 Key contributions 

The major contributions in the thesis are detailed in the three sections below: 
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SAR and SA evaluation on tissue level  

• The transmission line exposure systems were modelled and evaluated and 

the dielectric-filled exposure system with better performance has been selected for 

the evaluation of the tissue slices under exposure. 

 

• SAR distributions on thin porcine brain tissue slices and the peak and total 

averaged SARs of tissue samples at different frequencies were investigated. The 

results illustrate that the tissue samples are influenced by the structure of the 

exposure system, dielectric filling material, mount structures as well as the perfusion 

liquid. 

 

• SAR distributions with a metal probe inserted in the tissue slice under 

exposure were presented. The local concentration of energy, presented as high peak 

SAR of tissue confirms the strong effects from the probe. The best angle of probe 

insertion, i.e. the angle leading to least influence from probe has been selected based 

on the simulation investigation. 

 

• A novel method calculating SA from the frequency-dependent SARs is 

proposed. It agrees with the direct method based on SA definition, and reduces the 

computational burden when the frequency-dependent SARs are available. 

 

Analytical and numerical evaluation of single cell layered models  

• Two theoretical computational methods, Mie theory based on full wave 

Helmholtz’s’ equations and Laplace’s equation based on quasi-static approximation, 

have been performed on the layered spherical cell models. The agreement between 

the results confirms the validity of the quasi-static approximation when used in the 

RF frequency band. 

 

• Complex cell models, such as the cell with nucleus and cells in various 

shapes, are evaluated by the FEM with quasi-static approximation. Microdosimetry 

on the cells membranes displays the E field strength distributions on the cross section 

of cells. 
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• The concept “effective area” is proposed in this thesis to analyse the unitary 

external field influence on a cell. The analyses in chapter 5 present the strong 

reliance of effective area on cell shape and orientation, and explain yield variation 

with cell shapes. 

 

Experimental device design  

• The high voltage short pulse generator based on CPLD circuit was designed 

and developed. It can be interfaced with the microscope system to allow real-time 

observation of electroporation process. The flexible control of single pulse width and 

repetition rate of the pulse train can assist the study of electric field’s influence on 

biological cells. 

 

7.3 Future work 

Based on the conclusions and the limitations of the work presented, further 

work can be carried out in the following areas: 

 

7.3.1 Complex cell shapes 

The spherical, elliptical and biconcave cell models are all ideal to some extent. 

Therefore, the more practical cell model involving a rough surface marked by 

irregularities or protuberances should be studied. The cell with asymmetrically 

distributed bulges exposed to electromagnetic field might be examined statistically.  

 

Neurons, the impulse-conducting cells that constitute the brain, spinal column, 

and nerves, transmit signals between the dendrites and axons by electrical and 

chemical stimulus. Due to their sensitivity to electric signals, the voltages on the 

neuron membrane are important and worth studying. 

 

7.3.2 Time domain studies 

The solution of Laplace’s equation in Chapter 4 was performed at specific 

frequency, on which the dielectric properties of cell components were calculated by 
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Debye 1st order relaxation theory. By treating the complex permittivity as a function 

of frequency over the whole frequency range, the transmembrane potential may also 

be obtained as a function of frequency. Furthermore, the function of frequency can 

be transformed to time domain which resulted in a time-dependent transmembrane 

potential response. This time domain analysis might be used in the case of short 

electric pulses when the steady state has not been established. 

 

The analytical time domain analyses are possible to extend to the numerical 

evaluation of arbitrary shaped structures. For example, by sampling the calculated 

potential distributions at a series of frequencies and transforming them into time 

domain by Discrete Fourier Transform, a time-dependent potential distribution can 

be obtained. 

 

7.3.3 Experiment of electroporation 

Experiments are required for verifying the analytical and numerical 

calculations of cell. Electroporation, as a transmembrane potential governed process, 

can illustrate the potential by appearance of pore generation at the region with 

adequate transmembrane potential. 

 

The microcuvette-cooperated ultra-short pulse electroporation system 

designed in Chapter 6 will be interfaced with the microscope system and used to 

observe the electroporation phenomena. Multiple types of cells, including different 

biological categories, various sizes and shapes, and different concentration will be 

examined. The pore generation rate and cell surviving rate, as well as the real-time 

cell reactions are all interested. 
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Appendix 3A. Electric field distribution of dielectric filled 

transmission line system 

Figure 3A-1: E field distribution of dielectric filled transmission line system (cutting 
plane at y=18.9). 
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Appendix 3B. Porcine cerebrum slices 

Figure 3B-1: Porcine cerebrum slices in the anterior-posterior coordinates (interaural 
and bregma relative distance). 
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Appendix 3C. SAR distributions on brain tissue slices 

Figure 3C-1: SAR distributions on brain slice 1 (1st quadrant and 4th quadrant) at 
400MHz, 700MHz, 900MHz, 1800MHz and 2450MHz. 
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Figure 3C-2: SAR distributions on brain slice 2 (1st quadrant and 4th quadrant) at 
400MHz, 700MHz, 900MHz, 1800MHz and 2450MHz. 
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Appendix 3D. E field distribution of dielectric filled 

transmission line system with probe insertion 

Figure 3D-1: E field distribution of dielectric filled transmission line system with 
probe insertion at 400MHz, 700MHz, 900MHz, 1800MHz and 2450MHz. 
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(top view) 
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(top view) 
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Appendix 4A. Legendre function 

Legendre function, including Legendre polynomials and associated Legendre 

functions, is a kind of special functions frequently encountered in physics and 

engineering.  

 

4A.1 Legendre Polynomials 

The Legendre’s differential equation in Chapter 4, derived from the Laplace’s 

equation with rotational-symmetry to z-axis [i], is 

( ) ( ) ( ) ( ) 011 2 =++⎟
⎠
⎞

⎜
⎝
⎛ − xPnnxP

dx
dx

dx
d  (4A.1)

where n is an arbitrary complex number introduced for solving the equation. 

 

The Legendre’s differential equation can be solved by the standard power 

series method. The solution is convergent for 1<x , for arbitrary degree n, but 

divergent at 1±=x  [ii]. The only solution is to make the degree n a non-negative 

integer. In this case, the solution is called Legendre polynomial, which may be 

expressed using Rodrigues’ formula: 

( ) ( ) ( )[ ]n

n

n
n

n x
dx
dnxP 1!2 21

−=
−  (4A.2)

The 1st degree Legendre polynomial ( ) xxP =1  is the special case used in 

Chapter 4. 

 

An important property of the Legendre polynomial is that they are orthogonal 

in the range 1≤x . 
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The Legendre polynomials with different degrees 5,4,3,2,1=n have been 

plotted in Figure 4A-1. 

 

Figure 4A-1: Legendre Polynomial with degree 5,4,3,2,1=n . 
 

4A.2 Associated Legendre Functions 

The modified Legendre’s equation involved with m, called associated 

Legendre’s differential equation, is 
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The solution is 
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with degree n and order m, which are all positive integer. 

 

Similar to the Legendre polynomials, the associated Legendre functions also 

satisfy the orthogonality condition 
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4A.3 Angle-dependent Functions 

As stated in chapter 4, the unknown variable in the Legendre’s differential 

equation is cosθ, so the solution to the associated Legendre’s differential equation (as 

shown again in (4A.4)) is ( )θcosm
nP . To bring the convenience to the calculation of 

vector harmonics, the angle-dependent functions nπ and nτ are defined. 

( ) ( )
θ
θ

θπ
sin
cos

cos
1
n

n
P

= , ( )
θ

θτ
d
dPn

n

1

cos =  (4A.7)

 

With the knowledge of the orthogonality (4A.3), the recurrence relations can 

be proved: 

( ) ( ) ( )θπθπθθπ cos
1

coscos
1
12cos 21 −− −

−
−
−

= nnn n
n

n
n  

( ) ( ) ( ) ( )θπθπθθτ cos1coscoscos 1−+−= nnn nn  
(4A.8)

beginning with 00 =π and 11 =π . 

 

This upward recurrence provides convenience to calculate the first order 

associated Legendre functions and its derivatives with various degrees. The 

angle-dependent functions nπ and nτ with degrees 2 ~ 5 are plotted in Figure 4A-2. 

 
(a) nπ with n=2, 3, 4, 5 
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(b) nτ with n=2, 3, 4, 5 

Figure 4A-2: Angle-dependent functions nπ and nτ . 
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Appendix 4B. Bessel Functions 

Bessel functions arise from the separated solutions to Laplace’s equation and 

Helmholtz’s equation in cylindrical or spherical coordinates, so they are especially 

important for many electromagnetic problems, such as the wave propagation, static 

potential and so on [iii].  

 

4B.1 Solutions to the Bessel’s Differential Equation 

The Bessel’s differential equation is shown in (4B.1) [iv]: 

( ) 022
2

2
2 =−++ yx

dx
dyx

dx
ydx α  (4B.1) 

The order α can be any real number, although the most common and important 

special case is an integer or half-integer. 

 

A pair of linearly independent solutions of Bessel’s differential equation is the 

Bessel functions of the first and second kind, which are plotted in Figure 4B-1. 
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(a) Bessel function of the first kind with degree n = 0 ~ 4 

 
(b) Bessel function of the second kind with degree n = 0 ~ 4 

Figure 4B-1: Bessel function of the first and second kind. 
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Another pair of linearly independent solutions is the Hankel functions (also 

called Bessel functions of the third kind) that are defined from the Bessel functions of 

first and second kind. 

( ) ( ) ( )xiYxJxH nnn +=)1(  

( ) ( ) ( )xiYxJxH nnn −=)2(  
(4B.2) 

 

4B.2 Spherical Bessel Functions 

The radial equation of the separated ordinary differential equations from the 

Helmholtz’s equation in spherical coordinates has the form 

( )[ ] 012 2
2

2
2 =+−++ ynnx

dx
dyx

dx
ydx  (4B.3)

The two linearly independent solutions to this equation are called the spherical 

Bessel functions jn and yn, and are related to the ordinary Bessel functions Jn and Yn 

by 

( ) ( )xJ
x

xj nn 2/12 +=
π  

( ) ( )xY
x

xy nn 2/12 +=
π  

(4B.4) 

The spherical Bessel functions of the third kind (spherical Hankel functions) 

are also built from (4B.2), while the ordinary Bessel functions Jn and Yn are replaced 

by spherical Bessel functions jn and yn.  

 

 

 

For large value of ∞→x , the asymptotic expansions of the Bessel functions 

of the first and second kind are shown in (4B.5) [v]. 
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( ) ⎟
⎠
⎞

⎜
⎝
⎛ −−≈

2
cos1 πnx
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Both the ordinary and spherical Bessel functions of the first kind ( )nn jandJ  

are finite at the origin, and the functions of the second kind ( )nn yandY  are all 

irregular when x=0. 

 

The spherical Hankel functions are consequently approximated by 
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(4B.6) 

The first expression corresponds to an outgoing spherical wave, and the other 

one refers to an incoming spherical wave. 

 

4B.3 Riccati-Bessel Functions 

The Riccati-Bessel functions, only slightly differ from spherical Bessel 

functions, were introduced in section 4.3.5.1 for the convenience to express the 

scattering coefficients an, bn, cn and dn. 

( ) ( )xjxx nn =ψ , ( ) ( )xyxx nn =χ  

( ) ( ) ( ) ( )xixxhxx nnnn χψξ +== )1(  
(4B.7)

where )1(, nnn handyj are spherical Bessel functions, and nnn and ξχψ , are 

Riccati-Bessel functions. 

 

The Riccati-Bessel functions and their derivatives can be calculated by the 

upward recurrence relation 
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( ) ( ) ( )
x

xnz
xzxz n
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where zn denotes any one of the Riccati-Bessel functions, started from 

( ) xx sin0 =ψ , ( ) x
x

xx cossin
1 −=ψ  

( ) xx cos0 −=χ , ( ) x
x

xx sincos
1 −−=χ  

(4B.9)

 

The Riccati-Bessel functions are plotted in Figure 4B-2. 

 
(a) Riccati-Bessel function of the first kind with degree n = 1 ~ 4 
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(b) Riccati-Bessel function of the second kind with degree n = 1 ~ 4 

Figure 4B-2: Riccati-Bessel functions of the first and second kind. 
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Appendix 4C. Orthogonality 

The orthogonality properties of the vector spherical harmonic are desired in 

section 4.2.2.2 to get the close form expression of the expansion coefficients Bemn, 

Bomn, Aemn and Aomn. The orthogonality properties of the vector harmonic pairs will be 

briefly proved in this appendix. 

 

4C.1 Orthogonality of trigonometric functions 

The vector spherical harmonics are the products of the trigonometric 

functions, Legendre functions and Bessel functions in appropriately modified form. 

The orthogonality properties of the components contribute to the properties of the 

whole vector spherical harmonics. Therefore, the orthogonality of trigonometric 

functions is studied first. 

 

For trigonometric functions, φmsin  is orthogonal to φ'cos m  for all m and m’ 

0'cossin
2

0

=∫ φφφ
π

dmm  (all m and m’)  (4C.1) 

where m and m’ are non-negative integers. 

 

With the orthogonality of φmsin  and φ'cos m  as shown in 0, the vector 

spherical harmonics emnM
v

and omnM
v

 are orthogonal in the sense that 

0sin
2

0 0
'' =⋅∫ ∫ φθθ

ππ

ddMM omnnem

vv
 (all m and m’)  (4C.2) 

Similarly, all the product pairs having ( φmsin φ'cos m ) are mutually 

orthogonal sets: ( )emnomn NN
vv

, , ( )omnomn NM
vv

, and ( )emnemn NM
vv

, . Moreover, the 

orthogonality property of φmsin  and φ'cos m also implies that all vector harmonics 

of different order m are mutually orthogonal. 
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4C.2 Orthogonality of modified Legendre functions 

As defined in (4A.5), the term ( )21 x−  with θcos=x  is zero for 0=θ and 

πθ =  except when m=0. Consequently, the integral of θ separated from the integral 

φθθ
ππ

ddNM omnnem∫ ∫ ⋅
2

0 0
'' sin
vv

 is 

0
0'

2

0
'

' ==⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+∫

π
π

θ
θθ

m
n

m
n

m
nm

n

m
nm

n PPd
d

dP
P

d
dP

Pm  (all n and n’) (4C.3) 

Therefore, ( )omnemn NM
vv

,  and ( )emnomn NM
vv

, are orthogonal for all m, n, and 

n’. 

There also exists 

0sin
sin

2

0
2

'2' =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+∫ θθ

θθθ

π

d
PP

m
d

dP
d

dP m
n

m
n

m
n

m
n  (all n and n’ ) (4C.4) 

Therefore, the remaining orthogonality relations are: 

0sin
2

0 0
' =⋅∫ ∫ φθθ

ππ

ddMM emnemn

vv
 (all n and n’ ) (4C.5) 

Similar relations exist for ( )', omnomn MM
vv

, ( )', emnemn NN
vv

 and ( )', omnomn NN
vv

. 
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