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Abstract

Microwave sensors and applicators are of major interest in applications where no
physical contact is possible or the use of active devices is impractical. Microwave
sensors offer numerous advantages compared to traditional techniques, not least in
terms of convenience and speed, since they do not require any markers. Furthermore,
such microwave sensor methods can be designed to be fully compatible with lab-on-a-

chip approaches.

In this work, the interaction between the microwave electric field and a microfluidic
dielectric sample using resonant microwave sensors has been studied, and therefore the
dielectric constant for sample materials can be measured by using perturbation theory

when the sample is placed in the electric field.

Two forms of novel resonator for microfluidic sensing are proposed: a re-entrant

microwave cavity (RMC) and split-ring resonator (SRR).

The RMC is one of the most useful forms of cavity for this purpose due to its simple
geometry, wide frequency range tuning and high quality factor. It has been designed,
machined, and evaluated experimentally with common liquids and different mixtures

based on water and dielectric microspheres, in both static and flow situations.

Furthermore, we present a new approach for microfluidic sensing and microfluidic
heating using a novel split ring resonator (SRR) for high sensing sensitivity and
efficient heating of lossy dielectrics. The designed SRR shows very good performance
experimentally in microfluidic sensing (pure liquids, chemical solutions, and saline
concentration level), as well as in microfluidic heating where it is demonstrated how

nearly all the microwave power is delivered to the sample under test.

Owing to its compact size and high efficiency, the SRR has been utilized in an
important microbiological applications for rapid DNA release using low power levels (<
1 W). It is envisaged that this system is now suitable for incorporation within a rapid,

hand-held, point-of-care detector for bacterial infections such as Clostridium difficile.
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CHAPTER ONE
INTRODUCTION AND THESIS SUMMARY

1.1. Introduction

The ability to interrogate precisely the composition of liquid mixtures by non-contact
techniques in both static and flow situations is highly desirable for a variety of
industrial, analytical and quality control procedures. In this context, microwave
resonators have a useful dual role. They provide sensitive characterisation of the
dielectric polarisation and loss of a sample for small applied electric fields; the field
amplitudes are necessarily small for characterisation since there is then no heating of a
lossy dielectric sample, as temperature rise will change the dielectric properties
(particularly so for polar liquids such as water). Conversely, they can also provide
efficient volumetric heating of the same sample (if its dielectric loss is large enough to
permit heating) for large applied electric fields. However, note that the structures for
both sensor and applicator are the same; if one can sense, one can also heat if the loss
tangent of the sample is large enough.

Accurate microwave methods for dielectric characterisation are useful for applications
in industry, medicine, and in pharmaceuticals. Microwave resonators allow extremely
precise and sensitive characterisation of the dielectric properties of dielectric materials
due to their strong interaction with microwave electric fields. For very small sample
volumes, the resonator perturbation technique is widely used for dielectric
measurements on polar liquids when a sample is inserted within a region of high electric

field of a microwave resonator.

In this research work, microwave resonators have been developed and utilized as
microfluidic sensors for highly sensitive compositional analysis of two-component
dielectric mixtures contained in capillaries. Firstly, the proposed microwave sensors
have been evaluated with common liquids (water, methanol, ethanol, and chloroform),
and the results (both simulation and experimental) indicate that the proposed microwave

structures are very sensitive, sufficient for deployment for the characterisation of



different microfluidic mixtures in both static and dynamic situations. This is also the
case when the compositions of the liquids are changing, for both miscible and
immiscible liquids, and due to the concentration of dissolved species when dealing with
solvents. During the development of the microwave resonators, the ability to both
characterise and heat was borne in mind, to achieve maximum power delivery to the
sample in addition to high sensitivity measurement. This will allow our sensors to be

utilized in microfluidic heating applications.

1.2. Project Aims

The aims of this project were to study in detail the interaction between the electric field
of microwaves with dielectric samples using a widely employed microwave cavity
resonator (at the ISM frequency of approximately 2.5 GHz). This was followed by the
development of new microwave microfluidic resonant sensors for dielectric property
characterization and composition of liquid mixtures by non-contact techniques, in both
static and flow situations, on the one hand, and heating applications on the other; the
goal being maximum sensing sensitivity and maximum power transfer for the heating
application. So, the research can be divided into two main parts: the sensing part
(sensors) which is widely required in many industrial, chemical, and medical
applications, and the heating part (applicator) with minimum power consumption and
maximum power transfer, which can be used also in industrial and chemical
applications. The specific application studied in detail here is microbiology, for the

rapid DNA release of certain bacteria, allowing their timely detection.

The targets have been specified as listed below:

1) Maximize the sensor sensitivity and simultaneous miniaturisation by optimizing
the sensor dimensions and materials.

2) Characterisation of liquids and micro-particle suspensions using the developed
Sensors.

3) Characterise impurity concentration levels in liquids, such as dissolved ionic
species and detect pH by non-contact means.

4) Develop sensors and applicators to work with microfluidic samples in both static

and dynamic situations.



5) Ensure the dual ability of sensor and applicator by controlling the microwave

power level.

6) Design a miniaturized, resonant applicator to function at minimum power level

(e.g. 1 W or less) which will allow its incorporation into a battery-operated,
hand-held device. Specifically, this could be for point-of-care detection of DNA,

for example.

1.3. Thesis Outline

The specific structure of this thesis is as follows:

CHAPTER ONE (INTRODUCTION AND THESIS SUMMARY):
This chapter presents a general introduction, the main project aims, and thesis

outline.

CHAPTER TWO (BACKGROUND AND LITERATURE SURVEY):

This chapter gives a background on the relevant microwave technology and its
ability to be wused in sensing and, specifically, in dielectric property
characterization. The main methods used in this field have been classified into
resonant and non-resonant methods. Also thermal processing of materials using
microwaves has been discussed and some application examples are presented in
different fields within industry, medicine and pharmaceuticals. Furthermore
some examples from the literature related to microwave cavities and split ring

resonators have been presented for selected applications.

CHAPTER THREE (DIELECTRIC MATERIALS INTERACTION WITH
ELECTROMAGNETIC FIELD AT MICROWAVE FREQUENCIES):

This chapter discusses the interaction between dielectric materials and the
electromagnetic field at microwave frequencies. In this context, it presents the
polarization and depolarization types, polarization mechanism and Debye model
for some common solvents. Finally it characterizes the applicators and sensors

according to the material interaction with the electric or magnetic field.



CHAPTER FOUR (CYLINDRICAL MICROWAVE CAVITY):

This chapter presents the most commonly used cylindrical microwave cavity,
excitation devices, perturbation theory, and scattering parameters. These
concepts have been employed in the design of a new re-entrant microwave
cavity (RMC), which has been designed and machined in two types as shown in
Figure 1.1 according to operating resonant frequencies of 900 MHz and 2.4
GHz. This chapter shows the sensing results (simulated and experimental) of
these two cavities based on microfluidic sensing in a static situation, and mixture
detection under flow conditions (in the form of micro-spherical beads dispersed
in water, and a segmented flow of water and oil). An experimental system has
been designed and implemented to control homogeneous and segmented flow
through a motorized valve, microscopic camera, syringe pump, and laptop to

control the system via a LabVIEW program.

Figure 1.1 Re-entrant cavities.



CHAPTER FIVE (SPLIT RING RESONATOR):

A novel split ring resonator (SRR) is presented in this chapter, designed so that
the electric field is parallel to the sample for maximum polarisation (i.e.
sensitivity); it functions with higher sensitivity as a microfluidic sensor for
solvents dielectric properties characterization on one hand, and concentration
level detection for mixtures on the other. Furthermore, the designed split ring
resonator is sensitive to pH change; it has been tested with HCI (acid) and
NaOH (alkaline) with different pH values. Also the SRR has been considered as
an applicator for efficient microwave heating and/or excitation under pulsed

power.

Figure 1.2 Split ring resonator

CHAPTER SIX (HIGH POWER SYSTEM DESIGN):

This chapter presents a high power microwave system for heating and thermal
processing. It has been designed and built using modular components (derived
from TELEMAKUS and Mini Circuits). The system has also been modified to
include a programmable syringe pump to precisely control flow rate and keep it
steady with time in dynamic situations. The results relating to maximum power
transfer to the sample are highly promising for efficient, rapid and volumetric

heating applications, especially of small (i.e. microlitre) volumes.



Figure 1.3 Microwave power generating and measurement system.

The enormous size benefit of scaling-down a single-mode cavity resonator to a
SRR structure, whilst maintaining the same electric field magnitude within the
sample, is shown in Figure 1.4, which then leads to the final application of the
SRR as an actuator in Chapter 7.

Figure 1.4 Scaling down microwave cylindrical cavity to split ring resonator.



CHAPTER SEVEN (SPLIT RING RESONATOR FOR HEALTH CARE
APPLICATIONS):

This chapter presents the results of using the designed split ring resonator as a
low-power applicator for the rapid liberation of the DNA from C. difficile
bacteria. The whole microwaving system has been used as described in
CHAPTER FIVE. The results showed that there is release of DNA due to
microwave irradiation, with minimal heating (to retain sufficiently long
fragments of DNA for its subsequent detection). Three microwaving scenarios
have been applied: i) continuous microwaves, 100% duty cycle. ii) pulsed

microwave at 10% duty cycle. iii) pulsed microwave at 3% duty cycle.

CHAPTER EIGHT (CONCLUSIONS AND FUTURE WORK):
Conclusions of the work are summarized in this chapter, and some

recommendations are presented for future work.



CHAPTER TWO
BACKGROUND AND LITERATURE SURVEY

2.1. Introduction

Microwaves are radio waves with wavelengths ranging from as short as one millimetre
(frequency of 300 GHz) to as long as one meter (300 MHz). The microwave frequency
band allocation is shown in the context of the whole electromagnetic spectrum in Figure
2.1.

The wavelength in free space is equal to c¢/f, where c is speed of light in vacuum
(3x10% m/s), and f is the frequency. However, in a medium other than free space, the
velocity will be reduced by the factor 1/+/¢,., where &, is the relative dielectric constant

of the medium (for practical purposes the relative dielectric constant of air can be

considered to be unity). So, the wavelength, A, will be (\/ig_) (]%) which is also defined as

the distance in which the phase changes by 2 radians (360°) [1].
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Figure 2.1 The electromagnetic spectrum for “electronic engineering” [2].



Transverse electromagnetic waves are composed of two oscillating wave fields, electric
and magnetic, that oscillate perpendicular to each other and on the propagation direction

as shown in Figure 2.2; microwaves are just one example of this.
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Figure 2.2 Electromagnetic waves transport energy through empty space, stored in the
propagating electric and magnetic fields.

The wave has its electric field vector in the direction of the x-axis so that E, has a finite
value, but E,, and E, are zero. Also, H,, has a finite value but H, and H, are zero. It can
be noticed that there is no field component in the direction of propagation (z-axis); the
wave is called transverse electromagnetic (TEM) because all the field components are
transverse to its direction of travel [3].

The electric field component E, and magnetic field component H,, vary sinusoidally in

time and also in space, the wave is represented by:
E, = Eysin(wt — Bz) (2.1)
H, =20 (wt — B7) 2.2
v =7 sin(wt — Bz (2.2)

where E, is the electric field amplitude, Z, is called the wave impedance and g is the

wavenumber (rad/m) as expressed in equation (2.3) and (2.4) respectively:



7,= [2=3770 (2.3)
€o

_ 2.4

b= (2.4)

where p, and &, is permeability and permittivity of free space, respectively.

Microwave signals have various scientific and industrial applications in present day
innovation. These include wireless communications, material processing, control and
sensing, biomedical engineering, and pharmaceutical applications.

The question here is, why use microwave resonators in sensing and applications?
Actually there are many answers to this question, such as:

1) No physical contact or active devices are required, so they offer numerous
advantages compared with traditional techniques based on the dielectric/conducting
properties of a sample under test (SUT).

2) These sensors do not require any markers or labels and so are therefore fast and non-
invasive. Furthermore, such microwave sensors can be fully compatible with, and so
can be embedded within, lab-on-a-chip type approaches.

3) Microwaves penetrate deeply inside materials (high penetration depth) except for
metals. This provides reliable measurement results as the measurement is volumetric,
and not restricted to the surface.

4) Microwave sensors are safe and non-destructive at low power levels.

This chapter will review microwave applications in three broad fields related to the
work in this thesis: microwaves for sensing, microwaves for material thermal

processing, and microwave technology in health care applications.

2.2. Fundamentals of Wave Propagation

The behaviour of wave phenomena is described by Maxwell’s equations which are

given below in their general form [4]:

aD
Vxﬂ=l+—;=[+jw2=0§+jw£§=l+]_d (2.5)
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VXE=——===—jwB = —jouH (2.6)
7-D=p, @.7)
V-B=0 (2.8)

The quantities E (electric field intensity, V/m), H (magnetic field intensity, A/m), D

electric flux density, C/m?), B (magnetic flux density Wh/m?), J (conduction current
density, A/m?), Ja (displacement current density, A/m?) and p,, (volume charge density,

C/m?) are related to each other by the following relations:

D =¢E (2.9)
B =uH (2.10)
] =0E (2.11)

For free space u =, =4n x 1077 H/m and &= ¢, =8.854 x 10" F/m, and
furthermore o = 0, J = 0 and p,, = 0. Combining Maxwell’s equations leads to another

set of equations called wave equations. These wave equations for lossless and lossy

media are:
0%E _
VZE = uye, ez (Lossless media) (2.12)
92H _
VZH = uye, a_tz_ (Lossless media) (2.13)
dE  0%E _
V2E = O ==+ pe— (Lossy media) (2.14)
,_ OH o |
V°H = po—= + He—5 (Lossy media) (2.15)

In a wave travelling in an arbitrary direction r, the space variation is accounted for by

multiplying all field quantities by a factor e 7", where y is called propagation constant.

11



This parameter may be written y = a + jf, where a is the attenuation constant or gain
coefficient and £ is the phase constant measured in rad/m. In the event that a is positive,
then the wave decays in amplitude with distance and it is called attenuation constant. In
the event that o is negative, then the wave grows, and « is called gain coefficient. The
phase constant, A, is a measure of phase-shift per unit length. When a = 0, B = w+/uc is
termed wavenumber. The value of g in free space f, = a)\/m is referred to as the

free space wave number.

2.3. Penetration Depth

The penetration depth, D,, is a measure of the depth of microwave penetration in a
dielectric material, which is defined as the distance from the surface to the place at
which the magnitude of the field strength drops to 1/e = 0.368 of its value at the surface.
It is mathematically defined as [5] and [3]:

D, = X (2.16)

where A is the free space wavelength of incident radiation, ¢;, and &, are the real and
imaginary part of the material complex permittivity respectively (e, = &, — j&,).

Equation (2.16) shows that penetration depth increases with an increase in the
wavelength or a decrease in frequency. The penetration depth is also inversely

proportional to the values of &; and &,.

Due to the short wavelength of microwaves (of the order of centimetres), they penetrate
quite deeply within non-metals, so keeping the resonator perturbation principle
preserved, and also minimizing the radiation loss and, accordingly, the volumetric
moisture content in a dielectric material can be determined as microwaves are not
restricted to the surface of the tested material.

On the other hand, The skin depth, 8, of a conductor is expressed as [6] and [7]:

2 2p
= |—= |— (2.17)
wHo W

12



where u is the permeability of the material in H/m, u = uou,, o is the conductivity in
S/m and p is the resistivity in Qm. The skin depth according to equation (2.17) is a
function of three variables; conductivity (or resistivity), permeability, and frequency of

operation. Since u,. = 1 for most metals, the skin depth can be re-written as:

2 2p
6= \/ = \/ (2.18)
WhoOo Who

At microwave frequencies, the skin depth for good conductors is extremely small

(around 1um), and so a very thin coating of a good conductor such as gold or silver is

desired for low-loss microwave components [6].

2.4. Microwave for Sensing and Dielectric Constant Measurements

Precise measurement of material properties has received significant interest over the last
decade. There is a growing need for wireless sensing for mission-critical industrial and

military applications, and structural health monitoring [8] and [9].

Microwave sensors are interesting in applications in which no physical contact is
applicable. Compared to traditional techniques, they offer advantages based on the
dielectric/conducting properties of a sample under test (SUT). These sensors are fast

and non-invasive as there is no need for markers or labels. [10].

The microwave methods for material property characterization generally can be divided
into two groups: non-resonant methods, which are based on microwave propagation,
and resonant methods which based on microwave resonance. Non-resonant methods are
mainly used to get general information of electromagnetic properties over a wide
frequency range, while resonant methods are utilized to get accurate information of
dielectric properties at a single frequency or several discrete frequencies. Both non-
resonant and resonant methods are often utilized in combination to get precise
knowledge of material properties by modifying the general information over a certain

frequency range obtained from non-resonant and resonant methods [11].

13



2.4.1. Non-Resonant Sensing Methods

Non-resonant  sensing methods essentially include signal reflection and
transmission/reflection measurements. In a reflection measurement, the material
properties are extracted based on the signal reflection from the sample due to the
impedance discontinuity introduced by the sample within a transmission line structure.
In a transmission/reflection measurement, the material properties are extracted based on
the signal reflected from the sample as well as the signal transmitted through the
sample, and from the relevant scattering equations relating the scattering parameters of
the segment of transmission line filled with sample material. Non-resonant methods
need a way of directing the electromagnetic energy toward a sample material and then
observing the reflection from the material, as well as the transmitted through it. Many
types of transmission lines can be utilized to carry the electromagnetic wave such as
coaxial line, waveguide, and free space [11].

A- Transmission/reflection method

A measurement using the Transmission/Reflection method includes placing a sample
material under test (MUT) in a section of transmission line and measuring the two-port
complex scattering parameters (s-parameters) with a vector network analyser (VNA) as
shown in Figure 2.3. The method involves measurement of the transmitted (S,;) and
reflected (S11) signals. The relevant scattering parameters strongly relate to the complex
permittivity and permeability of the MUT. The sample’s electromagnetic parameters
(permittivity £*and permeability x”) can then be extracted from the scattering matrix
[12] and [13]. Since there are four experimental parameters (amplitude and phase of Si1;
and Sy;) then, in principle, both real and imaginary parts of complex permittivity and

permeability can be determined.

VNA

MUT

L] 2 i -

Figure 2.3 Measurement using transmission/reflection method with a waveguide [14].

14



The procedure firstly introduced by Nicolson, Ross and Weir (NRW) is derived from

the following equations, which are applicable for the coaxial line cell (TEM propagation

mode) and the rectangular waveguide cell (TEq; propagation mode) [12] and [15], [16]:

o - r(1-T?
=1 _r2r2

T(1-T?)
21 =7 T2t

Z-2Z,

I =
Z+2,

(2.19)

(2.20)

(2.21)

where S;; and S,, are the reflection and transmission scattering parameters; I" and T are

the first reflection and the transmission coefficients, Z, and Z represent the waveguide

impedances of the empty and filled cells, respectively. The NRW procedure includes the

further relationships as shown in equation (2.22) to (2.27)

Slzl _S221 + 1

K =
r=K¥JK2-1

1= (S + ST
o= [Lm]
2 |2ga ™)

_/109(1+F>
A \1-T

*_/15(1+1>
ERRNTEAVERP

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

where 4, and A, correspond to the free-space and the cut off wavelengths, and d is the

sample length. The NRW procedure involves two steps: Firstly, I' , T , and the% terms

are calculated from the measured scattering parameters using equations (2.22) to (2.27).

These parameters are determined from equations (2.19) and (2.20); secondly, both

complex permittivity and permeability are calculated using equations (2.26) and (2.27).

Equation (2.26) is dependent upon the parameter shown in equation (2.28):

15



hog = —— (2.28)

which represents the guide wavelength in the empty cell.

An example application for this technique is proposed in [17] and [18] for
characterization of the electric properties of textile materials and epoxy samples,

respectively.

In [19], a coplanar waveguide sensor for the measurement of scattering coefficients of
test specimens has been used to obtain dielectric properties represented by complex
permittivity of thin samples and dielectric sheets. In [19] the authors discuss one of the
major problems of planar RF sensors, which is the possible air gap between the device
and the MUT. This problem is acute when there is a component of electric field
perpendicular to such boundaries, especially for high permittivity materials. The authors
also analyse the sensitivity in order to critically observe the effect of air gap between the
test sample and the sensor, which required an analytical multilayered model to take into
account the effect of the air gap and to accordingly provide the appropriate correction
factor.

In [20], the technique is used to measure the permittivity of low-loss liquids such as
crude oils using a single measurement cell in the broad frequency range 1 kHz to 6
GHz.

The advantages and disadvantages of Transmission/Reflection line method are listed
below [14]:

Advantages:
e Waveguides are commonly used to measure samples with medium to high loss.
e It can be used to determine both the permittivity and permeability of the material

under test.

Disadvantages:
e Measurement accuracy is limited by the air-gap effects.
e Accuracy is limited when the sample length is a multiple of one-half wavelength

in the material (imposed by ill-conditioning from the NRW method).

16



B- Reflection method (the example of the open ended coaxial probe)

The open ended coaxial probe method has been used for years as a convenient, non-
destructive method for dielectric sensing. In this method, the material is measured by
immersing the probe into a liquid or by pressing it to the flat face of a solid (or
compacted powder) material. The electric field at the open-circuit probe’s end “fringe”
into the material, as shown in Figure 2.4. The subsequent electric field interaction is
measured via the reflection coefficient Si; using a vector network analyser and a
suitable analytical model for the sample-loading of the probe’s aperture is used to

calculate the permittivity [21].

§

Solids

Semisolids (powder)

=
Liquids

Figure 2.4 Measurement using coaxial probe method [21].

This technique was pioneered by Stuchly and Stuchly (1980). Since only amplitude and
phase of S;; are measured, it is only possible to extract two material variables. The basic
interaction here is with the probe’s electric field, since in the first approximation, the
magnetic field is zero at the open circuit end. Hence, the method is excellent for
extracting real and imaginary parts of the complex permittivity of lossy dielectrics, but
of no use for magnetic materials. While the method is easy to use and it is possible to
measure the dielectric properties over a wide range of frequencies (500 MHz - 110
GHz), it is of limited accuracy, particularly with materials with low values loss (e)
[22].

The coaxial probe can be represented by an equivalent circuit consisting of the fringing
capacitance between the inner and outer conductor of the coaxial structure and radiating

conductance which represents propagation losses. The capacitance and conductance are
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frequency and permittivity dependent and also dependent on the dimensions (of the
inner and outer diameters) of the probe [23], [24]. The sensor can be modelled as a

lumped admittance with capacitances as shown in Figure 2.5 (a) and (b).

Flange
Coaxial line
Teflon ‘\
[T 1]
v
Sample
(a)

-]

& C

(b)
Figure 2.5 Coaxial line termination fringing fields (a), and sensor lumped equivalent
circuit (b) with capacitances originating from the PTFE fringing field (C;) and sample
fringing field (Cs) [25].

The load admittance, Y;, is given in terms of the voltage reflection coefficient, I'*, as
[25]:
1-17

Y/ =Yy——= 2.29
=N (229)

where Y, is the characteristic admittance of the line. In terms of the equivalent circuit
model, the admittance is
Y =jwC; + jw(e — jer)Cg (2.30)

where w is the angular frequency. So, the real part of the relative permittivity is:

B —2|T'|sing C;
f1= wCZ,(1+ 2|T|cosp + IT'|?) C;

(2.31)

18



and imaginary part is:

B 1—T|?
2= C.Z,(1 + 2|T|cosg + |T|?)

(2.32)

where |T'| and ¢ are the magnitude and phase of the reflection coefficient respectively,

and Z, is the characteristic impedance. The load admittance is also can be defined as:
Y =jwCr (2.33)

where Cy is the total complex fringing capacitance, Cr = (Cs&q + Cp) — jCs&,.

Open ended coaxial probe sensors are mainly used for non-destructive characterization
of electromagnetic properties of solid state materials [26] and liquids (e.g. water,
methanol, and dioxane-water mixtures [27]), and also in the field of biomedical
engineering [28], e.g. utilized as a potential diagnostic tool for detection of skin cancers
by measuring microwave properties of skin [29]. The published results of the
measurements for normal and moistened skin showed that the water content of normal
skin and benign and malignant lesions may cause significant differences among their

reflection properties and subsequently render a malignant lesion detectable.

Furthermore, open ended coaxial probes have been employed in the detection of
surface-breaking cracks in metals, which is an important issue in many industries, as
presented by [30] and [31]. In this work, a crack is characterised by the relative phase of
the reflected signal, where the reference phase is the value of the phase of the probe

output signal when terminated with a perfect, flat conductor plane.

The advantages and disadvantages of the open ended coaxial probe method are listed
below [14]:
Advantages:

e Requires no machining of the sample (easy sample preparation).

e Measurement can be achieved in a temperature controlled environment.

Disadvantages:
e Only reflection measurement available, so limited to dielectrics.

e Affected by air gaps for measurement on sample.
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C- Free space method

The free space method allows measurements of materials under high temperatures or
hostile environments. The approach works over a wide range of frequencies and the
measurement requires the material sample to be large and flat. It usually utilizes two
antennas (transmitting and receiving) placed facing each other and the antennas are

connected to a network analyser, as shown in Figure 2.6 [14].

LT l B

MUT

<— Sample holder

Figure 2.6 Measurement of a material sample using free space method.

High temperature measurements are easy to perform in free space as the sample is never
touched or contacted. The MUT can be heated by placing it within a furnace that has

“windows” of insulation material that are transparent to microwaves [21].

In a free-space transmission technique, when a sample is placed between a transmitting
antenna and a receiving antenna, the attenuation and phase shift of the signal are
measured. These can then be utilized to extract the material’s dielectric properties,
based on the NRW technique presented earlier. Accurate measurement of the
permittivity over a wide range of frequencies can be carried out by free space
techniques. In most measuring systems, the accuracy of the determined &; and &
depends mainly on the performance of the measuring system and the validity of the
equations used for the calculation. The usual assumption made during this technique is
that a uniform plane wave is normally incident on the flat surface of a homogenous
material, and that the planar sample has infinite extent laterally, so that diffraction

effects at the edges of the sample can be neglected [22].
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In general, permittivity can be extracted from the following equations:
Ao\ [/2m\2 ) )
& = (%) l(z) - ((l - ﬁ ) (234)

& = (;—;)2 (2ap) (2.35)

where 1, and A, are the free-space and the cut off wavelength respectively.

The unknown values of the real and imaginary parts of the propagation coefficient («
and ) can be calculated using equation (2.36) for the transmission coefficient T, which
IS a measured quantity

(1-T)e

T =15, (2.36)

where L is the sample thickness, y is the propagation coefficient given by y = a + jB,
and T is the reflection coefficient given by I' = (Z — Z,) /(Z + Z,). Here Z and Z,, are
the characteristic impedance of the applicator with and without the test material, and are

given by:

7 = Zﬂnoﬁ(l +j%>

LT (2.37)
2
7y = /1:;;) (2.38)
2T Ao\ 1z
0
c

where 7, is the wave impedance of air-filled applicator (377 Q2), and S, is the phase

coefficient of the air-filled applicator.

Free space techniques have been used by [32] and [33] to determine the relative
permittivity (dielectric properties) of planar samples, and by [34] for dielectric material
characterization at THz frequencies within the frequency range 750-1100 GHz. Also, it
has been employed in free-space measurement technique [35] for non-destructive
noncontact electrical and dielectric characterization of nanocarbon (carbon nanotubes

NCTs) composites in the Q-band frequency range of 30-50 GHz.
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Another application using this technique has been presented by [36], where the
dielectric properties of granular materials were determined by measuring the scattering
transmission coefficient Sy; in free space over a broad frequency range between 2 and
13 GHz. A pair of horn-lens antennas was used to provide a focused beam. Variations
of the dielectric properties with frequency and physical properties such as bulk density,
moisture content, and temperature were investigated. Both the dielectric constant and
the loss factor decreased with frequency and increased linearly with bulk density,

moisture content, and temperature.
Advantages and disadvantages of free space method are listed below [14] and [37]:

Advantages:
e Suitable for high frequency and high temperature sample measurement.
¢ Non-destructive and contactless measurement.

e Possible to measure the sample test in hostile environment.

Disadvantages:
e The inaccuracies in dielectric measurements are mainly due to diffraction effects
at the edges of the sample and multiple reflections between the two transmitting

and receiving antennas via the surface of the sample.

2.4.2. Resonant Methods

Resonant methods are used characterise the properties of a material with high accuracy
and sensitivity in comparison with non-resonant methods. Resonant methods are usually
based on the change in resonator properties (such as resonant frequency and quality
factor) due to the interaction of the resonator’s electromagnetic fields with the sample

under test, often called generically the “cavity perturbation technique” [11].

There are many types of resonant structures available such as cavity resonators, re-
entrant cavities, split cylinder resonators, etc., where the perturbation method is applied
for complex permittivity measurements. Firstly, resonant frequency and quality factor
measurements are made using an empty cavity. Secondly, the measurements are

repeated after filling the cavity with the MUT. The permittivity or permeability of the
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material can then be computed using the frequency, sample volume and Q-factor [14].
This will be discussed in detail in CHAPTER FOUR.

Different types of microwave cavities operating in different modes have been used by
many researchers to measure the dielectric properties for various dielectric samples, all

based on the cavity perturbation method [38]-[40].

For a cylindrical cavity with a sample placed on-axis, the most common modes used are
TMoyo for dielectric characterisation and TEg; for magnetic characterisation;
furthermore, the re-entrant cavity can be used for a more concentrated electric field
region for dielectric characterisation, and hence greater sensitivity for a fixed cavity
volume. The TMg;o mode usually has the lowest resonant frequency in a cylindrical
cavity (otherwise TEis; if the length is longer than the diameter) and is then the most

easily distinguishable mode, as shown in Figure 2.7 [41].

It is difficult to identify and reliably utilize more than two of TMgn modes as higher
order modes resonant at higher frequencies, where the spectrum becomes cluttered and
modes overlap in the transmission spectrum of the resonator. The last subscript ‘0’ in
TMoy indicates that the strength of the E and H fields do not change as one moves from
top to bottom along the axis of the cavity. As one moves radially outwards, the axial E-
field is at a maximum on the axis of the cavity and falls away to zero amplitude on the
cylindrical side-wall, while the H-fields loop around the axis of the resonator as shown
in Figure 2.8 [42]. Material samples are normally in solid rod form or tubes, which can

be used for containing liquid dielectrics.
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Figure 2.7 Cylindrical cavity modes for an aluminium cylinder of internal radius of 46
mm and length of 40 mm [41].
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Figure 2.8 A TMg;0 mode cavity resonator containing a dielectric sample in rod form
[42].

In the TEo1 cylindrical cavity mode, the electric field lines are distributed circularly
about the cavity axis, whilst the magnetic field is a maximum on axis, as shown in
Figure 2.9. So, there is no current flowing between the sidewall and end wall, therefore,

this mode does not require good electric contact between the sidewalls and end wall.
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Due to its particular field distribution, this mode is suitable for the measurement of disc-
shaped dielectric samples oriented parallel to the ends of the cavity, in the middle of the

axis, to be in the maximum electric field.

Figure 2.9 Field distribution of the cylindrical TEq;; mode [11].

Re-entrant cavities can be considered as a special type of the TMoy cavity, where
cylindrical conductors are modified to form two opposite internal posts making a gap
capacitance between them where the electric field is highly concentrated. The magnetic
field is distributed around the internal posts between the inner and outer cavity
conductors as shown in Figure 2.10. The dielectric specimen is placed in the gap formed

from the two parallel plates, where the electric field is concentrated strongly.

The re-entrant cavity has a high quality factor, frequency tuning capability, easy design
and the possibility of localizing the electric field within a small gap region [43] and
[44], which makes it very attractive for both telecommunication applications [45] and

[46], and dielectric materials characterization [47].
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Figure 2.10 Fields distribution of a re-entrant cavity [42].

The application of cavity resonators for the measurement of dielectric properties of
materials has been well known for more than half a century, and since that time they
have become attractive and interesting for engineers and scientists to deploy or modify

for a range of industrial and chemical applications.

In [48], researchers discussed the potential of using microwave techniques in the
refinement of the heavy fraction of petroleum such as bunker oil. They presented
measurements of the dielectric properties of heavy oils at 2.45 GHz using a highly
sensitive resonant cavity at TMoso, and also over a broader frequency range (100 MHz
to 8 GHz) using a coaxial probe technique. These cavity data are in excellent agreement
with the coaxial probe data at the same frequency, and give confidence to predict the
conversion efficiency if these samples were to be placed in a suitable microwave

actuator.

Also, this mode TMyo of cylindrical cavity resonator has been used by [49], where the
authors designed their cavity resonator to be suitable for noninvasively measuring the
amount of water and its distribution within plant tissues.

Another example of TMy;o mode of a cavity resonator has been shown by [50], they
were able to extract the moisture content from the complex permittivity of cigarettes on
the production line. The moisture content has an influence on both of the resonant

frequency and quality factor.

A rectangular microwave cavity resonator has been presented by [51] as a tool for

concentration measurements of liquid compounds. The sensing device is a rectangular
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waveguide cavity tuned at 1.91 GHz. According to the type of substance inside the
mixture, its concentration is conveniently related to the changes of the S; scattering
parameter (transmission coefficient). All measurements have been performed at the
temperature of 27 °C using two solution mixtures; water/NaCl and water/sucrose
solutions. The sensor was shown to be sensitive for assessing mixture concentrations.
The rectangular cavity with its coupling elements and system measurement setup are
shown in Figure 2.11 (a) and (b) respectively.

(b)
Figure 2.11 (a) Schematic of a rectangular cavity, and (b) its system measurement setup
[51].

In [52] a closed cylindrical cavity resonator is used to measure the dielectric constant
and loss tangent of homogeneous isotropic samples in rod form. The measurements are
made at the resonant frequency of the TE;;; mode. The dielectric properties are
computed from the sample dimension, resonant frequency, and unloaded quality factor

of the resonator.

In [53] a cylindrical cavity resonant at 1040 MHz is used as a low power microwave
sensor for analysis of lactic acid in water, and cerebrospinal synthetic fluid (CSF). It
was observed that the measured relative reflected signal amplitude (S11) was decreased

when the concentration of lactic acid increased.

On the area of ring resonators, an improved split-ring resonator for microfluidic sensing
has been proposed in [54], where a method of making low loss split-ring resonators for

microfluidic sensing at microwave frequencies using silver coated copper wire is
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presented. A simple geometric modification involving extending the conductor in the
gap region provides a higher electric field in the capacitive region of the resonant
sensor, as shown in Figure 2.12. The sensor sensitivity has been tested with some

common liquids. A schematic view of this resonator setup is shown in Figure 2.13.

Figure 2.12 (a) Electric field colour map (blue = zero |E|, red = maximum |E|) and (b)
magnetic field colour map (white = zero |H|, brown = maximum |H|) for a split ring
resonator, with wire of square cross section to improve the sensitivity [54].

— liquid-filled
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block 3

(@) (b)

Figure 2.13 (a) Cutaway schematic view and (b) photograph of a split-ring resonator
perturbed with a liquid filled capillary [54].

In [55], researchers presented a microstrip double split ring resonator working at 3GHz
as a microfluidic sensor to determine the dielectric properties of some common solvents

based on perturbation theory, in which the resonant frequency and quality factor of the
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microwave resonator depends on the dielectric properties of the resonator. A schematic
of the sensor is shown in Figure 2.14. The extended arms in the two gap regions behave
like two capacitors with high electric field which allow not only dielectric properties but

also to measure properties such as fluid velocity and to interrogate multiphase flow.

Figure 2.14 Schematic of the double microstrip split ring resonator and a capillary [55].

Generally speaking, the advantages and disadvantages of resonant methods are listed

below:

Advantages:

e Able to measure very small size of test materials.

Disadvantages:
e High frequency resolution vector network analyser VNA is needed to perform
these measurements.

e Limited to a narrow band of frequencies.

2.5. Microwaves for Material Thermal Processing

Microwave (MW) application for heating has been applied in various fields such as
different drying processes (agricultural, and chemical), food production areas such as
drying and cooking food, where the microwave oven has become popular in domestic
kitchens as mass production of the magnetron became possible, and excitation in the
chemical industry. Microwave applications also extend to broad areas such as

incineration of medical wastes, treatment of sewage sludge and re-generation of spent
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activated carbon and chemical residues of petrol industries. Heating is caused by a
dielectric relaxation loss due to rotation of molecules, which is the result of the
interaction between the MW electric field and the electric dipole of the molecules.
Electric dipoles in liquid or gas experience relatively free rotational motion, compared
to the dipoles within a solid [56].

Microwave heating offers a number of advantages such as: (i) energy transfer instead of
heat transfer via conduction; (ii) selective material heating; (iii) volumetric heating; (iv)
non-contact heating; (v) quick start and stop; (vi) heating from the interior of the
material body; and (vii) safety, where the microwave energy is a nonionizing
electromagnetic radiation since it has frequencies below 300 GHz [57], [58].
Microwave processing is a complicated process as it depends on many parameters such
as dielectric properties, material volume and shape, and microwave system design.
These factors are critical and influence microwave heating absorption in a material [59],
[60].

At the point when electromagnetic waves experience a medium, the waves can be
reflected, absorbed (microwave energy penetrates through the material and is converted
into heat), transmitted or any mix of these three associations as shown in Figure 2.15
[58]. The electric field component of microwaves is responsible for the dielectric
material heating, which in turn raises the temperature of the material such that the
interior parts of the material are hotter than its surface since the surface loses more heat
to the surroundings. This characteristic has the potential to heat large sections of the
material uniformly. Also, dielectric heating is affected by means of two essential
mechanisms; dipolar polarization and ionic conduction. In the polarization mechanism,
a dipole is responsive to an external electric fields and tries to align itself with the field
direction by rotation. At high frequencies, the dipoles do not have sufficient time to
fully respond to the oscillating electric field and as a result of this phase lag, power is
dissipated and heat generated in material owing to the interactions (usually chemical
bonds) between the dipoles, e.g. hydrogen bonds in water and other polar solvents. The
dipolar polarization mechanism is the origin of microwave dielectric heating that
involves the heating of electrically insulating materials by dielectric loss, while in the
conduction mechanism, any charge carriers (electrons, ions, etc.) move forward and

backward through the material under the effect of the microwave electric field. The

30



resulting electric currents will cause Ohmic heating in the material sample resulting
from electrical resistance caused by the collisions of charged particles with adjacent

molecules or atoms [61] and [5].

Material type Penetration
i » TRANSPARENT Total
> (no heat) transmission

CONDUCTOR None

(no heat)
3 ABSORBER Partial to
N (materials are fotal absorption

| heated)

Figure 2.15 Interaction of microwave with materials [58].

There is a wide range of applications for using the microwaves in drying in industrial,

chemical, and food heating.

2.6. Microwave Technology for Health Care Applications

There is also wide range of microwave applications in health care applications, ranging
from low power levels used for sensing to higher power levels for diagnostics and
treatment. Different microwave structures and devices are used based on the application

requirements, and some applications will be reviewed in the next two subsections.

2.6.1. Microwaves for Medical Applications

As already mentioned, microwaves present a completely non-ionizing tomographic
technique owing to the low photon energies involved. Microwaves energy can be very
safe to apply and as a result is widely used in medicine, especially in the field of

diagnosis by MRI (Magnetic Resonance Imaging) [62]. There are very many research
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activities concerned with medical diagnostics and treatment based on electromagnetic
wave technologies, especially during the last twenty years, specifically those coming
out from the theory and technique of microwaves, antennas and electromagnetic wave
propagation. Microwave applicators for medical diagnostics and therapy are, when
considering the working principle, very similar each to other. They can be derived from
various microwave technologies, for instance waveguides, planar and coaxial structures
and others. Wide utilization of microwave thermotherapy can be observed in most
worldwide countries. The electromagnetic wave propagation from applicator into the
treated tissue depends on the dielectric properties, such as permittivity & and
conductivity o of that tissue [63]. Many microwave structures have been proposed and
presented by researchers for this purpose, such as: antenna needle [64], open ended
coaxial probe as shown in Figure 2.16 [29],[65], antenna arrays [66],[67], re-entrant

resonant cavity [68], and open-ring applicator [69].

Outer Conductor

Teflon Filling /\

NN

Inner Conductor

Figure 2.16 Cross-sectional and plan views of an open-ended coaxial probe, it is used
to measure the reflection properties. The outer diameter is 3.62 mm and inner conductor
diameter of 1.08 mm [29].

2.6.2. Microwaves for Biological Applications

Interactions between different types of electromagnetic radiation and living organisms
have received the attention of scientists since the introduction of technical devices that
operate using electromagnetic waves. The published results demonstrated that
microwaves produce significant effects on the growth of microbial cultures, which

differ from the killing of microorganisms to enhancement of their growth. The nature
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and degree of the effect depend on the frequency of the microwaves and the total energy
absorbed by the microorganisms. Low energy, low frequency microwaves can enhance
the growth of microorganisms, whereas high energy, high frequency microwaves will
damage the microorganisms. When applying microwaves to living organisms, two types
of effects will be produced: thermal and non-thermal. Thermal effects are the result of
absorption of microwave energy by cell molecules, causing them vibrate much faster
and producing general heating of the cell. The extent of microwave absorption within a

cell depends on its dielectric constant and electrical conductivity [70].

Wu et al. [71] made a series of experiments to determine the effect of microwave energy
using the system shown in Figure 2.17 on several types of bacteria such as Bacillus
subtilis var. niger, Bacillus stearothermophilus, Bacillus pumilus E601, Staphylococcus
aureus and Bacillus cereus. Under the conditions of different exposure duration and
unequal microwave power irradiation onto the bacteria, a valuable result of killing
bacteria has been obtained. He concluded that the conditions for killing or damaging of
all bacteria depend not only on the duration and the frequency, but on the microwave
power intensity as well as the types of bacteria. As long as the Bacillus subtilis var.
niger is killed by microwave energy, then under the same conditions, all other types of
bacteria can be killed. Bacillus subtilis var. niger can therefore be considered as an ideal
marker bacterium for disinfection by microwave energy. This conclusion provided
important evidence for choosing a marker or indicator bacterium for disinfection by

microwave as a new technical standard [71].

Coupling .| Disinfecting

Control Unit > . >
Waveguide Chamber

Y

Magnetron

Figure 2.17 A block diagram of microwave disinfector, it uses a magnetron with an
output frequency of 2450+30 MHz. The maximum output power of the magnetron is as
high as 650 W, the circuit is similar to that of a home microwave oven [71].
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CHAPTER THREE
INTERACTION OF DIELECTRIC MATERIALS WITH
ELECTROMAGNETIC FIELDS AT MICROWAVE
FREQUENCIES

3.1. Introduction

Dielectric properties are the main parameters that provide information about how
materials interact with electromagnetic energy during dielectric heating [72]. One of the
most important of these is the complex relative permittivity &, = &; — je,, where & is
the real part (generally known as permittivity or dielectric constant) and ¢, is the

imaginary part (or the loss factor) [73].

In recent years, there has been a growing demand to obtain the dielectric properties of
materials, since the dielectric properties measurements are widely required for the
numerous applications in industry, medicine and pharmaceuticals [74], [75] as
discussed in Chapter 2.

Understanding of field-material interactions is essential in the design of high frequency
sensors and applicators, because the electrical properties of the material of interest will
become a part of the device’s functionality. This fact is a unique feature of these devices
[76].

In terms of liquid polarity, there are two types of liquids, polar and non-polar. Polar
liquids are those whose molecules have permanent electric dipole moments, while non-
polar liquids have molecules that only develop a net electrical polarisation upon
application of an external electric field (thus exhibiting electronic or ionic polarisation).
The permittivity, &, of polar liquids is much higher than non-polar liquids, lying
typically in the range from 10 to 100. Also, the dielectric loss of polar liquids at
microwave frequencies is comparatively high, with loss tangent tand = &,/¢e, typically
in the range of 0.1 to 1 [77].
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Conversely, non-polar liquids have a low relative permittivity, typically between 2 and
3, which changes little over a frequency range of several decades. They also have low

loss, with tané typically less than 0.001 [77].

The characterisation of polar dielectric liquids is receiving wide interest for different
reasons. For example, the dielectric relaxation behaviour of polar liquids provides
information about their molecular structure. Also, biomedical applications of polar
liquids have become prominent because of the good match of their complex permittivity
over the frequency range from 300 MHz to 6 GHz to that of biological tissues. This is
the region of the spectrum that is widely used for mobile and local area

telecommunications [77].

3.2. Polarization Mechanism

When an electric field is applied to a material, dipoles will be induced within the atomic
or molecular structure and become aligned with the applied field direction. Furthermore,
any permanent dipoles which already exist in the material are aligned with the field. The
material will then become polarised. Generally, there are three main types of
polarisation exhibited by dielectrics [78], [79]:

e Electronic polarisation: this is often weak and occurs in all materials, where the
relative permittivity &, is small, as shown in Figure 3.1. When an external
electric field is applied to neutral atoms, the electron cloud of the atoms will be
distorted, resulting in electronic polarisation. It is the only polarisation in

hydrocarbons, hexane is an example [11], [78], [80].

No electric field Applied electric field Eq

Figure 3.1 Electronic polarization in a dielectric material.
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lonic polarisation: this is when two different atoms join together to construct an
ionic bond, there is a transfer of electrons from one atom to another resulting in
excess positive or negative charge on some of the atoms in a molecule. Sodium
chloride NaCl is a typical ionic compound example. So, this type of polarisation

occurs in crystalline solids, ion displacement by the applied E, often gives

strong polarisation (large ¢,.), as shown below in Figure 3.2 [78], [81].

No electric field Applied electric fie=ld Eo

GOOOL OGO G
OOOOO OGOGO
OOOOL OGO G

Figure 3.2 lonic polarizations in a dielectric material.

Orientation polarisation: this type of polarisation occurs in materials (liquids or
gases) which are constructed from molecules known as “polar molecules” that
have a permanent dipole moment even if there is no applied electric field
because there is charge asymmetry within the molecule. When the electric field
is applied, the molecular dipoles will be aligned with direction of electric field;

water is a classic example. Figure 3.3 shows orientation polarisation [82], [83].

No electric field Applied electric field E,
—>
e T — , —>
v\ —> —>
N\ —
l —> —>

Figure 3.3 Orientation polarization in a polar dielectric material.
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3.3. Dielectric Materials

The typical qualitative behaviour of permittivity (&;, and &,) is shown in Figure 3.4 as a
function of frequency. The permittivity of a material is related to a variety of physical
phenomena. lonic conduction, dipolar relaxation, atomic depolarization, and electronic
polarization are the main mechanisms that contribute to the permittivity of a dielectric
material. In the low frequency range, &, is dominated by the influence of ionic
conductivity. The variation of permittivity in the microwave range is mainly caused by
dipolar relaxation, and the absorption peaks in the infrared region and the above is

mainly due to atomic and electronic polarizations [11].

Dipolar and related relaxation phenomena

Atomic .
Electronic
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Figure 3.4 Frequency dependence of permittivity for a hypothetical dielectric [11].

3.4. The Polarization and Depolarization of a Dielectric Sample

When a dielectric material block, which contains no conduction electrons, is placed in a

uniform E, its electrons stay bound to its atoms but the electron cloud of each distorts.

The dielectric thus becomes polarised (i.e. an electric dipole is induced on each atom),

as shown in Figure 3.5 [78].
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Figure 3.5 The polarisation of a dielectric material when placed in a uniform electric
field.

The surfaces perpendicular to E, develop polarisation charges and the internal electric
filed E;;, inside the dielectric material is reduced due to the depolarising field. So, the
net electric field inside the dielectric is the difference between the applied electric field
and the depolarised electric field E; as shown in Figure 3.6 and described below in
equation (3.1).

Ein=E, —E4 3.1

Direction of applied E,

»
»

Figure 3.6 The direction of depolarising electric field is opposite to the applied field.
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If there are n atoms per unit volume, each of dipole moment p, the polarisation (dipole

moment per unit volume) is
P=np (3.2)

The surfaces of the cube shown in Figure 3.4 develop surface polarisation charges
Qpor = PS (S is the surface area of the cube ends) [78].

When an electric field E, is applied to a dielectric material, the interaction between the

material and field is described by the material’s relative permittivity .. The polarization
per unit volume P is directly proportional to the internal electric field E;, via the
relationship [84], [85], [86]

P = (& — DeoEin = XetoEin (33)

The quantity y. = (&, — 1) is a dimensionless quantity called the electric susceptibility
of the dielectric, and quantifies how strongly a dielectric will polarize when placed in an

applied E, field. Losses can be considered by writing € as the complex quantity
& =& —j& (3.4)

The quantity(e, — 1) is proportional to the material’s polarization and &, to the power
dissipation.
The magnitude of the internal electric field can be written

Eo

E. . —
™14+ Ny,

(3.5)

By substituting y, = (&, — 1) in above,
Fip > (36)
14+ N(e, — 1)
N is a dimensionless number called the depolarization factor, which depends on the
object’s shape and the direction of the applied field.
Assuming a uniform internal electric field and an external field consisting of the applied
field plus a dipole term, the depolarization factor for a cylindrical shape is [87]:

1. N = zero, when the applied electric field is parallel to the axis of a long cylinder.
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So, the internal electric field is approximately equal to the applied electric field
E;, = E, as shown in Figure 3.7 (a).
2. N= % , when the applied electric field is perpendicular to the axis of a long

cylinder.

So, the internal electric field is reduced to E;,, ~ ff"

For water (e, = 78), then

&
E;, = 0.025E, as shown in Figure 3.7 (b). i.e. the magnitude of internal electric

field is much smaller than applied field E, when the relative permittivity € >>1.

Eo A AEg
—
—

@ (b)

Figure 3.7 The depolarization effects in dielectric cylindrical shape.

Hence, it is desirable to apply E along the long dimension of the material sample in
applications that require maximum internal electric field inside material. Only in these
instances is there maximum polarisation, and so maximum interaction between the

applied electric field and the sample.

3.5. lonic Conductivity

lonic conductivity usually introduces losses into a material. The dielectric loss of a
material can be described as a function of both dielectric loss (e,,) and conductivity

(0):

o
= _ 3.7
&y =&4q t e (3.7)

The conductivity of a material may consist of many components due to different
conduction mechanisms; the most common one in moist materials is the ionic
conductivity. €, at low frequencies is dominated by the effect of electrolytic conduction

caused by free ions in the presence of a solvent, salt water being an example. As
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presented by equation (3.7), the effect of ionic conductivity on the loss term is inversely
proportional to operating frequency [11].

3.6. Debye Theory

Dipolar polarization results from the alignment of the molecule dipolar moment due to
an applied filed. The dipolar polarization reaches its saturation value only after some
time, quantified by a time constant called relaxation time 7 [84].

According to Debye theory, the complex permittivity of a dielectric can be expressed as
[11]:

With
Eroo = liMy_00&p (3.9
&0 = limy_ o8, (3.10)
B = wt (3.11)

where t is the relaxation time and w is the operating angular frequency. Equation (3.8)
shows that the dielectric permittivity due to Debye relaxation is mainly determined by
three parameters &,, €0, and t. At high frequencies, as the period of electric field E is
much smaller than the relaxation time of the permanent dipoles; then the orientations of
the dipoles are not affected by electric field E and remain random, so the permittivity at
infinite frequency €, is a (small) real number. As &,.., is mainly due to electronic and
atomic polarization, &, is a real number. The static permittivity &,, decreases with
increasing temperature because of the increasing disorder, and the relaxation time 7 is
inversely proportional to temperature as all the movements become faster at higher

temperatures.

The real and imaginary parts of the permittivity are [84]:

&r0 — &ro

T+ we? (3.12)

€1 = &rwo
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3.7. Equivalent Circuit of Debye Relaxation

The Debye relaxation model is the simplest model of dielectric relaxation behaviour
according to equation (3.14). This behaviour is precisely similar to that of equivalent
circuit shown in Figure 3.8 with relaxation frequency f,. = 1/2nRC,. The Debye
relaxation parameters of water at 25 °C are [88], [42]:

£r0=78.36

Er=9.2

t=8.27 ps

fr=19.24 GHz, where f, = 1/2nt

Assuming that there is a small capacitance cell with fixed electrodes and its capacitance
is 1 pF when it is filled with air dielectric, when it is filled with de-ionized water, then
the admittance of the cell as a function of frequency will be described over a wide band
of frequencies by the equivalent circuit in Figure 3.8. This circuit is described by
equation (3.14) when the above values for Debye relaxation parameters are substituted
into it. So, the circuit is an analogue of the Debye relaxation of water, C; =
(&0 — €r0) = 73.16 PF, C, = &, = 5.2 pF, R = 0.1130.
€ro ~ &reo

& = & T T+if/f. (3.14)

Figure 3.8 An equivalent circuit of Debye Relaxation.
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In a linear and isotropic medium, the volume density of polarization is directly related
to the applied electric field intensity as given in equation (3.3). Electric flux density D,
is related to the polarization per unit volume P and the electric field intensity E as

follows [89]:

D=¢eE+P=c¢E =¢¢&kE (3.15)

A time-varying electric field induces two various types of currents in a material
medium. Conduction current is produced by a net flow of free charges, and
displacement current which is generated from the bound charges. The former is related

to the electric field intensity by Ohm’s law as follows:

Jc =0E

(3.16)

where ] is the conduction current density which is expressed in A/m, and o is the

material conductivity in S/m, while the displacement current is related to electric flux
density by:
Ja = jwD (3.17)

The total current density J; is the sum of conduction and displacement current densities:

Jr = 0E + jweE (3.18)
Jr = JwE(eor —j7) (3.19)
. - O-
E=¢& —j&y = €, —j= (3.20)

The permittivity for several common liquids (water, methanol, ethanol, and chloroform)
has been plotted with the aid of equations (3.12) and (3.13) and Table 3.1 for Debye
relaxation parameters [90], and [91] as shown in Figures 3.9, 3.10, 3.11, and 3.12

respectively.
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Table 3.1
Debye relaxation model parameters of several liquids

Liquid Temperature (°C) &0 Eroo T (ps)
Water 25 78.36 5.16 8.27
Methanol 25 32.5 5.6 51.5
Ethanol 25 24.3 4.2 163
Chloroform 25 4.7 2.5 7.96
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Figure 3.9 (a) A typical Debye relaxation response for water, (b) A ‘Cole-Cole Plot’ &;
IS against & giving a semi-circular trace, frequency increases when moving
anticlockwise around the trace.
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Figure 3.10 (a) A typical Debye relaxation response for methanol, (b) A ‘Cole-Cole
Plot’ &, is against €; giving a semi-circular trace, frequency increases when moving
anticlockwise around the trace.

46



I | 1
€y
&y
S
. _
=
=
E i
)
o
L 1 1 | L 1 L
0 5 10 15 20
Frequency (GHz)
(a)
15 1 ' | ' | ! I
€5 is maximum at f
r
10 - .
N
W
5 A
Increasing frequency
0 1 " 1 " 1 " 1 L
5 10 15 20 25
roo €0
€y
(b)

Figure 3.11 (a) A typical Debye relaxation response for ethanol, (b) A ‘Cole-Cole Plot’
€ 1is against g giving a semi-circular trace, frequency increases when moving

anticlockwise around the trace.
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Figure 3.12 (a) A typical Debye relaxation response for chloroform, (b) A ‘Cole-Cole
Plot’ &, is against € giving a semi-circular trace, frequency increases when moving
anticlockwise around the trace.
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3.8. Categorization of Applicators and Sensors

Let’s first distinguish between applicator and sensor; the first term is utilized for a
device that applies RF or microwave energy into a material volume at a level sufficient
to create either a permanent or temporary change in a material parameter or property.
The change could be a rise in temperature, excluding moisture, improving a chemical
reaction, ablation of a biological tissue, breakdown of gases to form plasmas, etc.; while
the second term, sensor or probe, is used when the reason of the field interaction is just
to obtain information from the material. Typically, the signal strength is far below the
level needed to heat or excite the material [76].

Applicators and sensors can be categorized by useful field type, electric field (E-field)
or magnetic field (H-field). Any high frequency applicator must contain both field types
to satisfy Maxwell equations, but usually only one type of field is useful for the required
purpose. Efforts to maximize the useful field type and minimize the unnecessary field
type are sometimes a part of the design process. The absorbed power by a dielectric
material is directly proportional to the electric field intensity inside material, so the
electric field must be maximized for best power absorption. On the opposite side, there
are many applications that require the maximum magnetic field in order to have the
desired field interactions; these include eddy current induction, and magnetic hysteresis
effect.

The simplest form of electric field applicator is the parallel plate, which is shown in
Figure 3.14 (a) and its simplified equivalent circuit Figure 3.14 (b). This applicator is
usually used for interfacing dielectrics and generally low conductivity materials with
electric fields. Here, the electric field is set up always perpendicular to the two plates,

while the magnetic field pattern circulates around the E-field.

On the other hand, the simplest form of magnetic field applicator/sensor is a current
loop, which is shown in Figure 3.15 (a) and its equivalent circuit Figure 3.15 (b) which
is represented by the inductance (varied slightly by the existence of the material load),
and two resistors (one represents the resistance of the coil applicator, and the other one
represents the material load loss). The magnetic field is generated from the flowing

current in the applicator. There are many applications for magnetic field applicators
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such as induction heating of conductive materials, hysteresis heating of ferrous metals at
low (kHz) level frequencies, and magnetic heating of materials with magnetic loss.
Furthermore, magnetic field sensors are used in different applications such as eddy
current sensors, nuclear magnetic resonance (NMR), and magnetic resonance imaging
(MRI) [76].

Material (load)

Ioss. \
.

(b)

Figure 3.14 (a) Schematic of simple electric field applicator (parallel-plate applicator),
(b) its equivalent circuit.

— D << )\
Material (load)

loss \

Re

H-field

E-field
Coil loss

\ |

Rc

(b)

Figure 3.15 (a) Schematic of simple magnetic field applicator (single current loop), (b)
its equivalent circuit.
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CHAPTER FOUR
CYLINDRICAL MICROWAVE CAVITIES

4.1. Introduction

The most practical method of developing a high frequency and high quality resonator is
to enclose the fields within a body whose dimensions are related to the desired
wavelength of operation. Such a device is normally referred to as a resonant cavity, and
it will support a series of modes, each corresponding to a unique distribution of fields.
Most resonators are constructed from highly conducting materials. For ease of
construction, one is generally limited to cylindrical or rectangular cavities, and in these
cases one can easily determine the field distribution within the resonator [92].

Generally, a cylindrical cavity resonator can be constructed from circular waveguide
shorted at both ends or built by a metallic closed cylindrical box. The basic concept of
the circular waveguide and the cylindrical cavity resonator are similar [6]. The
frequency which resonance occurs depends on the shape and size of the enclosed cavity
[93].

Electric and magnetic energy is stored within the cavity, and power is dissipated in the
metallic walls of the cavity as well as in the dielectric material that may fill the cavity.
The dielectric material will affect the resonant frequency and Q-value and as a result,
the microwave cavity resonator is the favourite structure used for dielectric or liquid
materials permittivity measurements. This technique of material properties
measurement is based on perturbation theory [6], [93]. The transverse modes used in the
cavity resonators are the TE and TM modes, which will provide the different

dimensions, resonant frequencies and Q-values.

Figure 3.1 shows the geometry of a cylindrical cavity, which implies that the waveguide
must be an integer number of half-guide wavelengths long. A coupling device is needed
to excite the microwave cavity where the energy is transmitted from external equipment

to the cavity.
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Figure 4.1 Cylindrical resonant cavity, and the electric field distribution for resonant
modes with longitudinal mode number ¢= 1 or £=2 [6].

4.2. The Microwave Cavity for the Electromagnetic Characterisation
of Materials

The accurate characterization of a material’s electromagnetic properties at microwave
frequencies provides critical information needed for material and circuit design,
modeling, manufacturing, research and quality control. Many measurement methods
exist (parallel plates, coaxial probe, transmission line and free space, and resonant
cavity), but which technique is best to use? The answer to this question depends upon
many parameters [94] such as:

e Frequency of interest

e Expected value of &,

e Required measurement accuracy

e Material properties (homogeneous, isotropic)

e Material form (liquid, powder, solid, sheet)

e Sample size restrictions

e Destructive or non-destructive

e Contacting or non-contacting

e Temperature

A rectangular cavity has been used for determination of complex permittivity of

dielectric samples placed in the E-plane [38].
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4.3. Analysis of Cylindrical Microwave Cavity

Consider a cylindrical cavity of radius a and height d described by a cylindrical
coordinate system (r, ¢, z). Metallic boundaries that construct the cylindrical cavity have
conductivity ¢ and the space bounded by them is filled by a dielectric medium with

permittivity € and permeability u. In a waveguide, Maxwell's equations are [6]:
VXE(r, w)=—jouH (4.1)
VXH(r,w) =jweE (4.2)

where E is the vector electric field, A is the vector magnetic field, w is the angular

frequency, u is the permeability and ¢ is the permittivity.

The dominant mode for short cylinders is the TMgo mode, but there are an infinite
number of other modes at higher frequencies. Figure 4.2 illustrates some other
transverse modes and resonant frequencies using a mode chart. Basically, the resonant
frequency is related to the dimension of the cavity and the dielectric properties of the

filling materials. The transverse electric fields E,, E; of the TEym or TMyy circular

waveguide mode can be written as
E(p,,2) = &(p, B)(A*e /Frm? 4 A= e/Frm?) (4.3)

where é(p, @) represents the transverse variation of the mode, and A+ and A~ are
arbitrary amplitudes of the forward and backward traveling waves. The propagation

constant of the TE,,,, mode is

Bum = 2 — (222) (4.4)

2
Bnm = |k* — (pn_m) (4.5)
where k = w+/ue and

Bnmd = 4w (4.6)
for¢=0,1,2,3, ......

The resonant frequency of the TE,,,,,, mode is
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2
_ c DPrm i
fnm[ - 27‘[@\/( a ) + (F) (4.7)

and the resonant frequency of the TM,,,,,, mode is

nm 2 € 2
fame = ZH\/C/ir_er j (pa ) + (77{) (4.8)

fnme 1S the operation frequency of the cylindrical cavity resonator.

c is the speed of light= 3x10° m/s

Uy 1S the relative permeability of the material inside the cylindrical cavity resonator
&, IS the relative permittivity of the material inside the cylindrical cavity resonator
d is the height of the cylindrical cavity resonator

and a is the radius of the cylindrical cavity resonator.

The values of p,,and p,,,, are listed below in Table 4.1 and Table 4.2 respectively [6].

Table 4.1

Values of p,,,,
n 1 2 3 4
0 2.4048 5.5201 8.6537 11.7915
1 3.8317 7.0156 10.1735
2 5.1356 8.4172 11.6198
3 6.3802 9.761
4 7.5883 11.0647
5 8.7715
6 9.9361
7 11.0864
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Table 4.2
Values of p;,,

n 1 2 3 4
0 3.8317 7.0156 10.1735 13.3237
1 1.8412 5.3314 8.5363 11.706
2 3.0542 6.7061 9.9695
3 4.2012 8.0152 11.3459
4 5.3175 9.2824
5 6.4156 10.5199
6 7.5013 11.7349
7 8.5778
8 9.6474
9 10.7114
10 11.7709
20 x 10° S %
3 PR
SECHZAPE / /
jsa) o &@“’ N
~ &V @7\ \\/
< QN
15X108 M/ / // 4 y/
= / A TMyygo
£ / / / / /
S 10x10° /U / //
[e]
o
5x 10° IV/// TMoro
0 2 4 6
(2a/d)?

Figure 4.2 Resonant mode chart for a cylindrical cavity.
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4.4. Excitation Devices

The excitation or coupling devices are used to transfer energy from the feedline to the
resonator. The required coupling level between a resonator and its attached circuitry
depends on the application. For example, a waveguide cavity used as a frequency meter
is usually loosely coupled to its feed guide in order to keep high Q and good accuracy.
A resonator used in an oscillator or tuned amplifier may be strongly coupled in order to

achieve maximum power transfer [6].

The ratio of the absorbed power at the resonant frequency to the reflected power is
defines as the strength of the coupling. The coupling strength can be adjusted by
varying the size and/or shape of the device. Increasing the coupling increases the
radiation loss, decreasing the cavity quality factor Q and sensitivity [92].

The coupling methods, coupling holes, coupling probe, and coupling loop will be
introduced below:

Aperture coupling: these structures are typically designed using a waveguide as the
feeding transmission line, as shown in Figure 4.3. The tangential magnetic field or
normal electric field will penetrate the aperture and couple to the resonant mode
depending on the location of the aperture in the waveguide. The coupling strength
depends upon the location of the aperture with respect to the field of the resonant mode

and the orientation of the field lines.

H,
Resonator E
En
4
A A A lll [:k A 4 A
\ Feeding waveguide
Feeding waveguide
/\/\_
(a) (b)

Figure 4.3 Aperture coupling, (a) electric, (b) magnetic [95].
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Probe coupling: this is performed by extending the centre conductor of a feeding
coaxial cable a small distance into the cavity resonator, which is shown in Figure 4.4.
The length of the probe should be small compared to the wavelength, and the input
impedance is therefore nearly equivalent to that of an open circuit. The current in the
probe is small, but the voltage creates an electric field between the probe and the
adjacent wall of the resonator. The field radiates energy into the resonator like a small
monopole antenna. The probe couples to the electric field that is perpendicular to the
wall at the location of the probe. The coupling is stronger the closer to a field maximum

the probe is located.

L

Feeding cable

Resonator Eo

i

—

[

Figure 4.4 Probe coupling [95].

Loop coupling: thus is performed by extending the centre conductor of a feeding
coaxial cable and forming a short circuit loop, either with the cavity wall or the outer
conductor of the cable, as shown in Figure 4.5 for loop coupling to a cavity resonator.
The strength of the coupling depends on the surface area of the loop in the plane
perpendicular to the H-field lines on the inner surface of the cavity [76].

The radius of the loop is small compared to the wavelength, therefore the voltage
induced across it is nearly zero but the current is large, and the input impedance is
nearly equivalent to that of a short circuit. The current generates a magnetic field that
radiates like a magnetic dipole tangential to the wall. The radiation couples to the
magnetic field of a resonance mode that is tangential to the wall and perpendicular to

the plane of the loop. Therefore the orientation of the loop is also important.
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Figure 4.5 Loop coupling [95].

4.5. The Coupling Coefficient

The coupling coefficient is a dimensionless quantity that is a measure of the level of
coupling between a resonator and a feed. The maximum power transfer between a
resonator and a feed line is achieved by matching them at the resonant frequency; the
resonator is then said to be critically coupled to the feed. These concepts will be

illustrated by considering the series resonant circuit shown in Figure 4.6 [6].

Zin ‘

Figure 4.6 A series resonant circuit coupled to a feedline.

The input impedance near resonance of the series resonant circuit is given by

_ 2RQAw
Zin = R+ j2LAw =R +j

(4.9)

Wo

The unloaded Q is

Q= (4.10)
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At resonance, Aw = 0 , so the input impedance is Z;, = R. In order to match the

resonator to the feedline of characteristic impedance Zo, we should have:

R =17, (4.11)
In this case the unloaded Q is
w,L
Q= 7 (4.12)
The external Q is defined to be
w,L
Qe=——=0Q (4.13)

This shows that the external Q and unloaded Q are equal under the condition of critical

coupling.

The coupling coefficient, g, can be defined as:

_Q
£~ Q

This can be applied to both series (g = Z,/R) and parallel (g = R/Z,) resonant circuits,

(4.14)

Three cases can be distinguished:
1. g < 1: The resonator is said to be under-coupled to the feedline.
2. g = 1: The resonator is critically coupled to the feedline.

3.9 > 1: The resonator is said to be over-coupled to the feedline.

The dimensionless coupling coefficients are defined as [96]:

g1 = fokiQ (4.15)
g2 = fok3Q (4.16)

where K; and K, are constants, which depend on the geometrical properties of the
coupling structures. Usually symmetric coupling is assumed (identical input and output
coupling structure, that means, g = g, = g,), to simplify the correction procedures
needed to account for the effects of coupling.
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4.6. Cavity Perturbation

Cavity perturbation is defined as changing of a cavity’s resonant frequency and quality
factor owing to some extrinsic effect, e.g. when the cavity resonator volume changes or
when introducing a small dielectric sample [6], [97]. From this phenomenon, the
electric and magnetic properties can be measured for a certain sample by inserting it
into the cavity and by measuring the change in the cavity resonance frequency and
quality factor [39]. As described by Maxwell’s equations below, E, and H, represents
the electric field and magnetic field respectively of the original cavity, E and H
represents the fields of the perturbed cavity [6], [39], [98]:

VXE, =jwouH, (4.17)
VX H, = jw,€eE, (4.18)
VXE =—jo(u+Aw)H (4.19)
VXH=—jw(e+ As)E (4.20)

where w, and w are the resonant frequency of the original cavity and the perturbed
cavity, while Ae and Au are the change in in permittivity and permeability.

The final equation for the change in resonant frequency due to material perturbations is
obtained by assuming Ae and Au are small, then the change in resonant frequency can
be expressed as [6]:

2 2
+ Au )dv

w—w, fVO(AE

“o J,,(e

E, H,

(4.21)

2 2
Eo| +u )dv

H,

Also, the quality factor is defined as

_ 2m X average energy stored in the resonator 422
0= average energy dissipated during one cycle (4.22)

w X stored energy

4.23
power dissipated ( )
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Q=— (4.24)

So, the change in Q is expressed as the difference between quality factor before cavity

perturbation and after perturbation when the sample is present.

AQ =0Q, -0 (4.25)

w,U, wU
P, P

AQ = (4.26)

However, the change in resonant frequency is proportional to sample permittivity and
sample polarisability, where the perturbation theorem (in electric or magnetic field) is
dependent on several parameters, specifically the mode of excitation, the resonator
geometry, and the sample polarisability which is affected by both its dielectric
properties and its shape as discussed in CHAPTER THREE.

4.7. Scattering Parameters

Scattering parameters are widely used at RF and microwave frequencies for component
modelling, component specification and circuit and network design [99]. The response
of any network to external stimulus can be represented by the diagram shown in Figure
4.7. The waves incident at port 1 and port 2 are indicated as a; and a, respectively, and
the waves reflected or emerging from port 1 and port 2 are indicated as b; and b,
respectively. The parameters (a;, a,, b;, and by) can be voltage or current, the
relationship between the incident wave [a] and reflected wave [b] are normally
represented by scattering parameters [S] [11]:

[b] =[S] [a] (4.27)
where [a] = [as, a2]", b= [by, b>]", and the scattering matrix [S] is described as:
Sll 512]
S1 = 4,28
[S] S S» (4.28)

For a scattering parameter S;;, if a;=0 (i#/), according to equation (4.27), then:
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Sii=- (G =1,2) (4.29)

jj =

Equation (4.29) shows that when port j is connected to a source and the other port is

connected to a matched load, the reflection coefficient at port j is equal to S;;:

b
=S=2" (4.30)
]
On the other hand,
b:
Sy=—  ((#j;i=12j=12) (4.31)

Equation (4.31) shows that when port j is connected to a source and the other port is
connected to a matched load, the transmission coefficient from port j to port i is equal to

Sij:

Tj_,i = Sl-j =— (4.32)
a;
o———— —  °
- Port 1 Two-port Port 2 %
b, «— network —>> b,
L —— —————o

Figure 4.7 A two-port network

Electromagnetic energy can be coupled to the cavity resonator (which represents an
impedance) either to the electric field using an open circuit transmission line (capacitive
coupling) or to the magnetic field by a short circuit transmission line (inductive

coupling).

Figure 4.8 shows the equivalent circuit for a cavity resonator. It is coupled inductively
where L; and L, are mutual inductances, and Z, is the characteristic impedance of the

coupling lines which is usually 50 Q [96].
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r—-——————= Zo

Resonator Z
Port 1 Port 2

Figure 4.8 Cavity resonator equivalent circuit, inductive coupling with L; and L,
mutual inductances.

Generally, loop coupling is used and the mutual inductance is determined by the

geometrical dimensions of the coupling loops. For this circuit:

2,/8182
f — fo

1+g,+8; +j2Q0f—0

S (f) = (4.33)

where g;, and g, are the dimensionless coupling coefficients and can be defined as

2L2 LZ 2L2 LZ ; ;
=2t L1Q° ,and —-2 = “’°L1Q° respectively and £, is the resonant frequency.
0 0

The power transmission coefficient is

4818,

Pe(f) = 1S241% = (4.34)

2

(1+g; +82)° +40Q3 (ff—fo>
o

For single port measurements, the equivalent resonator circuit is shown in Figure 4.9,

where the cavity is only coupled to by a single port and reflection measurements are

taken.

Zo

Resonator Z
Port 1

Figure 4.9 Cavity resonator equivalent circuit for single port measurements.

63



The voltage reflection coefficient is then

1-g+j20, (F522)

S11(f) = (4.35)
1+g+2jQ0(fff">
The power reflection coefficient is
(- + 103 (L)
Pe(f) = 1S11|* = ( o ) (4.36)

(1 + 7+ 03 (L)

4.8. Cylindrical Microwave Cavity Simulation

COMSOL Multiphysics® 4.4 was used to perform 3D simulations of the cylindrical
cavity microwave fields according to the dimensions in Figure 4.10, a =46 mm, d = 40
mm, and axial sample hole radius r = 3 mm. Aluminium has been used for the cavity
construction material for simulation as well as all experimental cavities.

The wave equation in the frequency domain was computed in the electromagnetic wave

model as described in the software as:

Vxu Y (VXE) - ko( a])ZO)E 0 (14)
where p, is the relative permeability, &, the relative permittivity and o the electric
conductivity of the material; ¢, is the permittivity of the vacuum, k, is the wave
number in free space, and w the wave angular frequency. The impedance boundary
condition is used for the aluminium surfaces in order to calculate their losses. The
simulation boundary is the inside surface of the aluminium outer cavity. Coaxial ports

were used to feed the electromagnetic energy to the resonator.
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Hole with radius r

Figure 4.10 Schematic of a cylindrical cavity resonator which has been simulated using
COMSOL software.

Figure 4.11 shows the flowchart for the model simulation procedures used in
COMSOL.

Building the model according
to geometry

A4
Defining material type for
each part of the model

A4
Defining input and output
ports and their types (coaxial)

\4
Mesh the model

A\ 4
Specifying the required
frequency range

\ 4
Run the simulation

A4
Display the required results
(scattering parameters,
electric/magnetic fields
distributions,...etc.

Figure 4.11 Flowchart for the model simulation using COMSOL software.
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Figure 4.12 shows the simulation results for the electric (E) field (a) 3D view and (b)
side view, and the magnetic (H) field (c) 3D view and (d) side view for the dominant
mode TMyi. The operating resonant frequency is 2.494 GHz, which agrees perfectly

with the theoretically calculated value.
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@
Figure 4.12 Simulation of the cylindrical cavity resonator TMo, E-Field V/m (a) 3D
view and (b) side view, H-Field A/m (c) 3D view and (d) side view.

The material under test MUT is inserted vertically through an access hole on the top
surface on the cavity, where the electric field is at a maximum. As a result, the resonant
frequency will be shifted and the quality factor will reduced as discussed in section 4.6.

Figure 4.13 presents the COMOSL simulation Sy; for the cylindrical cavity resonator
before and after insertion of a PTFA tube (outer diameter is 2 mm and inner diameter is

1.2 mm) filled with water.

The real and imaginary values of the complex permittivity can be extracted from the
change in both resonant frequency and quality factor using the two equations 4.37 and
4.38 below [100], [101], which are derived from the cavity perturbation equations for a
sample on axis, with its length aligned parallel with the electric field (as for the TMo10

mode):
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e —1= (fo — fs> <2Veff> (4.37)

fo Vs
o) (%) (439

where f,, and f; are the resonant frequencies without and with sample respectively, V; is
the sample volume within the cavity and V, is the effective cavity volume. This latter
quantity is the effective space filled by the electric field energy, and for the TMg;0 mode
can be shown to be about 26.9% of the cylinder volume.
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Figure 4.13 Simulated |S;;| of the cylindrical cavity when it is empty and when with a
PTFA tube filled with water (using COMSOL Software).

4.9. Re-entrant Microwave Cavity

The re-entrant microwave cavity (RMC) is a very attractive sensor for dielectric
characterisation of small liquid volumes (ml to pl volumes) due to the high
concentration of electric field in its gap region. The structure is also easy to

manufacture, and retains a high quality factor Q (~3000) even when machined from
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metals such as aluminium. Whilst the electric field is very high in the narrow gap
region, the associated magnetic field is small and spread over a much larger volume,
leading to low surface loss on the exposed metal surfaces, hence the high Q. These
desirable features (high Q, high concentration of electric field in the gap) contribute to a

high performance dielectric sensor, as we will now demonstrate.

A re-entrant cavity is a three-dimensional structure whose metallic boundaries extend
into the interior of the cavity [4]. The general type of re-entrant cavity is circular
cylindrical cavity with a small gap in the interactive region at the central part of the
cavity. A cross section of the re-entrant cavity is shown in Figure 4.14 (a) The resonator
could also be designed in the form of a double re-entering cavity as shown in Figure
4.14 (b). All the relationships for the single re- entering cavity can be easily adapted to
the double re-entering case, but the practical realisation of the single re-entering

resonator is much easier [102], [103].
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Figure 4.14 Re-entrant cavities [102], the air space is bounded by the cavity metal.

Re-entrant cavities have been studied and used widely for a variety of applications, in
radio and microwave communications systems, dielectric properties measurements, and
medical applications [45], [104]-[107] due to their simple mechanical construction and
wide tuning range, with the narrow gap having the effect of reducing the frequency and
focusing the electric field [108].
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4.10. Modelling Circuit Parameters for Re-entrant Cavity

As can be seen from the schematic field distributions of Figure 4.15, there is excellent
separation between the regions of maximum electric and magnetic fields in a RMC. Re-
entrant cavities can be modelled using a lumped-element approximation. The electric
field concentrates in the gap between the centre post and the cavity wall and its
direction from the inner post points to the cavity wall. If the gap region is small, then
the electric field in the gap will be approximately uniform and the magnetic field will be
infinitesimally small there, increasing linearly with distance off-axis. This region looks
like a parallel-plate capacitor; its capacitance being inversely proportional to the gap
width. The purely circumferential magnetic field is generated from surface currents
flowing in the directions shown in Figure 4.15, with a displacement current across the
gap. The largest magnetic field strength is near the short-circuit-end, at the opposite end
of the gap (as shown in Figure 4.15) [4], [102], and [109].

An accurate analysis can be made in the limit when the gap dimension is small
compared with the other dimensions of the cavity and with the resonant wavelength .
In this case the concept of lumped circuit elements becomes meaningful. In our re-
entrant cavity, we position the hole for the sample tube to be axial, though the post and
passing through the gap region where the electric field magnitude is highest, to ensure

the greatest sensitivity for dielectric measurement.

As noted, the electric field concentrates in the gap between the centre post and the
cavity wall and is directed perpendicular to the gap regions. If the gap region is small,
then the electric field in the gap will be approximately uniform and the magnetic field

will be infinitesimally small near the axis.

The equivalent circuit of the lumped element mode of the RMC is shown in Figure 4.16,
with Cy being the capacitance of the gap region and C; the capacitance associated with

charge leakage onto the outside surface of the central post [109].
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Figure 4.15 Cross section of a re-entrant cavity, showing schematically the distribution
of electric and magnetic fields.

Figure 4.16 Equivalent lumped circuit for re-entrant cavity

The total equivalent capacitance of the cavity is operating in its lumped element mode is
then:

where Cj, is the gap capacitance, and C; is the capacitance of the toroidal section.

Trie

Co = ——2 (4.40)
d
ry —19)% + h?
Ci = 4rygpln Vi~ 1) (4.41)
2d
while the inductance L is:

Hoh 11
L~—In— 4.42
21 nro ( )
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The equivalent shunt resistance is

2ndow?L?

h—d h 7
( o +r—1+21na)

Ry = (4.43)

where o is the metal conductivity and & is the skin depth, given by equation (2.18)

The resonant frequency f,. is:

1
= 4.44
Jr 2mVLC ( )
The unloaded quality factor Q is expressed by
Q = wCRy, (4.45)

4.11. Power Dissipation and Quality Factor

The average total stored energy (U) within an empty cavity is the integral over the

volume of the cavity of the energy density [110].

U = 2(&E? + poH?) Vs (4.46)

where, E and H are the electric and magnetic field magnitudes respectively. The cavity
has been assumed to be empty. In the time domain, the total energy U in a particular

mode decreases exponentially in time according to the expression,

—Wol

U=Uye @ (4.47)
where, w, = 27f,

Since at resonance the energy stored in the electric field equals that in the magnetic field

(but 90 degrees out of time phase) [111], equation (4.46) can be written as,

1 1
U= E‘SOEZVeff = E,uOHZVeff (448)
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When the empty cavity is excited, a surface current will be flowing on the walls and it is
where the energy is dissipated in form of heat. The power dissipated P; because of the

cavity wall [11] is

R
P, = 7SH|H|2ds (4.49)

The surface resistance R;of the cavity wall is given by:

_ Woud

R
S2

(4.50)
where, u is permeability of the conductor and ¢ is the skin depth of the conductor.

When a dielectric material is inserted into the active region of the re-entrant cavity,
which is the gap between the post and the cavity wall as shown in Figure 4.17, a new
perturbed capacitance C; will be obtained [112]. The gap capacitance is that of two
concentric cylindrical regions, the inner region is containing a dielectric material with a

dielectric constant ¢, and radius r; while the outer one is containing air.

21,
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Figure 4.17 Re-entrant cavity with a gap partially filled with a dielectric

In the gap region where the sample is placed, the new capacitance value with the sample
are given by [113]:

e,

d

C,~

((rF (e — 1) +12) + de,1,In(r, — 11)] (4.51)

The resonance frequency will be shifted from f, to f, due to change in gap capacitance
according to below equation [112]:
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f_fo_ Co + (1
= /C,;+Cl_1 (4.52)

The Q-factor of a dielectric loaded cavity is expressed as [113]:

r_t. 1
Q Q. Qg

where, Q. is the cavity quality due to the wall loss, and Q, is the cavity quality due to

(4.53)

the dielectric loss.

_@Us 454
0c = (454)
And,
__Us 4.55
Qo = Ugtand (4:55)

where Uy and U, are the stored energy in the whole cavity and in the dielectric sample,
respectively. B, is the dissipated power on the cavity walls which is inversely

proportional to the square root of the wall conductivity o.

4.12. Re-entrant Microwave Cavity Design

Two re-entrant cavities were designed and tested. The lowest frequency one works at
980 MHz and has been designed using COMSOL Multiphysics software and then
machined. Figure 4.18 shows the schematic design, with r;=40 mm, r,=15 mm, h=30
mm, with an active gap between the two opposite posts of 2 mm. A hole with diameter
¢ =2.5 mm has been made to allow tube insertion through the cavity’s posts to place the
MUT in the active electric field gap area. SMA connectors have been used to loop

couplings for cavity excitation via the magnetic field.
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Figure 4.18 Re-entrant cavity design dimensions.

h=30 mm

Figure 4.19 shows the machined re-entrant cavity made from aluminium in two parts,

top and bottom (a) inside view, and the whole cavity (b). Two holes have been drilled

towards the top of the cavity’s side wall for the loop coupling SMA connectors. The

coupling coefficients at both ports 1 and 2 are made equal by small adjustments to the

loop angles, so making the response of S3; and Sy, at resonance equal. Also, the bottom

part of the resonator has been designed to stand on four legs which facilitates the

collection of fluid for sensing under flow conditions. Four bolts are used to fix the two

parts together.

74



Bottom part Top part

Figure 4.19 Photograph of the machined aluminium re-entrant cavity: (a) in two
separated parts, and (b) the whole cavity where the two parts are held together using
bolts.
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4.13. Re-entrant Microwave Cavity Simulation Results

COMSOL multiphysics software has been used to simulate the behaviour of the re-
entrant cavity according to simulation flowchart in Figure (4.11). Figure 4.20 (a) shows
the E-field in the presence of an empty quartz tube; 1.7 mm outer diameter and 1.3 mm
inner diameter. Figure 4.20 (b) shows an enlarged plot of the active gap area when the
tube is empty, where it can be seen that the direction of the electric field is from top to
bottom in parallel with the material under test. Figure 4.20 (c) shows the depolarising
effect when the tube is filled with water. When empty, the cavity has an operating
resonant frequency of 980.45 MHz and the quality factor Q is 1288 which changes to
(964.6 MHz resonant frequency and 490 quality factor Q) when the tube filled with

water.
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(b)

(©)

Figure 4.20 Simulation results showing the electric field (V/m) (a) when the quartz tube
is empty with the magnetic field around the internal post (white arrows), (b) for an
enlarged gap region with the direction of the electric field shown by green arrows and
(c) when filled with water.

4.14. Microfluidic Experimental and Simulation Results

The re-entrant cavity has been tested experimentally with some common liquids (water,
methanol, ethanol, and chloroform) using a network analyser (Agilent E5071B). Also,

the cavity response for these fluids has been simulated by COMSOL software. The
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Debye model equation (4.56) has been coded into COMSOL to prepare these simulation
results for water, methanol, ethanol, and chloroform

€ — €o

S0) = e+ T o

(4.56)
where, &5 is the permittivity for a static field, wt <<1, ¢, is the permittivity for VHF
(very high frequency), wt>>1, and t is the relaxation time. &, &4,andt are
considered as in Table 3.1 in CHAPTER THREE. There is excellent agreement between

simulated and experimental results as shown in Figure 4.21.
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Figure 4.21 Measured (solid) and simulated (dashed) |S2;| for several solvents at 25°C.

Table 4.1, presents the simulated and experimental values for resonant frequency,
quality factor, and insertion loss for the sensor when the capillary is empty and when

filled with the mentioned solvents.

78



Table 4.1
Summary of results

Simulated Measured Simulated Measured Simulated Measured

Resonalor ¢ \MHz) fr(MHz) Quality  Quality  IL(dB)  IL (dB)
Empty 080.45  980.40 1288 1280  -14075 -13.861
Water 964.60  964.65 490 484 23403  -23.235
Methanol ~ 973.00  973.12 263 250 30122  -29.692
Ethanol 976,50  976.75 212 208 -33.392  -33.183
Chloroform  979.30  979.31 1253 1250  -14.993  -15.296

4.15. Microspheres Detection

During the production of high-quality bulk materials, undesirable metallic and/or non-
metallic impurities may occur and reduce the quality of the final product. In the case of
food materials this could cause serious health problems, where as in the case of
granulated intermediate products used for example in plastics industry, the performance
of a final structural element may suffer significantly. The real issue of detecting such
impurities is the way in which many bulk materials are moved as a dense material
agglomeration during production, so that the detection within the bulk cannot be
performed by optical or infrared means due to insufficient penetration capability. Ultra-
sound techniques may be of restricted use in light of uncontrolled production noise. X-
ray techniques are mostly prohibited because of environmental safety issues.
Additionally, a suitable detection system must be able to fit into existing production
infrastructure to keep cost as low as possible. Recently, microwave technology has

provided an attractive method for solving issues [114].

In the field of microfluidic sensing, characterization of liquid and biological samples is
significant in research and progressively required in control, chemistry, bio-chemistry,
biology, medicine and clinical applications. Electromagnetic characterization is standing

out as an alternative to typical chemical and photonic detection schemes. One promising
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electromagnetic detection technique is dielectric spectroscopy, which characterizes the
permittivity of a fluid as a continuous function of frequency providing important
information on composition of liquids and cell suspensions, for example, cell structure,

orientation of molecular dipoles, and surface conductance [115], [116].

4.16. Sensitivity of RMC to Polystyrene Microspheres

Analysis of mixtures of materials began at the early days of electromagnetics by
modelling the in-homogeneities as spherical inclusions in a homogeneous material.
Spherical shape objects were the choice to test. The mixture shown in Figure 4.22
shows spherical objects with permittivity &, distributed randomly in a medium with

permittivity &,,.

Figure 4.22 Dielectric spheres are distributed randomly in a dielectric medium.

Polarisability a is an important parameter in electromagnetics; it is the relation between
the electric field E and the dipole moment p that is induced in the object by this field, so

that the dipole moment p is defined as [117].
p=ak (4.57)

The polarisability for a spherical object with relative permittivity &, in a medium with
relative permittivity &,,, which is DI-water in our experiments, is expressed as [118]:

& — &m

a = 3e,V
M e+ 28y,

(4.58)

80



where V is the volume of the sphere.
If there are several spheres in the medium, the average dipole moment density and

sometime called (average polarization) is:

Poy =np (4.59)
where n in the unit volume.

By substituting equation (4.57) into equation (4.59):

P, =nakE (4.60)

For a mixture, the relationship between the electric field E and the electric flux density

D is related by the effective permittivity ¢ of that mixture:
D = ¢y E (4.61)
D=¢,E+P, (4.62)
From Equations (4.61) and (4.62), we can get:

Pav = (Eeff —&m )E (463)

By equating equations (4.60) and (4.63), the effective permittivity and the medium

permittivity will be related to each other by:

(eff —&m) =na (4.64)

Now, substituting the polarisability « in equation (4.58) into (4.64):

Eorr = [317 (m) + 1] e (4.65)
eff &+ 2ey, m

where v is the volume fraction of microspheres=nV.

The sensitivity of the 980 MHz re-entrant cavity has been tested in terms of changing
the resonant frequency and quality factor Q when polystyrene beads dispersed in water
are flowing through the active gap. The resonant frequency changed according to the
concentration and inhomogeneity of clusters of the flowing beads through the active gap

via PFA (Perfluoroalkoxy) tube (2.3 mm outer diameter x 2.1 mm inner diameter) using

81



a syringe and programmable syringe pump (KDScientific) to keep a constant flow rate.
The properties of this sensor like higher sensitivity, compact and simple mechanical
shape provides many possibilities for use in many industrial and pharmaceutical

applications.

Firstly, the resonant frequency, and quality factor Q have been recorded with just DI-
water passing though the active gap region, using (Agilent PNA-L network analyser
N5232A) and LabVIEW program with a sweep points of 401, span 100 MHz and time

per measurement is approximately 0.038 s. The results are shown in Figure 4.23.
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Figure 4.23 Resonant frequency vs time (a), and quality factor vs time (b) when di-
water flowing through the active gap region of the RMC. The vertical scale on the
graphs is chosen to be the same as those used in later graphs, where there is solid phase
present, to properly illustrate the differences.

Polystyrene latex microspheres were used, of 50 micron average diameter, with
concentration of 2.5 wt% dispersed in water. Flow rates has been controlled via syringe
pump and set to 10 ml/hr. Microwave measurements have been recorded under
continuous flow, and the time dependence of the resonant frequency and quality factor
Q are shown in Figure 4.24. Note that the resonant frequency and quality factor change
according to the density of polystyrene particles in the gap region, and also on whether
particles are either dispersed or in clusters. Low polystyrene concentration is indicated
by a lower resonant frequency and quality factor since the relative permittivity of the
polystyrene beads is very low (g, = 2.1) compared with water. In other words,
polystyrene particles decrease the mixture permittivity and accordingly this behaviour
allowed our microwave sensor to detect the change in micro polystyrene impurities

concentration within a solution.
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Figure 4.24 Resonant frequency vs time (a), and quality factor vs time (b) when
polystyrene beads in DI-water flow through the active gap region of the RMC.
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COMSOL Multiphysics was used to perform 3D simulations of the electromagnetic
fields of the re-entrant cavity sensor with and without polystyrene spheres in water at 25
OC. The complex relative permittivity of water (¢; — je,) was coded into COMSOL via
the Debye model equation (4.56) to calculate the exact permittivity value at each
frequency step; the static permittivity, infinite permittivity, and relaxation time are
considered as listed in Table 3.1 in CHAPTER THREE as the relative permittivity of
water is frequency dependent. Figure 4.25 shows the simulation results for the electric
field. The resonant frequency shifted from 952.8 MHz (when there is just water) to
953.0 MHz due to the polystyrene beads shown.

PFA tube

Electric field norm (v/m)
x10*

(@) (b)

Figure 4.25 Simulation results for the electric field (VV/m) when there are polystyrene
beads dispersed in water, (a) top view, (b) cross section view.

It can be seen that the electric field inside the polystyrene beads is greater than the mean
value in the water, as expected due to the high contrast in the relative permittivities and
the depolarization effect with depolarization factor N = 1/3 for spheres.
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Figure 4.26 Simulation results for the electric field (V/m) and its direction when there

are polystyrene beads dispersed in water.

Statistical results are summarized in Table 4.2, showing the average value of the

resonant frequency, quality factor, S,;, and the standard deviation (SD) for each

parameter for two cases; di-water, and dispersed polystyrene beads in water. Such

variations can be used to study inhomogeneous flow processes involving these particles.

Table 4.2
Water, and polystyrene results
Average SDin Average SDiin .
Solution Frequency  frequency Quality quality g\ve(rgg()e SD(C;E)S 2
(MHz) (KHz) factor factor 2
Water 952.78 0.4744 399.85 0.0956 -24.682 0.0070
Polystyrene 966.61 42.708 677.33 0.9293 -19.003 0.0152
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4.17. Miniaturized Re-entrant Microwave Cavity Design

COMSOL Multiphysics has been used in the cavity design of a compact RMC, to
confirm a resonant frequency of approximately 2.4 GHz with sample loaded, and in the
determination of the fields needed to develop a more precise model for cavity
perturbation. In our constructed cavity, referring to Figure 4.27, the final dimensions
chosen were d = 1 mm (the active gap width), r; = 18 mm, r, =5 mm and h = 10 mm.
Also, a 1 mm diameter (¢) hole has been drilled through the whole length of the central
pillar to take a sample tube. Note the much smaller dimensions of the RMC compared
to, for example, a cylindrical TMyo cavity, which would need to have an internal
diameter of about 92 mm for a similar resonant frequency. The RMC has a much
smaller effective volume of two orders of magnitude smaller, about 0.8 cm®, compared

with around 80 cm? for the TMoyo cylindrical cavity.

L =45 mm
A
Hole for tube
insertion ¢ =1 mm
- L = 45 mm
\ 4
=D | = Y
“ i 1 h=10 mm
\
______ —
| no=10mm | d=1mm
| g kI
’ 2r1 =36 mm

Figure 4.27 Miniaturized re-entrant cavity dimensions.

Figure 4.28 shows the constructional diagram of the manufactured aluminium re-entrant

cavity, showing the base and lid. Two holes (3.6 mm diameter) have been made on the
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side surface for inserting the coaxial feed lines, made from RG402 coaxial cable with
SMA connectors. The feedlines are terminated in small coupling loops. The magnetic
field in the resonant mode is excited in the cavity when current flows in one of the
loops, whose excitation can be described as a magnetic dipole tangential to the cavity
wall [6], [119]. The coupling coefficients at both ports 1 and 2 are made equal by small
adjustments to the loop angles, so making S;1 and Sy, at resonance equal.

Screws
and bolts

Hole for
microfluidic
tube insertion

Holes for feed lines

Figure 4.28 Photograph of machined miniaturized re-entrant cavity; the lid covers the
cavity base and is tightened using screws and bolts.
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4.18. Simulation and Experimental Results of Miniaturized RMC

COMSOL Multiphysics has been used in simulation and measurements. Figure 4.29
shows the result when an empty (Fluorinated Ethylene Propylene) FEP tube is fully
inserted into the sensor cavity. It can be seen that, as expected, the electric field is
concentrated in the gap area between the cavity post and end wall, while the magnetic

field is around the post.

The simulated fields for a water-filled FEP tube of 0.77 mm O.D. x 0.4 mm I.D. are
shown in Figure 4.30. The absorbed power P per unit volume (W/m3) by a dielectric
material is given by the frequency f of the applied electric field, the electric field
strength E within material, the material loss factor €,, and the free space permittivity g,
[120], [121].

P = 2nfE%¢gye, (4.66)

Figure 4.29 Simulation result for the electric field (\V/m) when the FEP is empty, with
the magnetic field around the internal post (red arrows).
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Figure 4.30 Simulation result for the electric field (\V/m) when there is water in the FEP
tube in the active gap area.

An expanded view of the cavity’s cross sectional area is shown in Figure 4.31, (a) when
the cavity is empty, and (b) when there is water in the tube. A schematic of the resulting
electric field lines are shown in Figure 4.32. The parallel component of electric field
along the tube is continuous across the boundaries, and this boundary condition gives
rise to a large electric field inside the water sample for large cavity perturbations,

leading to a sensitive measurement of sample dielectric properties.

x10*

A A
Empty tube

(a) :

Air gap Air gap

i Tube filled with water

(b)
Figure 4.31 Cross sectional view when FEP tube is empty (a), and when there is water
in tube in the active gap area (b).
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Figure 4.32 Electric field lines have a slightly curving trajectory in within the sample
tube, when the cavity is empty (a), and when there is water (b).

For a narrow gap d, assumed to be much smaller than the central pillar radius ro, the
increased capacitance due to the presence of a sample can be calculated quite simply by
application of the parallel plate capacitor formula for a composite capacitor. Assuming
that the dielectric has a complex permittivity € =g, — je,, simple approximate

formulae for the cavity perturbation [100] by the sample can be derived, namely

Af 1 ( 5 Vi (4.67)
—=—=(g—1)— :
fr 2 ! Veff
A (1> Afg Vs (4.68)
— )| =— =g, — .
Q fr 2 Veff

where Af, Afg are the change in resonant frequency and bandwidth, respectively, owing
to the presence of the sample and f, is resonance frequency when the cavity is empty.
The quantity Vs is the sample volume and V¢ is the mode volume of the cavity. This is
the effective volume occupied by the electric field energy, which in the first
approximation is the volume of the gap region but in practice is larger owing to the
charge on the lower part of the central pillar (i.e. the “fringing field”).
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Figure 4.33 shows good agreement between experimental (solid) and simulated
(dashed) results when the resonator is empty and with some common liquids. The
Debye model equation (4.56) has been coded into COMSOL to prepare these simulation
results for water, methanol, ethanol, and chloroform. Debye model parameters (e,
€, and T) are considered as in Table 3.1 in CHAPTER THREE.

-24 u T Y T 1 T Y T
—— Empty
B | \Water 7
—— Methanol
2 | Ethanol ]
30 L Chloroform ]

S,, (dB)

[N

2.410 2415 2420 2.425 2.430 2.435

Frequency (GHz)

Figure 4.33 Measured (solid) and simulated (dashed) |S2;| for several solvents at 25°C.

Table 4.3 illustrates the simulated and experimental values for resonant frequency,
quality factor and insertion loss for a RMC with a FEP sample tube filled with a
selection of common solvents. From these measured values, the relative permittivity has
been extracted using COMSOL and compared with simulated values. The small error
ratios obtained show that the RMC system is accurate in measuring both absolute
values, and small changes in the complex relative permittivity of liquids at microwave

frequencies.
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Table 4.3

Simulated and experimental values for resonant frequency, quality factor, and insertion loss for water, methanol, ethanol, and chloroform

Resonator Simulated  Measured Simulgted Measu_red Simulated  Measured Siml.JIgte_d Mea_su.re_d Error
fr (GHz) fr (GHz) Quality Quality IL (dB) IL (dB) Permittivity ~ Permittivity (%)
Empty 2.4271 2.4271 1190 1187 -25.020 -25.153
Water 2.4161 2.4160 615 613 -31.527 -31.578 77.23-j9.04  77.85-j9.10 0.8
Methanol 2.4229 2.4227 385 381 -35.509 -35.296  22.27-j13.06 22.84-j12.87 1.5
Ethanol 2.4257 2.4255 483 480 -33.169 -33.117 7.01-j6.97 7.27-j6.96 1.7
Chloroform 2.4263 2.4261 1125 1125 -25.557 -25.663 4.69-j0.27 4.81-j0.30 25
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From the simulation results, the changes in resonant frequency (Af) and the change in
bandwidth (Afg) both normalised by the unperturbed resonant frequency, have been
plotted as functions of real and imaginary parts of the complex permittivity; the results
are shown in Figure 4.34 (a) and Figure 4.34 (b), respectively. The fact that the plot of
Af continues to increase, almost linearly, with increasing real part of the permittivity is
an important result that validates the use of first order perturbation theory for the RMC,
and is a consequence of the electric field being mostly parallel to the sample length
within the gap region (i.e. very little depolarisation is occurring).
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-
b=
0.002 |- -
@
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0.000 L 1 ) I L I L 1 " 1 ) I ) 1 L 1
0 10 20 30 40 50 60 70 80
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Figure 4.34 (Af/f;) for water, methanol, ethanol, and chloroform vs €;-1 (a), and (Afg/f))
for the same solvents vs &; (b).

4.19. Microfluidic System Design and Segmented Flow Results

To get discrete and controlled multi-phase segments flowing through a tube, a special
system has been design to control the whole operation. FEP tubing (Fluorinated
Ethylene Propylene), 0.77 mm O.D. x 0.4 mm I.D. has been used for the liquid sample
flow. A programmable, two syringe pump (KDScientific) with a motorized valve
(MXX777-601) was used to control flow of water and oil segments. Microwave
measurements are performed by using a network analyser (Agilent E5071B), with all
equipment controlled by laptop via LabVIEW code. The whole system connection is
shown in Figure 4.35.
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Figure 4.35 The complete microfluidic system connected to the RMC cavity sensor and
controlled via LabVIEW code; the microscopic camera has been used for video
recording.

The compact RMC has been tested for a flow involving different lengths of segments of
water and oil. Figure 4.36 shows how the resonant frequency, bandwidth (BW), and
insertion loss (IL) vary with the segment type present within the gap region (water
segment length is 18.5 mm, and oil segment length is 35.5 mm). There is excellent
contrast between the segment materials, in all three of these resonator parameters. Note
that there are only two independent measurement variables here, since BW and IL both

quantify the same thing (i.e. microwave loss, or €,).

By using a microscopic camera, the segment lengths and times required to travel

through the gap region have been recorded. The length of segment can be calculated
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from the velocity and the required time to pass through the active gap as shown in Table

4.4,

Frequency (Hz)

BW (Hz)

IL (dB)

2.428x10°

2.424x10°;

2.420x10°;

2.416x10°1 | | . . | | . . 1

0 20 40 60 80 100 120 140 160 180 200
Time (second)

(@)

4.000x10° T T T T T T T T T

3.000x10°

2.000x10°1
0 20 40 60 80 100 120 140 160 180 200
Time (second)

(b)

-26.000
-28.000
-30.000
-32.000
0

20 40 60 80 100 120 140 160 180 200
Time (second)
(c)

Figure 4.36 Effects of segment type on resonant frequency (a), frequency drops to
2.416GHz when water is present in the gap region, then increases to 2.426 GHz when
oil is present, the corresponding BW (b), and insertion loss (c).

Table 4.4
Water and Oil Segment Length Measurement by Camera and Cavity

Segment Velocity (mm/sec.) length (mm) length (mm)
Type measured by camera  from camera from cavity
Water 3.4+0.2 18.5+1.2 18.2+0.9

Qil 3.4+0.2 35.5+1.2 33.6+1.6
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CHAPTER FIVE
SPLIT RING RESONATOR

5.1. Introduction

Split rings were among the first microwave resonators designed to be small in size
relative to the wavelength, where the resonant frequency is a function of ring radius and
the geometry parameters. Basically, they are composed in two forms, square or circular
shape. The most important property of any resonator is its resonant frequency.
Nowadays, there are many software packages that could be used to obtain the resonant
frequency for the designed structure. Nevertheless it still important to have an
approximate analytical expression for the resonant frequency, based on the

understanding of the physics [122].

The basic geometry for the split ring resonator is shown in Figure 5.1. The parameters
are: inner radius of the split ring r, thickness w, height h, and the gap width g.

AL
g
Figure 5.1 Split ring resonator geometry
The split-ring resonator can be represented by an equivalent parallel LC circuit. The
inductance L, is due to flux linkage through the ring area of a single turn loop, and the

capacitance C, is equivalent to the gap capacitance between the two parallel faces as

shown in Figure 5.2.
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,. Inductor L, strong Magnetic field
J) and weak electric field

Capacitor C, strong electric
field and weak magnetic field

C
Figure 5.2 Split ring resonator as an LC circuit

Large values of capacitance can be achieved in the resonators due to the ability to
construct small gaps; the capacitance is inversely proportional to the resonant frequency

of the split ring.

5.2. Basic Concept of Resonance Frequency of the Split Ring

Resonant frequency, Quality factor, electric field and magnetic field of a split ring

resonator as shown in Figure 5.3 depend on its geometry.

Magnetic Field H

7N

(RN

Electric Field E

Figure 5.3 Schematic of split ring resonator
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The geometry of the split ring resonator includes the mean radius of the ring (r), the
thickness (w), the height (h), and the gap width (g). These give rise to an effective
inductance (L.g) and effective capacitance (Cef), in terms of which the resonance

frequency f is [122]:

1
fo=F7/7—7= (5.1)
21\ LepsCerr
The effective inductance can be approximated as:
8r 1
Lesr = Wor (logh+w —§> (5.2)

Here, there are two capacitances, the gap and the surface capacitances. The former is

appoximately

hw
ngso?+eo(h+g+w) (5.3)
where d is dielectric substrate height and w is conductor width.

The capacitance associated with the surface charges outside of the gap region is

expressed by the surface capacitance (Cg) parameter

(h+w)
Cs = 2¢, (5.4)
T
So, the effective capacitance is a sum of these two terms:

5.3. Split Ring Design Considerations

It is well known that presenting a dielectric material to the high electric field area of a
split ring resonator will change both resonant frequency and quality factor, and these
changes depend on the complex relative permittivity of that dielectric material.
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In terms of the phasor electric field E, applied to the sample, and the induced electric
dipole moment p , the normalized changes in centre frequency and bandwidth can be
expressed using perturbation theory, this time more conveniently expressed in the
dipole moment of the sample since it allow the sample to be placed at an arbitrary angle

relative to the applied electric field [54]:

Afo  Re(pEp)
Afg  —Im(pEyp)
fo  2U

(5.7)

In these equations, U is the time-averaged stored energy, and p is induced electric

dipole moment of the microfluidic sample are given below respectively

1
U= EsOJEZdV (5.8)

p=ag Eq Vs (5.9)

where a is sample polarisability and V; is the volume of the electric field occupied by
the sample. By substituting equations (5.8) and (5.9) into equation (5.6), we find the

following results:

Afo  Re(ag E§ V%)

= (5.10)
fo 4Ze, fE2av
Ao _ Re(@)ls (5.11)
fo 3 f—dV
By _ Re(@V, 512

fo o 2V

And in the same way, substituting equations (5.8) and (5.9) into equation (5.7), gives:

101



(5.13)
fo E?
[
Afg  Im(o)Vs (5.14)

2
where Vs is effective volume:f%dv, having the same definition as encountered
0

previously, namely the mean volume occupied by the electric field energy.
Now, two cases for the orientation of the sample will be discussed here:

l. If the microfluidic sample is presented in perpendicular position with the

2E,
1+&;,

electric field of the split ring resonator, then E;, = By substituting E;;,

into sample dipole moment p = (&,—1) &, E;, Vs the result is:

& —1

R —
P & +1

& Eo Vs (5.15)
By comparing equation (5.15) with the general form of dipole moment given in
equation (5.9), shows that the macroscopic polarisability of a cylindrical sample placed
in perpendicular position with the applied electric field is [54]:

& —1
& +1

a=2 (5.16)

. If the microfluidic sample is presented in parallel position with the electric
field of the split ring resonator, then E;, = E,. By substituting E;, into

sample dipole moment p = (&,—1)¢&yE;, Vs the result is:
p=(&—1) & Ey Vs (5.17)
And by the same comparing, equation (5.17) with equation (5.9), a will be:
axeg —1 (5.18)

It should be noted that in case (1), the measurements of high values of &; would be

insensitive because the depolarization is almost complete, and increases in &; do not
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result in much of an increased dipole moment. So, it is essential to avoid the
depolarization effect to increase the split ring sensitivity, as shown in case (I1). This can
be done by placing the microfluidic sample in parallel with applied electric field, and
this is exactly what is considered in the split ring design as will be presented in next

section.

Hence, the specially designed split-ring resonator is suitable for greatly increasing the
efficient use of microwave power, in terms of maximising the electric field generated
for a given input power. This is mostly down to the very small effective volume for
electric energy, since from the fundamental definition of Q, the maximum electric field
for a critically coupled resonator is

2QPin

_ 5.19
WoEVers ( )

2 ~
Emax ~

This would allow simultaneous material characterisation and heating, which provide
and facilitate the use in biomedical and chemical synthesis applications.

Practically, this can be achieved by changing the coupling gap distance by moving the
coupling feed lines closer the split ring resonator until a specified value of insertion loss

was achieved.

5.4. Split Ring Resonator Design

A split ring microwave resonator (SRR) has been designed and machined for dielectric
properties measurements of common solvents. A novel aspect of our system is that the
sample liquid will be placed in parallel to the electric field, to negate depolarization
effects and so to maximise the sample’s electric dipole moment by maximising the
internal electric field. These, together with ensuring a small gap volume, are the crucial
aspects and novelty of our SRR design. A schematic of the designed SRR is shown in
Figure 5.4. It is machined from solid copper and has a pair of RG402 feedlines (Figure

5.4 (a)), terminated in open circuits (so coupling to the electric field) and arranged for
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symmetric coupling. The sample tube is introduced as in Figure 5.4 (b), parallel to the

electric field in the gap region of the SRR.

N

Coupling gaps

Coupling probes

(@)

~

v

FEP tube
(b)

Figure 5.4 Schematic of split ring resonator (a) with its coupling probes and coupling
gaps and (b) with microfluidic FEP tube.

Figure 5.5 shows the labels for the dimensions of the split ring resonator (L = 18 mm,
radius r = 5 mm, gap distance g = 3 mm, height or thickness of the split ring h = 3 mm,
and diameter ¢ of the hollow for tube insertion = 1 mm). Copper metal has been chosen
for the high quality factor requirements. The resonant frequency when empty is 2.5

GHz, and the quality factor Q when empty is around 1860.
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th

Hollow for tube insertion ¢

Figure 5.5 Labels for the dimensions of the split ring resonator.

By applying symmetric input and output feed lines on the on the split ring resonator, the
positions of maximum electric field are shown in Figure 5.6. Adding to the capacitances
described in section 5.2 which depend on split ring dimension and on the gap
dimensions, there are extra coupling capacitances that need to be considered resulting

from the gaps between the ends of the split ring resonator and coupling probes.

¥

L

Figure 5.6 Maximum electric field points denoted by X
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Capacitive coupling is achieved by the capacitance resulting mainly from the gap
capacitance between the edge of the resonator and the coupling probe, which is

inversely proportional with this gap width.

Figure 5.8 shows a one-port ring equivalent circuit. The coupling gap between the feed

line and the ring is represented by a L-network gap capacitance C, and fringing
capacitance Cy. The lossless ring resonator is represented by a shunt circuit of
inductance L, and capacitance C,.. In addition, comparing C, and Cy, the coupling gap is
significantly dominated by C,. To ease the calculation of the input impedance, the
fringe capacitance Cr can be neglected as shown on the right of Figure 5.8. The total

input impedance obtained from the simple equivalent circuit is given by [123]:

0L (G + Cg) — 1]
m wCy(1 — w?L,Cy)

(5.20)

where w is the angular frequency. Z;,=0 (at resonance), the resonant angular frequency
can be found as

1
Wy = ——— (5.21)
/LT(CT +C,)
¢ | ¢ |
Cg Cg
—op L, ——C = P — )
Zin Zm
(@) (b)

Figure 5.8 One-port ring equivalent circuit (a) with the fringe capacitance Cy (b) the
fringe capacitance is neglected.
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According to equation (5.21), if the coupling gap size is decreased, C, will increase, and
the resonant frequency will decrease as a result. Also, the coupling gap size affects the

insertion loss, which can be seen from the two port ring circuit shown in Figure 5.9.

Port 1 B B Port 2 Port 1 B [ Port 2
o ® ° ®
| | || | | [ 1
Cg Cg Cg Cg
— L, . ——C = L ——C,
@ (b)

Figure 5.9 Two-port ring equivalent circuit (a) with the fringe capacitance Cr (b) the
fringe capacitance is neglected.

S, of the simplified equivalent circuit on the right of Figure 5.9 is given by

2
21+ Z,Y) + 2,2+ Z,Y) [ Zo + Y Z,

(5.22)

521 |0)=0)0

where Z, = jwzcg, y =1 (“"ZL:LC:_D, and Z, is the characteristic impedance.

Capacitive coupling probes have been used to transfer energy from the feedline to the
resonator by extending the feeding coaxial cable by a small distance, as shown in Figure
5.10. The length of the probe should be small compared to the wavelength, and its input
impedance is therefore nearly equivalent to that of an open circuit. Each probe couples
to the electric field that is perpendicular to the wall at the probe’s location. The coupling
strength is adjusted by simply moving the probe closer to the SRR. Lengths of standard
semi-rigid RG402 coaxial cable have been used for each coupling probe, with female
SMA connectors. All dimensions are shown in Figure 5.10.

107



2 mm

] -
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Figure 5.10 Coupling probe dimensions

The strength of the coupling at each of the SRR’s coupling ports is quantified using the
dimensionless coupling coefficients g; and g,. We use the SRR reported here in two
main configurations. One of these is for microwave excitation of a sample, where
maximum power transfer is needed between microwave source and SRR. This is
achieved by careful adjustment of the position of one of the coupling probes to achieve
critical coupling, i.e. g = 1 at the port of interest, giving almost zero reflected power at
that port at the resonant frequency. For the sensor configuration we keep the coupling
weak to reduce the error in the calculation of the unloaded Q, as will now be explained.

Circuit analysis yields the formula for the wvoltage transmission coefficient

2\/8182

1+g81+82+2jQAf/fo’
fok%Q» g2 = fok%Q-

Sy = where the coupling coefficients can be written as g; =

Here ki and k, are constants, which depend on the geometrical properties of the
coupling structures (i.e. position and length of the probes). To simplify the analysis for
the extraction of unloaded Q from the loaded (i.e. measured) Q, denoted Q., we
mechanically adjust the coupling to ensure that the coupling is symmetric, by ensuring
that the values of S;1 and Sy, measured at resonance are approximately equal. Then g =
01 = g2. Defining S to be the value of |S,;| at resonance, unloaded Q is then simply equal
to Qu/(1-S). To reduce uncertainty in the extraction of unloaded Q we keep the

couplings weak.

For example, the typical insertion losses at resonance of the empty and sample filled
resonators are -20 dB and -40 dB typically; these give values of S of 0.1 and 0.01,
respectively, meaning that only 10% and 1% correction factors have to be applied in

correcting loaded Q to unloaded Q.
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5.5. Resonator Packaging

A PTFE dielectric platform has been designed for the split ring resonator to be mounted
as shown in Figure 5.11. The dielectric constant and loss of PTFE is very low and has

little effect on the microwave frequency measurements.

The SRR and its PTFE platform sit within a special designed aluminium outer cavity
with lid and holes drilled in the sides of the cavity for coupling probes to be inserted
through them. After adjustment, the latter are pinned into place with the aid of two grub
screws. The aluminium outer is shown in Figure 5.12, and the full assembly (sketched
ready for simulation) is shown in Figure 5.13. The sample tube is made from FEP
(Fluorinated Ethylene Propylene), of outer diameter of 0.77 mm and inner diameter of
0.4 mm. This can be connected to a pump to study flowing liquids. This type of design
allows the required coupling level from weak to strong coupling to be attained by
changing the distance between coupling probes and the side surface of the split ring
resonator. Also, small slots have been made for the tube to be inserted through the
cavity passing through the split ring and exiting from the opposite side. These slots
provide more flexibility for the tube insertion than holes, as the whole structure is
completely enclosed as shown in Figure 5.13.

The outer cavity was designed so that its lowest mode was above that of the split-ring
resonator to avoid frequency overlapping between the split ring resonator and the
cavity. Furthermore, the outer cavity provides very good isolation for the split ring
resonator from external interferences where it is completely shielded (to reduce
radiation losses so to maintain the highest possible Q). If the lid were to be removed,
there was a slight decrease in the resonant frequency while the quality factor dropped
significantly to a few hundred (around 700). Therefore, it was necessary to retain the lid
during experiments to retain the highest Q factor, for highest sensitivity results.
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Figure 5.11 The split ring resonator and its PTFE platform.
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Figure 5.12 Cavity housing: base, lid, and screws.

Figure 5.13 The split ring resonator, PTFE dielectric base, outer cavity position,
coupling probes, and microfluidic FEP tube.
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5.6. Simulation Results

COMSOL Multiphysics® 4.4 software has been used for all electromagnetics
simulations. The impedance boundary condition is used for the copper and aluminium
surfaces in order to calculate their losses. The simulation boundary is the inside surface
of the aluminium outer cavity. Coaxial ports were used to feed the electromagnetic
energy to the resonator. Figure 5.14 shows the electric field (E-field) (a), which is
concentrated in the gap which is the active part for materials measurement, while the
magnetic field (H-field) (b) is concentrated on the opposite side of the split ring gap.
There is excellent spatial separation between these two field components.

50

(a) (b)

Figure 5.14 COMSOL simulation results for the (a) electric field (V/m), and (b)
magnetic field (A/m) distribution.

Figure 5.15 shows a magnified plot of the E-field in the gap region and its direction
when the resonator is empty. The maximum internal electric field occurred when
sample is in parallel with the applied electric field. So, this configuration allows
maximum power to be absorbed by a lossy dielectric, e.g. for the water sample shown in
Figure 5.16.

All microwave measurements of the SRR have been performed using a vector network
analyser (Agilent E5071B) operating in the frequency domain under computer control
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(LabVIEW, National Instruments), as seen in Figure 5.17. There is very good
agreement between simulated and experimental results as listed in Table 5.1, which
shows simulated and experimental results for the resonance frequency (f,), Q factor, and
the insertion loss (IL). This data also demonstrates the huge increase in sensitivity that

Is achieved by choosing the correct sample orientation for highly polar liquids like

water.
Table 5.1
Simulated and experimental results

Simulated Measured Simulated Measured Simulated Measured
Resonator

fo (GHz) f,(GHz) Qfactor  Q factor IL (dB) IL (dB)
Empty 2.527 2.528 1861 1858 -19.785 -19.961
Water-perpendicular 2.521 2.520 1480 1476 -20.706 -21.737
Water-parallel 2.467 2.467 258 250 -41.381 -40.886

Figure 5.15 Cross sectional top view for the electric field (\V/m) and direction for the
microwave cavity-split ring resonator.
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(a) (b)

Figure 5.16 Simulation results for the electric field (V/m) when FEP tube filled by
water presented in two positions, horizontal (a) and vertical (b) with applied electric
field in the gap of the split ring resonator.

SRR sensor

Figure 5.17 Cavity-split ring resonator connected the VNA.
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Figure 5.18 shows transmission coefficient Sy;, measured (solid) and simulated (dashed)
for the three cases, when the resonator is empty (no sample), and when the FEP tube is
filled with water and inserted in two positions: vertical (V) and horizontal (H) with

respect to the electric field in the split ring gap.

15 ——————————————————

—— Empty

Water (perpendicular)
Water (parallel)

25 - -

20 -

230 - -

-35 | \ -

S,, (dB)

-40 /] 1\ \ -

-45

.50 \ [ L7 1 NN
245 246 247 248 249 250 251 252 253 254 255

Frequency (GHz)

Figure 5.18 Measured (solid) and simulated (dashed) transmission coefficient |Sy1|, with
and without water sample in the vertical position with the electric field (sample
perpendicular to the electric field), and in the horizontal position (sample parallel to the
electric field).

It is obvious from Figures 5.16 and 5.18 that placing a microfluidic tube sample in
parallel with the electric field results in higher power absorption by the dielectric
sample and increases the sensor sensitivity for the material under test (MUT), since the
internal electric field inside the dielectric sample is approximately equal to the applied
electric field, as shown in Figure 5.19.
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Figure 5.19 The depolarized field E4 affects in a water sample of cylindrical shape, (a)
when the applied electric field in parallel to the sample, (b) when the applied electric
field is perpendicular to the sample.

5.7. Liquids Test Results

The solvents measured were deionised water, methanol, ethanol, and chloroform, from
which complex permittivity values were extracted. The Debye model equation (4.56)
was coded into COMSOL for the parallel simulations. €, €., and T are considered as in
Table 3.1 in CHAPTER THREE.

Figure 5.20 shows the simulated and measured voltage transmission coefficient |Sy|.
From equations (5.12) and (5.14) we can write that for the parallel orientation

Af =~ —y(e,— 1) (5.23)

A (%) ~ 2y¢&; (5.24)

where y is a dimensionless constant, approximately equal to V¢/2Ves, where Vs is the
sample volume in the gap region and Vs is the effective volume of the gap region,
accounting also for field fringing effects. We can calculate y for the SRR using the

COMSOL simulations, which can then be used to convert resonant frequency and Q
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factor data into real and imaginary parts of complex permittivity &, respectively. Table
5.2 presents simulated and experimental results for the above liquids in terms of the
SRR’s resonant frequency, quality factor, and insertion loss for the sample in the
parallel geometry. There is very good agreement between simulated and experimental

data, with results indicating that our split ring is very sensitive to liquid type.

-5 ——————7————F—T7——T7——T7——1
Tube
20 - | —— Water 1
Methanol
25 L | —— Ethanol _
Chloroform
-30 _
m
z
s 35} .
7))
40 -
-45 -
’d
-50 1 ./ L /1

245 246 247 248 249 250 251 252 253 254 255
Frequency (GHz)

Figure 5.20 Measured (solid) and simulated (dashed) |S,;| for several solvents at 25°C.
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Table 5.2

Summary of simulated and measured values for the complex permittivity

Resonator Simulated  Measured Simulated Measured Simulated Measured VVor Siml_JIa}te_d Mea_su_re_d Error
fo (GHz) fo (GHz) Q Q IL (dB) IL (dB) Permittivity ~ Permittivity

Empty (tube) 2.525 2.525 1855 1848 -20.036 -20.313

Water 2.467 2.467 258 250 -41.381 -40.886  0.0006051 77.18-j9.23  77.18-j8.09 0.9%

Methanol 2.506 2.507 122 110 -46.102 -45.425 0.0007298 21.84-j13.16 20.75-j11.74 1.6%

Ethanol 2.520 2.519 151 141 -41.691 -42.089 0.0007744  6.83-j6.78 7.34-j8.46  1.8%

Chloroform 2.521 2.522 958 943 -23.348 -23.672  0.0007092  4.69-j0.28 457-j0.732  2.4%
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5.8. HCIl and NaOH Test Results

The measurement of pH plays a very important role in wide range of industrial,
chemical, and biological applications. These include water conditioning to specific
process-related measurements to waste treatment and especially in chemical processing
where reactions influenced by acidity. A sensitive, non-invasive method to measure pH,

without the use of electrodes, would be very attractive to all of these applications.

Acidity and alkalinity are related terms. Acidity is produced by substances that liberate
or contribute hydrogen ions in a solution while alkalinity is produced by substances that
liberate or contribute hydroxide ions in a solution. Acidity is a net effect of the
existence of several constituents, including dissolved carbon dioxide, dissolved
multivalent metal ions, strong mineral acids such as sulfuric, nitric, and hydrochloric
acids, and weak organic acids such as acetic acid. Like acidity, alkalinity is a net effect
of the presence of several constituents such as bicarbonate (HCO3), carbonate (CO37),
and hydroxide (OH™) ions. Alkalinity is often taken as an indicator for the
concentration of these constituents. There are other, usually minor, contributors to
alkalinity, such as ammonia, phosphates, borates, silicates, and other basic substances
[124] - [125].

The pH scale measures the concentration of hydrogen ions in a solution, where the pH
value or hydrogen ion concentration is a measure of the acidity or alkalinity of a
substance. Acidity is caused in the solution if [H*] ions are in excess over [OH] ions

and alkalinity when the reverse happens. pH value is expressed as:

pH = log [%] (5.28)

where H* is hydrogen ion concentration in mol/L.

At pH =7, the ratio of (H*) to (OH™) is equal and hence the solution is neutral, the pH
scale is ranged from O (strong acid) to 14 (strong alkaline or basic) as shown in Figure
(5.22) [125].

Microwave resonators like our SRR are very appropriate for the determination of
moisture and density of chemical ingredients in liquids via dielectric property
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measurement. Owing to their penetration into aqueous media by a few cm, microwaves
can be used not only to assess the surface moisture of the material under test, but also
the moisture in the core of that material [126], [127].

Our aim here is to assess our SRR’s application to sensitive measurements of small
changes in pH of an aqueous solution. Hydrochloric acid (HCIl) and sodium
hydroxide (NaOH) were used in the test. Samples have been prepared for different pH
levels for each chemical solution by diluting them with de-ionised water and checking

using a conventional pH meter.

More Acidic , More Basic
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Figure 5.22 pH scale and typical pH values of some common substances [125].

Pure water always contains a small number of molecules that have dissociated into
hydrogen ions [H*] and hydroxide ions [OH™] and they are equal at 25°C, [H*] =
[OH"] =1x 1077 mol/L, as shown in equation (5.29). The hydrogen ions and
hydroxide ions can be seen in equations (5.30) and (5.31) for hydrochloric acid (HCI)
and sodium hydroxide (NaOH) respectively.
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H,0 < H* + OH-
water hydrogen hydroxide (5'29)
ion ion

HCl - Ht* + CI7
Hydrochloric hydrogen chloride (5-30)
acid ion ion

NaOH - Na* + OH-
sodium sodium hydroxide (5'31)
hydroxide ion ion

The SRR was found to be very sensitive for detecting pH changes and was able to
indicate the acidity or alkalinity of the tested substances listed in Table 5.3. Whereas the
resonant frequency was found not to be sensitive to the pH level for HCI, as shown in
Figure 5.23, the quality factor (Q) was found to be sensitive and increased with pH level
towards low acidity, as shown in Figure 5.24. One would expect these observations,
since the presence of [H] ions increases the ionic conductivity o of the solution which
increases &; to first order owing to the additive contribution o/wep, but with little effect

on g;.
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Figure 5.23 Resonant frequency response vs. pH for HCI
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Figure 5.24 Quality factor Q change vs. pH for HCI

In Figure 5.25, the dimensionless parameter Af/Afg has been plotted as a function of pH,
which from Equations (5.23) and (5.24) removes any small uncertainty owing to sample
volume. Significance testing of this correlation using SPSS yields a p-value of less than

0.05, indicative of the excellent correlation.
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pH

Figure 5.25 Af/ABW vs. pH for HCI. (*) means the difference is significant (p < 0.05)
between the pH groups.

Similar behaviour of the SRR was observed with the alkaline NaOH, as to be expected
as the origin of the resonator perturbation was due to Q factor change due to ionic

conductivity change, this time with increasing [OH].

The resonant frequency was again insensitive to the pH level, as shown in Figure 5.26,
while the quality factor (Q) was sensitive for pH change and decreased with the pH
level increase towards higher alkalinity, as shown in Figure 5.27.

Again, plotting the dimensionless parameter Af/Afg as a function of pH (as in Figure
5.28) and performing an SPSS significance test yields a p-value of less than 0.05,
indicative of the excellent correlation.

123



2.476

T I T ' T T I T l L}
-
2474 |
24712 |
T
R ! |
a 2470 |
c
o) L
3
o
O 2468 |
L
2.466 |
2.464 1 1 ) | 2 1 1 1 ) 1 1
11.25 11.50 11.75 12.00 12.25 12.50
pH
Figure 5.26 Resonant frequency response vs. pH for NaOH
190 . , . , . , . , ; , ;
.
180 |-
n
O L
5 ]
o |
8 170
=
©
3
€]
160 |-
150 L | ) | L | ) | 1 |
11.25 11.50 11.75 12.00 12.25 12.50
pH

Figure 5.27 Quality factor Q change vs. pH for NaOH
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Figure 5.28 Af/ABW vs. pH for NaOH. (*) means the difference is significant (p <
0.05) between the pH groups.

Although the SRR is able to measure pH of both acid and alkaline solutions non-
invasively (i.e. with the solution in a plastic tube) with a high degree of accuracy, it is
not able to deduce absolutely whether an unknown liquid is acid or alkaline. The simple
reason for this is that it measures changes in ionic concentration through changes in
ionic conductivity, and both increasing acidity and alkalinity will produce the same
sorts of reductions in Q. However, if the starting pH of a solution is known, we have
shown that the SRR is then capable of resolving very small subsequent pH changes, in a
non-invasive way without the use of electrodes (which is the critical point), with an

error of less than +0.01.
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Table 5.3

Experimental results for HCIl and NaOH

Measured

Measured

Measured Measured

Solution pH Measured Measured Unloa_ded Load_e d Unloaded Loaded A T/Afg Error
Value fo (GHz) fr (GHz) Quality Quality
fBO (MHZ) fBL (MHZ)
(Qo) (Qu)

HCI 1.1 2.527 2.471 1858 70 1.36 35.30 1.65 0.03
HCI 1.4 2.527 2.472 1858 109 1.36 22.66 2.67 0.04
HCI 1.8 2.527 2.470 1858 157 1.36 15.73 4.00 0.07
HCI 2.3 2.527 2.470 1858 171 1.36 14.44 4.36 0.06
NaOH 11.5 2.527 2.470 1858 185 1.36 13.35 4.75 0.03
NaOH 11.95 2.527 2.470 1858 178 1.36 13.88 4.55 0.04
NaOH 12.27 2.527 2.470 1858 172 1.36 14.36 4.38 0.02
NaOH 12.47 2.527 2.471 1858 157 1.36 15.73 3.96 0.01
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5.9. Saline Test Results

There is a wide demand for highly sensitive and stable NaCl sensors for chemical and
metal industries, food processing, and biological research. Aqueous NaCl solutions play
a major role in many chemical processes in many chemical and biological systems.
Sensitive detection of NaCl concentration in water is a helpful tool for studying the
electrical and biological properties of samples. Commercial development of these tools
has allowed measurement of NaCl concentration with sufficient accuracy. However, the
tools are largely restricted to monitoring patterns and trends and are invasive, relatively
expensive and time consuming. Accordingly, techniques with high sensitivity and
accuracy for the detection of NaCl concentration using non-invasive and contactless

technology are of importance in biosensor construction [128].

The dielectric properties of aqueous electrolyte solutions are of major importance for
our understanding of the hydration and behaviour of ions, specifically for our
knowledge of related elementary mechanisms in liquids, such as electric conductivity.
Also, there is interest in the interaction between electromagnetic waves and the saline
solutions initiated from a variety of applications, including the use of microwaves as
sensors in the measurements of the water content in soils and in the non-invasive

moisture determination of many liquids and materials [129].

Microwave sensors are widely utilized for monitoring the concentration of various
mixture solutions. This parameter must be determined with high accuracy for different
applications, such as food and pharmaceutical industries, chemical processing,
environmental monitoring etc., where the content of substances in water is a critical
variable [130].

Different concentration samples of NaCl (Sodium chloride) dissolved in deionized
water have been prepared and tested at 25°C; the results are listed in Table 5.4. As seen
from Figures 5.29 and 5.30 for the change of resonance frequency and quality factor Q
against NaCl concentration, the resonance frequency doesn’t change significantly with
lower concentrations, when there is small increment in the concentration level. On the
other hand, the quality factor Q decreases with increases in the concentration level, even

at very low levels of concentration with small increments.
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As has already been discussed in the context of pH, ionic conductivity usually
introduces losses into a material. The dielectric loss of a material can be described as a

function of both dielectric loss (e,4) and conductivity (o):

€ = &Exq + wiso (5.32)
The conductivity of a material may arise due to many different conduction mechanisms.
The most common one in moist materials is ionic conductivity, where &, at low
frequencies is dominated by the effect of electrolytic conduction caused by free ions in
the presence of a solvent, water being a prime example. The effect of ionic conductivity
on the dielectric loss term is inversely proportional to operating frequency, whilst has

little effect on the overall polarisation as can be seen by equation (5.32).

The SRR sensor shows high sensitivity to the concentration of NaCl in deionized water,
where the NaCl concentration level affects the imaginary part of the dielectric
permittivity, leading to reduced Q. However, the real part of permittivity is less
sensitive, as can be seen by the much smaller frequency shift.
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Figure 5.29 Resonant frequency change against NaCl concentration.
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Figure 5.30 Quality factor change against NaCl concentration.

They are again significant (p < 0.05) variations of Af/Afg against the concentration
level, and the SRR sensor is very sensitive for small change in salt concentration, as
shown in Figure 5.31.
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Figure 5.31 Af/Afg vs. NaCl concentration. (*) means the difference is significant (p <

0.05) between different concentrations.
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Table 5.4
Experimental results for saline

Solution NaC_I Measured f Unl_oaded Lo_aded Unloaded fg;, Loaded fg_ A f/Afs Error
Concentration [M] (GHz2) Quality (Q,) Quality (QL) (MHz) (MHz)
Saline 0 2.467 1858 184 1.36 13.39 4.96 0.065
Saline 0.035 2.471 1858 152 1.36 16.26 4.01 0.041
Saline 0.039 2.471 1858 148 1.36 16.65 3.74 0.046
Saline 0.043 2.471 1858 147 1.36 16.79 3.60 0.006
Saline 0.048 2.471 1858 141 1.36 17.49 3.47 0.032
Saline 0.053 2.471 1858 135 1.36 18.34 331 0.029
Saline 0.061 2.471 1858 128 1.36 19.30 3.11 0.027
Saline 0.071 2.471 1858 122 1.36 20.30 2.94 0.051
Saline 0.086 2.471 1858 115 1.36 21.40 2.75 0.042
Saline 0.110 2.471 1858 105 1.36 23.63 2.50 0.056
Saline 0.140 2.472 1858 94 1.36 26.17 2.20 0.031
Saline 0.210 2.473 1858 79 1.36 31.47 1.80 0.037
Saline 0.312 2.473 1858 64 1.36 38.65 1.43 0.035
Saline 0.351 2.474 1858 55 1.36 44.98 1.22 0.035
Saline 0.430 2.475 1858 49 1.36 50.10 1.06 0.030

131



5.10. SRR For Microfluidic Sensing

In this chapter, a novel split ring resonator has been proposed as a microfluidic sensor.
The two main advantages, both of which increase sensitivity for dielectric measurement,
are its low volume over which the electric field energy is concentrated (effectively the
gap region, only about 10 mm®) and the low amount of electric field depolarisation
within the sample when it is in the parallel geometry. It has been tested for dielectric
property measurement with some common solvents; water, methanol ethanol and
chloroform. The sensor was able to efficiently characterize the dielectric properties of
the solvents, where there was excellent agreement between simulated and experimental

results.

Furthermore, the sensor has been tested as a pH meter with hydrochloric acid (HCI) and
sodium hydroxide (NaOH). From the experimental results, the proposed SRR was very
sensitive to the pH level for both HCL and NaOH in terms of change in quality factor
(Q) change. It means the sensor can specify and track changes in the acidity or alkalinity
of the solution provided a starting point (on the acid or alkaline side) is given. Also,
saline solutions (NaCl dissolved in water) of different concentrations were incorporated
into the tests, where it was found that the quality factor (Q) decreased with the increases
in salt concentration, whilst the resonant frequency was less sensitive to changes in

salinity.
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CHAPTER SIX
HIGH POWER SYSTEM DESIGN

6.1. Introduction

A special pulsed microwaving delivery system has been designed and built to deliver
both high and low power microwave for sample activation (thermal, or non-thermal
when pulsed). Figure 6.1 shows the schematic for the whole system incorporating the
split ring resonator. It is built from TELEMAKUS and Mini-Circuits equipment, a
variable attenuator, and power amplifier. All of these are controlled by a laptop through
LabVIEW software. A programmable syringe pump (Aladdin-220, World Precision
Instruments, UK) is also used to keep a constant flow rate. The whole circuit is shown

in detail in Figure 6.2.

Microwave
Circuit

Variable
Attenuator

Figure 6.1 Schematic of the whole system, controlled by PC using LabVIEW software.
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Figure 6.2 Microwaving circuit, controlled by PC via LabVIEW software.
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6.2. Microwave Circuit Operation

The RF synthesizer generates an RF signal at low power level ~0.001 W (0 dBm) and
there is an RF switch to modulate the signal. A directional coupler is used to split the
signal, consisting of a four-port waveguide junction, as shown in Figure 6.3. It has a
primary waveguide (port 1-port 2) and a secondary, coupled, waveguide (port 3-port 4).
When all ports are terminated in their characteristic impedances, there is free
transmission of power, without reflection between port 1 and port 2, and there is no
transmission of power between port 1 and port 3 or between port 2 and port 4 because
no coupling exists between these two pairs of ports. The level of coupling between port
1 and port 4 and between port 2 and port 3 depends on the structure of the coupler. The
characteristics of a directional coupler can be expressed in terms of its coupling factor
and its directivity. Assuming that the wave is propagating from port | to port 2 in the
primary line, the coupling factor and the directivity are characterized individually by
[131]:

Py

Coupling factor (dB) = 10log;, 7 (6.1)
4
o P,
Directivity (dB) = 10log;, X (6.2)
3

P;= power input to port 1
P;= power input to port 3
P,= power input to port 4

It should be stressed again that port 2, port 3, and port 4 are terminated in their
characteristic impedances. The coupling factor is a measure of the ratio of power levels
in the primary and secondary waveguides. Consequently if the coupling factor is
known, a fraction of power measured at port 4 may be used to determine the power

input at port 1.

This is highly significant for microwave power measurements because no disturbance
can occurs in the primary line. The directivity is a measure of how well the forward

traveling wave in the primary waveguide couples only to a specific port of the
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secondary waveguide. Perfect or ideal directional couplers should have infinite
directivity. In other words, the power at port 3 must be zero because port 2 and port 4
are perfectly matched. Actually, our designed directional couplers have a directivity of
20 dB (Mini ccts ZABDC20-322H-S+).

waveguide
> ® Port 2

Coupling
device

»
»

Primary

Portl @

Secondary waveguide

Port3 @ ® Port4

Figure 6.3 Directional coupler [131].

A power amplifier is used for high power amplification (ZHL-30W-252-S+, Mini ccts)
and variable attenuator to adjust the required input power level.

A microwave circulator is utilized in the circuit design to protect the power amplifier
from the reflected power. A microwave circulator is a multiport waveguide junction in
which the microwave signal flows only in one direction from port 1 to port 2 as shown
in Figure 6.4. The component chosen here is the RACAL MESL Circulator, with -20 dB

isolation.

The junction circulator’s basic operational principle is based on two counter-rotating
wave components or modes. As shown in Figure 6.4, the two modes must propagate at
different velocities for circulator action to occur. For coupling from port 1 to port 2, the
phase difference between the clockwise CW(+) and counterclockwise CW(-) modes
must be N2m:

2B_L — B.L =2Nm (6.3)

where S is the phase constant of the positive or negative mode, keeping in mind that the
negative wave must travel twice the distance the positive wave travels to reach port 2. N
denotes any integer and L is the distance crossed by a wave. For port 3 to be decoupled
or nulled, the two wave components reaching this port must differ in phase by an odd

multiple of r, i.e.
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—B_L+2B,L=(2M—-1)r (6.4)

where M is any integer. By solving (6.3) and (6.4) simultaneously, we get

AN +2M — 1

Bl =—F—m (6.5)
2N +4M — 2

Bl =——F—m (6.6)

When (6.5) and (6.6) are satisfied, we have perfect circulation [132].

Port 1 Port 2

Port 3

Figure 6.4 Circulator symbol and rotating modes [132].

The power meter attached to the circulator in Figure 6.2 is an additional way of
accessing the reflected wave, and allows us to measure and observe the reflected power
in the pulse. The power meter is fast enough to show how the reflection coefficient

changes during the pulse, and gives us some additional information.

Two USB power sensors (TED8000-40 TELEMAKUS) are used to measure the
incident and reflected powers.

Measurements have been recorded in Table 6.1 and two cases have been considered in
these measurements: when the attenuator is 20 dB, and when there is no attenuator. The
delivered power then ranges from 1 Watt to maximum of 30 Watts, depending on the

attenuator value, and then it can be set according to the required power level.
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Table 6.1

Power measured values

oower level  ATNL  ATN2  ATNZ Py P, Py
@B8) (dB) (dB) (dBm) (dBm)  (dBm)
High(30W) 0 16 16 0 45 445
Low (1 W) 20 0 0 -20 305 30

In terms of power absorption, the maximum internal electric field of a water sample
within the SRR (or any resonant cavity) occurs when the sample is oriented parallel
with the applied electric field. So, maximum power has been absorbed by the water

sample as shown in Figure 6.5, which shows simulation results using COMSOL

Multiphysics software.
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(b)

Figure 6.5 Simulation results for the power dissipation density (W/m®) when an
FEP tube filled with water placed in two orientations: (a) parallel, and (b)
perpendicular with applied electric field in the gap of the split ring resonator.

6.3. Power Delivery Efficiency

There is a significant variation of the dielectric constant of polar liquids, such as water,
with temperature due to the effect of heat on orientational polarization. The complex
dielectric constant describes the collective motion of the molecular dipole moments
under the influence of an electric field. In liquid water, the molecules are connected by a

disordered network of hydrogen bonds, in which a hydrogen atom of one molecule is
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attracted to the oxygen atom of another molecule that is located within a distance of a
few angstroms [133], [134].

If the water temperature is increased, this will decrease the strength and extent of the
hydrogen bonding in water; so reducing the frictional forces between water molecules
and accordingly these molecules can rotate more easily. As a result, the permittivity
decreases with temperature increasing [135]-[139].

6.3.1. Power Delivery Efficiency of The Split Ring Resonator

The efficiency of the split ring resonator has been measured in terms of incident and
reflected power using DI-water sample. A programmable syringe pump has been set to
control a constant flow rate. The resonant frequency was found to be 2413.25 MHz at
room temperature (25°C) at critical coupling for maximum power transfer requirement.
Figure 6.6 shows the efficiency when the flow rate is constant at 1 ml/hr but the
delivered power varies from 0.1 Watt to 1 Watt. It can be seen that efficiency is
inversely proportional with the delivered power level. The higher microwave power, the
higher the increase in water temperature, causing a shift in resonant frequency and an
increase in the Q factor. This degrades the efficiency since the input impedance match is
affected by the temperature change, which is particularly so in a high Q resonator such

as this.
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Figure 6.6 Delivered power efficiency of the split ring resonator, when the flow rate is
constant at 1 ml/hr and different power levels.

Referring to the power reflection coefficient stated in CHAPTER FOUR equation
(4.36), which is:

2 2(f =LY
St = e, ) (4.36)
(1+g)2+403(%)

At critical coupling, g = 1. Assuming that the resonance frequency f, changes to f;,
then:

fo= fi=fo +Af (6.7)

efficiency (e) = (1 — |511]%) x 100% (6.8)

By substituting equation (4.36) into (6.8):

2
(- g2+ 403 (L)
efficiency (e) = | 1 — == | x100% (6.9)

(1 +g2+403 (L)
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o w )
efficiency (e) = > | X 100% (6.10)
(1+2 +103(LL) )

Now, at initial state (f = f,), which leads to initial efficiency (ey):

_ 48
“ = 1+g72

eo = 100%, as g = 1 at critical coupling.

x 100% (6.11)

When the resonance frequency changes f — f; due to heating, then the efficiency

changes to e;:

. i 2\ x 100% (6.12)
(1+g2+a03 (bt )
1L 1 Qf—fo\
i (613
Substituting for g = 1,
11 Af\?
S0 (f_o) (6.14)

After mathematical simplifications, the change in resonant frequency due to increases in
water temperature due to heating, in terms of reflected and incident power (efficiency)

will be:

Af—f—" 1.1 (6.15)

Qo.€1 €

The change in resonance frequency Af in Table 6.2 has been calculated when the power
increased from 0.1 to 1 Watt and after setting values of f, and Q, to 2413.25 MHz and

250 respectively. It can be seen from Figure 6.7 which is plotted according to equation
(6.15), the relationship between the change in resonance frequency Af and /ei — el IS
1 0

linear.
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Table 6.2
Change in the resonance frequency with input power using the split ring resonator.

T_ZV\YE{ Efficiency Efficiency |1 1 Af
(Watt) eo (%) e1(%) e, e (MH2)
0.1 100 98+0.17 0.158  1.52+0.06
0.2 100 95+0.20 0.229  2.21+0.07
0.3 100 92+0.31 0.293  2.83+0.11
0.4 100 89+0.33 0.348  3.36+0.12
0.5 100 87+0.35 0.395 3.81+0.13
0.6 100 84+0.39 0.441  4.26+0.15
0.7 100 80+0.43 0.502  4.84+0.18
0.8 100 76x0.47 0.563  5.43+0.20
0.9 100 74+0.51 0.595 5.74+0.23
1 100 71+0.58 0.640 6.17+0.27
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Figure 6.7 Change in resonance frequency vs change in efficiency (V(1/e1-€o).
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The relationship between the power level and efficiency is shown in Figures 6.8. It can
be seen that efficiency is inversely proportional with the power level. Efficiency
decreases with the higher power levels due to increasing water temperature, which
increases the resonance frequency more, as shown in Figure 6.9 which presents the

relationship between the power level with the change in resonance frequency Af.
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Figure 6.8 Delivered power efficiency vs the power level.
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Figure 6.9 Change in resonance frequency vs the power level.

On the other hand, Figure 6.10 presents the efficiency when the delivered power is fixed
at 1 Watt but at different flow rates. Higher efficiency is observed when the flow rate is
faster, because the temperature rises are less since the heat is removed by the flowing
water. Delivered power efficiency is found to be directly proportional with the flow

rate.
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Figure 6.10 Delivered power efficiency, when the delivered power is fixed at 1 Watt
and different flow rates.

6.3.2. Power Delivery Efficiency of The Cylindrical Cavity Resonator

The delivered efficiency of the microwave power using the cylindrical cavity resonator,
which described and simulated in CHAPTER FOUR section 4.8 has been measured in
terms of transmitted and reflected power using a DI-water sample. The same heating
circuit described earlier and shown in Figure 6.2 has been used to deliver 30 Watts to
the cylindrical cavity resonator. The programmable syringe pump has not been utilized
here as measurements have been recorded in a static situation and 0.2 ml mini-
microtube from alpha laboratories has been used for sample holding, as shown in Figure
6.11, with the water volume fixed at 170 pl. This is the condition used for the first
attempts at the release of DNA from bacterial samples, described in the next chapter.
The resonant frequency was 2426.25 MHz at 25°C at critical coupling for maximum

power transfer requirement.
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Figure 6.11 Schematic of the whole microwaving system using the cavity applicator.

Figure 6.12 shows the efficiency decreased with time after microwave power was

switched on since the sample water is in a static situation and so heats rapidly.
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Figure 6.12 Delivered power efficiency using cavity applicator with a water sample and
30 Watt continuous microwave power under (initial) critical coupling.

Using equation (6.15), the change in resonance frequency Af is calculated and shown in
Figure 6.13 after setting values of f, and Q, to 2426.25 MHz and 350 respectively. The
change in the frequency becomes bigger with time as the sample absorbs more

microwave power and consequently heats rapidly.
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Figure 6.13 Change in resonance frequency vs time when the cavity applicator used at
30 Watt and 2426.25 MHz resonant frequency at (initial) critical coupling.

6.4. Scale Down From Cavity to Split Ring Resonator

For scaling the microwave cavity to the split ring, let us consider the microwave cavity
with load inside it as shown in Figure 6.14. Owing to the huge reduction in effective
volume, we expect to get similar values of electric field in the SRR’s gap region for
much lower power levels when compared to those on-axis in the cylindrical cavity
resonator when 30 Watts are used. This is our aim, so that we can reduce the microwave
power requirement for treatment of microfluidic samples, thus opening up the
possibility of incorporating the SRR into a battery operated, hand-held device for
bacterial DNA detection (CHAPTER SEVEN).

— Cavity

Pin D Load
Figure 6.14 Sample load inside the microwave cylindrical cavity.
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To calculate the reduction in input power needed, note first that the input power to a
sample loaded, critically coupled cavity divides between the power dissipated in the
cavity and the power dissipated in the sample as follows (from the fundamental
definition of Q factor)

Py, = cavity T Pioaa (6.16)
Q
Poaa = P (1- ) (6.17)
0

Here Q is the quality of the cavity resonator with sample load, and Q, is the quality

when it is empty. The time-averaged power dissipated in the sample is:
1 2
(Proqa) = 2 &8 wEL Vs (6.18)

E?, is the average electric field energy inside sample load, V; is the sample volume.

E2 — 2 (Pload)

2 — 6.19
in 62 80 w Vg ( )
2P Q
EZ% = —‘”(1 - —3) 6.20
" E2& W Vs Qo ( )
Since Qg < Q,, then equation (6.20) can be written as follows:
E? = _ Pm E. = _ P (6.21)
" T[fogz ) Vs T ﬂfofz €o Vs .

where w = 2xf,

The calculated electric field inside the 170 pl water sample at resonant frequency of
2426.25 MHz as the input power varies from 0 Watt to 30 Watt is shown in Figure 6.15.

The maximum value is around 1.7x10% \V/m at 30 Watt.
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Figure 6.15 Electric field inside water sample vs input power to the cavity at 2426.25
MHz resonant frequency.

Now, the electric field inside a water sample using the split ring resonator is calculated
and plotted against the input power as shown in Figure 6.16. The electric field increases
when the input power to the split ring increases but in the split ring case the power is
needed is much less than in the case of cylindrical cavity for the same values of electric
field. It can be seen that the input power to the split ring resonator of only 0.1 Watt can
produce electric field inside water sample equivalent to that of 30 Watt when using the
cylindrical cavity. This is an important step towards system miniaturization with
minimum power consumption, allowing the microwave resonant cavity can be scaled
down to the split ring as shown in Figure 6.17 for microwave treatment achieving the
same electric field. Of course, the sample volume is also scaled down, but this causes
little issue if a certain volume of sample needs to be collected as the sample can be

within a flow scenario.
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Figure 6.16 Electric field inside water sample vs input power to the split ring at
2413.25 MHz resonant frequency.
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Figure 6.17 Schematic of cylindrical cavity scaling to split ring resonator.
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6.5. Split Ring Resonator Versus Cylindrical Cavity Resonator

The efficiency of the SRR in heating applications under dynamic conditions is
promising as the power consumption is minimum compared with the larger cavity
where approximately all the applied power is absorbed by the MUT due to minimum
depolarization effect, the dynamic conditions here play a very important role in
minimising the effects of temperature and allowing efficiency to be maintained higher
in terms of incident and reflected power, two important parameters can be adjusted here

according to the required application such as power level, and flow rate.
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CHAPTER SEVEN
SPLIT RING RESONATOR FOR HEALTHCARE
APPLICATIONS

7.1. Introduction

Recently, microwave technologies have received significant attention for use in
biological sample detection and analysis. This is mainly due to a strong desire to find
new methods for the accurate, quick and cost-efficient characterization of bimolecular
specimens [140], [141].

DNA detection is an important research area in almost every field of modern life
science and is relevant for applications such as drug discovery, clinical analysis, and
food quality [142]-[144]. On the other hand, the DNA detection at various
electromagnetic frequencies depends on the dielectric properties of this biomolecule
[145]. There is large number of DNA extraction methods; each one has its own
advantages and disadvantages. Many of these methods include a variable number of

reagents, chemicals, heat, enzymes, equipment, etc. [146]-[148].

Rather than using EM techniques to directly detect DNA, our resonant applicator
system uses the split ring resonator (SRR) for highly targeted delivery of microwave
energy to an aqueous sample in the parallel E field orientation in the gap region. DNA
release is spontaneous, and we use novel DNA probes to capture and detect the presence
of pathogen specific DNA. We focused our studies on the detection of the bacteria
Clostridium difficile, which is a major cause of hospital and community acquired

infections.

Clostridium difficile is a spore forming, toxin-producing bacterium which is currently
the principal cause of healthcare associated diarrhoea in the world. There were 284,875
infections in the USA in 2007 while in the UK during the same period the pathogen was
linked to the death of 8,324 individuals. The bacterium currently presents a considerable

challenge to healthcare professionals and has stimulated researchers to develop
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improved diagnostics and medical countermeasures [149]. Recent statistics for 2015
showed that Clostridium difficile (C. difficile) caused almost 500,000 infections among
patients in the USA in a single year, according to a study released by the U.S.
department of health and human services Center for Disease Control and Prevention
(CDC) [150], and more than 14,000 infections in the UK according to Office of
National Statistics [151] .

The structure of the C. difficile spore is not easy to break it open and release the target

DNA and enhance the need to develop an optimised microwave protocol.

7.2. Microwaving Protocols

Three protocols of microwaving have been used: continuous power (100% duty cycle),
pulsing with 10% duty cycle (the ON time is set to 100 ms and so OFF is for 900 ms per
pulse), and pulsing with 3% duty cycle (the ON time is set to 30 ms and so OFF is for
970 ms per pulse). The pulse cycle is illustrated in Figure 7.1, in terms of which the
pulse duty cycle is (Ton/T1)*100%. All the microwaving protocols used an excitation
frequency of approximately 2413 MHz, with the SRR critically coupled for maximum

power transfer.

T T
% ¢ off >
T

Figure 7.1 Pulse duration and repetition frequency.

For pulse powered, the energy transfer rate is averaged over the pulse width, Ty,

P, = T—lnf e(t) - i(t) dt (7.1)
0

where e(t)and i(t)are voltage and current respectively.
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7.3. Efficiency of Cylindrical Cavity

The efficiency of the cylindrical cavity has been measured in terms the ratio of incident
and reflected power using a water sample (170 pl) for the three microwaving protocols ;
continuous power (100% duty cycle), pulsing with 10% duty cycle, and pulsing with
3% duty cycle as shown in Figure 7.2. The drive power level used here was 30 W and
the cavity was firstly critically coupled at room temperature, with an excitation

frequency of approximately 2426 MHz.
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Figure 7.2 Delivered power efficiency for the three microwaving protocols using the
cylindrical microwave cavity.

7.4. Qubit Detection Tool

Before presenting the results for the liberation of DNA from C. difficile spores by
microwaving, the method for DNA detection will be presented briefly, namely the
Qubit 3.0 Fluorometer from Life Technologies, shown in Figure 7.3. This is an
analytical instrument that accurately measures DNA, RNA, and protein using the highly
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sensitive fluorescence-based Qubit quantitation assays. The fluorescent dyes used in
these assays emit signals only when bound to specific target molecules, even at low
concentrations, thus minimizing the effects of contaminants, including degraded DNA
or RNA. The integrated design of the instrument and assays results in quantitation that

is far more sensitive than UV absorbance.

Qubit*® 3.0

Fluorometer

Figure 7.3 Qubit Fluorometer instrument

The instrument works with Invitrogen Qubit assay Kits to enable greater sensitivity and
accuracy. Qubit Assay Kits provide concentrated assay reagent, dilution buffer, and pre-
diluted standards. The reagent can simply be diluted using the buffer provided, the
sample is then added (any volume between 1 uL and 20 pL is acceptable), and then the
reading of concentration using the Qubit 3.0 Fluorometer is displayed, as shown
schematically in Figure 7.4. The assay is performed at room temperature, and the signal
is stable for 3 hours. The Qubit is able to detect SSDNA (single stranded) and dsDNA
(double stranded) separately.
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Figure 7.4 Workflow for the Qubit assays using the Qubit Fluorometer.

7.5. Microwave of C. difficile Spores Using Cylindrical Cavity

This cavity has been used to liberate the DNA from purified spores of two strains of C.
difficile; toxigenic DS1813 and non-toxigenic DS1684 at a concentration of 1x10°
spores/ml at 30 Watt and 2426.25 MHz for 4 seconds exposure time. Purified spores of
C. difficile DS1813 and DS1684 have been prepared by the author in Cardiff School of
Pharmacy’s category 2 laboratories according to the method described in [152] and then
diluted to the required concentration using DI-water.

The Qubit instrument was used to measure how much DNA was released, with 6 pl
samples taken for each detection test, for both dsDNA and ssDNA.

Figure 7.5 and Figure 7.6 show the detection results for ssDNA and the significance
results according to SPSS software analysis for DS1813 and DS1684 respectively; the
highest and lowest standards values are 18,081 ng/ml and 167.72 ng/ml respectively. It
can been seen from the results of both DS1813 and DS1684 that microwaving C.
difficile spores releases DNA, and there is a significant increase in the amount of
ssSDNA before and after microwaving when using 10% duty cycle.

The concentrations of dsSDNA were too low to measure using the Qubit tool, so it is
likely that dSDNA is being broken down into sSDNA by the action of the microwaves.
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Figure 7.5 ssDNA for purified DS1813 using cylindrical cavity, concentration of 1x10°
spores/ml. (*) means the difference is significant (p < 0.05).
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Figure 7.6 ssDNA for purified DS1684 using cylindrical cavity, concentration of 1x10°
spores/ml. (*) means the difference is significant (p < 0.05).
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7.6. Efficiency of The Split Ring Resonator

The efficiency of the SRR has been measured in terms of the incident and reflected
power using water sample for the three protocols of microwaving: continuous power
(100% duty cycle), pulsing with 10% duty cycle, and pulsing with 3% duty cycle as
shown in Figure 7.7. A programmable syringe pump has been set to keep constant

sample flow rate at 0.75 ml/hr; the results are presented in Table 7.3.
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Figure 7.7 Delivered power efficiency for different microwaving protocols.

It can be seen that the efficiency at 3% duty cycle is better than 10% duty cycle and
better than 100% duty cycle. The efficiency is related to temperature of the water, hence
the 3% duty cycle does not cause as much heat as 10% duty cycle or 100% duty cycle.
An increased temperature means decreases in both the real and imaginary parts of the
complex permittivity of the water; these cause an increased resonant frequency and an
increased Q factor. Since critical coupling is set for the flowing sample at room

temperature, at a fixed excitation frequency throughout, the condition can’t then be
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maintained as the sample heats and so moves off resonance, and becomes over-coupled

due to the increased Q.

The change in resonance frequency Af in Table 7.3 has been calculated according to the
derived equation (6.15) in CHAPTER SIX.

Table 7.3
Change in the resonant frequency

Microwaving  Efficiency  Efficiency

Level eo (%) ey A (MH2)
100 % 100 50¢1  9.71+1.10
10 % 100 86+1  3.96+0.25
3% 100 9l#1  3.1240.26

Furthermore, S;1 has been measured as shown in Figure 7.8 for the three microwaving
protocols. Using COMSOL software with the aid of parameters listed in Table 7.4 [153]
which have been used as input parameters for the relative permittivity of Debye model
equation, the rise in water temperature has been extracted and are presented in Table
7.5.
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Figure 7.8 Measured reflection coefficient |S;1| at 2.413 GHz, before microwaving and
after applying 1 Watt at constant flow rate at 0.75 ml/hr with 3%, 10%, and 100% duty
cycles.

Table 7.4
Parameters of the Debye relaxation spectral function (equation 4.59) for water at

various temperatures

T (C) & + Agg £ T Al T (ps)

-4.1 89.25+0.2 5.9+0.3 21.1+0.2

0 87.9+0.2 5.7+0.2 17.7+£0.1

5 85.8+0.2 5.7+0.2 14.9+0.1
10 83.9+0.2 5.5+0.2 12.7+£0.1
15 82.1+0.2 6.0+0.5 10.8+0.2
20 80.2+0.2 5.6+0.2 9.4+0.05
25 78.4+0.05 5.2+0.1 8.3+0.02
30 76.6%0.2 5.2+0.4 7.3+0.05
35 74.9+0.2 5.1+0.3 6.5+0.05
40 73.2+0.2 3.9+0.3 5.8+0.05
50 69.9+0.2 4.0+0.3 4.8+0.05
60 66.7+0.2 4.2+0.3 4.0+£0.05
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Table 7.5
Simulated temperature according to measured resonant frequency with the aid of Debye relaxation parameters

Frequency Fr (MHz) Debye relaxation parameters
MW Temperature
Experimental Simulated & €0 T (ps)
Non 25°C 2413.25 2413.26 78.36 5.2 8.27
100% 50 °C 2421.13 2421.20 69.89 4.0 4.75
10% 30°C 2416.69 2416.94 76.56 5.2 7.28
3% (25-30) °C 2416.10 2416.40 7713 52 7.77
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7.7. Microwave Irradiation of C. difficile Spores Using the Split Ring

Purified spores of C. difficile DS1813 and DS1684 at concentration level of 1x10°
spores/ml were microwaved using split ring cavity resonator at 1 Watt and 2413 MHz.
A programmable syringe pump, which has been described earlier in section 6.1
CHAPTER SIX (Figures 6.1 and 6.2) has been used to keep constant flow rate of 0.75
ml/hour. Each sample of C. difficile was introduced to the SRR via FEP tubing
(Fluorinated Ethylene Propylene), 0.77mm O.D. x 0.4mm I.D.

Three protocols have been applied in microwaving: continuous power (100% duty
cycle), pulsing of 10% duty cycle, and pulsing of 3% duty cycle. The Qubit tool has
been used to measure how much DNA has been released. 6 pl has been taken from each
sample for each detection test, for both double and single stranded DNA (denoted
dsDNA and ssDNA, respectively). Figure 7.9 and Figure 7.10 show the detection results
and the significance results according to SPSS software analysis for sSDNA for DS1813
and DS1684 respectively; the highest and lowest standards values are 14800 ng/ml and
110.21 ng/ml respectively. It can be seen from the results of both DS1813 and DS1684
that microwaving C. difficile spores releases DNA. There is a significant increase in the
amount of sSDNA before and after microwaving when using 10% duty cycle according
to SPSS software analysis. For the dsDNA as observed in section 7.5, the
concentrations were too low to measure using the Qubit tool; we conclude from this that

the microwaves are likely to be breaking the dsDNA into ssDNA.
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Figure 7.9 ssDNA for purified DS1813, concentration of 1x10° spores/ml. (*) means
the difference is significant (p < 0.05).
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Figure 7.10 ssDNA for purified DS1684, concentration of 1x10° spores/ml. (*) means
the difference is significant (p < 0.05).
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A further experiment using a 10 fold higher concentration of purified spores of C.
difficile DS1813 and DS1684 was performed; the concentration level was 1x10°
spores/ml for the both strains. Also, the same three microwaving protocols have been
applied at 1 Watt power level. Again, 6 ul has been taken from each sample for each
detection test for dSDNA and ssDNA. The highest and lowest standards values are
21963 ng/ml and 110.21 ng/ml respectively. Figure 7.11 and Figure 7.12 the detection
results and the significance results according to SPSS software analysis for ssDNA for
DS1813 and DS1684, respectively. For the dsDNA, the concentrations were again too
low to be measured by the Qubit instrument, again implying that the microwaves were
breaking dsDNA into ssDNA. According to the results for both DS1813 and DS1684,
after microwaving C. difficile spores there is significant increase in the amount of

ssSDNA before and after microwaving when using 10% duty cycle.

As expected, with the higher concentration of spores there is a far greater concentration
of DNA released into solution. A comparison results are listed in Tables 7.6 and 7.7 for

DS1813 and DS1684 respectively, each measurements has been repeated three times.
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Figure 7.11 ssDNA for purified DS1813, concentration of 1x10° spores/ml. (*) means
the difference is significant (p < 0.05).
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Figure 7.12 ssDNA for purified DS1684, concentration of 1x10° spores/ml. (*) means
the difference is significant (p < 0.05).

Table 7.6
Comparison between released ssDNA of DS1813 using split ring resonator for two
concentrations

Average released ssDNA (ng/ml) for DS1813

concentration Before After MW 100% After MW 10%  After MW 3%

(spores/ml) MW duty Cycle duty cycle duty cycle
1x10° 142 148 195 144
1x10° 1362 1549 2686 2077
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Table 7.7
Comparison between released sSDNA of DS1684 using split ring resonator for two
concentrations

Average released ssSDNA (ng/ml) for DS1684

concentration Before After MW 100% After MW 10% After MW 3%

(spores/ml) MW duty Cycle duty cycle duty cycle
1x10° 131 275 351 242
1x10° 2071 2116 2653 2360

7.8. Summarized Results of the SRR and The Cylindrical Cavity

From results of the SRR, we conclude that microwaving at 10% duty cycle is the most
effective and better than other protocols according to the concentration of released
sSDNA, while the fact that dsDNA was not detectable is likely to be due to the
microwaves converting the dsDNA into ssDNA almost completely. Lower power levels
of 1 Watt have been used in an attempt to extract dsSDNA but unfortunately there was
still no significant dsSDNA released possibly due to fact that the power levels were

insufficient to disrupt the structure of the spore.

From the cylindrical microwave cavity results, it has been noticed that 3% duty cycle is
significant in ssDNA liberation with DS1813 while the 10% duty cycle is the most
significant for microwaving DS1684. The dsSDNA was not detectable (concentration too
low to measure and below the lowest standard of the Qubit instrument). Hence, both
split ring resonator and the cylindrical cavity have been shown to be effective for rapid
release of ssDNA from C. difficile, but some optimisation needs be done with the SRR
in particular, relating to optimised flow rates for a hand-held DNA detector.
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CHAPTER EIGHT
CONCLUSIONS AND FUTURE WORK

8.1. Conclusions

This thesis has presented new and improved sensing method for microfluidic samples
using microwave technology based on the interaction between microwave electric field
and the material under test (MUT). This interaction has been discussed in detail as the
design of new sensors requires good understanding of a material’s response to
microwave irradiation. In this field, new types of resonators have been designed and
manufactured to achieve both high sensitivity as well as high efficiency of power
transfer, which is required for material thermal processing and excitation.

The conclusions can be summarized according to thesis’s chapters and as following:

A.  Chapter two:

Background behind the fundamental microwave technologies and their sensing
capabilities was provided, specifically those relevant to dielectric properties
characterization. The main methods used have been reviewed, with the advantages and
disadvantages of each in terms of operating frequency, measurement accuracy,
environment temperature, and sample shape and size provided. Sensors are divided into
resonant and non-resonant types based on the sensing operation. Furthermore, thermal
material processing using microwaves driven by the electric field component and the
ability of microwaves to heat the material efficiently has been discussed and supported
by some application examples. This efficiency arises from the volumetric heating, i.e.,
microwaves heat material from inside and the heating is not based on classical thermal
convection. Microwave heating or drying provides a number of advantages and can be
summarized as: (i) it depends on energy transfer instead of heat transfer; (ii) it provides
contactless heating; (iii) it involves quick start-up and stopping; (iv) heating is from the
interior of the material body; and (v) it is safe, since the microwave energy is a
nonionizing electromagnetic radiation with frequencies in the range of 300 MHz to 300
GHz. In this context, some examples have been presented for the use of microwave

heating in selective applications.
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Finally, in this chapter, some literatures related to microwave cavities and split ring
resonators have been presented for selected applications.

B.  Chapter Three:

The interaction between dielectric materials and the electromagnetic E field at
microwave frequencies has been discussed. This interaction mainly depends on the type
of dielectric material, and the polarization and depolarization effects that result.
Although the relationship between internal electric field (E;;,) inside material and the
applied electric field (E,) depends strongly on the material’s dielectric constant (relative
permittivity), there is another very important parameter which is the depolarization
factor (N): it is a dimensionless parameter, whose value depends on the dielectric
material shape and also on the direction of the applied electric field (E,) with respect to
the dielectric material. The depolarization factor can be considered as a key factor in the
design for high sensitivity sensors and efficient microwave applicators, where it should

be minimised (ideally close to zero),

C. Chapter Four:

The re-entrant microwave cavity (RMC) is a very attractive sensor for dielectric
characterisation of small liquid volumes (of 7 mm® and less) due to the high
concentration of electric field in its gap region. It is also easy to manufacture, and
retains a high quality factor Q (of a few thousand) even when machined from
aluminium metal. Whilst the electric field is very high in the narrow gap region, the
associated magnetic field is small and spread over a much larger volume, leading to low
surface loss on the metal surfaces it is exposed to, hence the high Q. These desirable
features (high Q, high concentration of electric field in the gap) contribute to a high

performance dielectric sensor and applicator.

The designed and machined re-entrant cavities (at 900 MHz and 2.4 GHz) showed very
good sensitivity for solvent characterisation in micro-volumes. They work as sensitive
sensors not only for the fluid type but also for characterising mixtures (including
dissolved impurities) and multiphase flows; this makes the RMC very suitable for a
wide range of applications in industrial, medical, and pharmaceutical applications. The

resonant frequency and quality factor were both dependent on the type and
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concentration of dissolved impurities. Furthermore, the RMC was also demonstrated for
characterising segmented flows, when there are two immiscible liquids (water and oil)
flowing in sequence through the re-entrant cavity sensor; the resonant frequency and
quality factor were changed rapidly according to segment type, owing to the rapid drop-
off of electric field intensity outside of the gap region. There was very good agreement
between simulation (carried out using COMSOL Multiphysics) and experimental

results.

D. Chapter Five:

A novel split ring resonator has been designed and machined from copper with PTFE
dielectric base, sitting in specially designed aluminium cavity to reduce the effects on
the resonant frequency from any external interferences and to improve the quality
factor. Depolarizations effect have been considered in the split ring design by drilling a
hole for the sample tube insertion allowing fluid to pass in parallel with electric field
generated in the split ring gap. The depolarization factor (N) in that case is
approximately equal to zero, which means the internal electric field is approximately
equal to applied electric field (E;, = E,). Compared with the orthogonal case, when the
cylindrical sample under test (SUT) crosses the applied electric field perpendicularly (N
~1/2), the internal electric field will be much less than the applied field (E;,, = 0.025E,
for an aqueous sample). This mathematical result has been demonstrated experimentally
and by simulation software (COMSOL Multiphysics). So, it is necessary to avoid
depolarization effect to increase the split ring sensitivity on one hand, and achieving
higher power absorption for heating purposes on the other. The split ring resonator
structure has been tested with common solvents (water, methanol, ethanol, and
chloroform); the experimental results are in very good agreement with the simulation

results.

Also, the sensor sensitivity has been tested with different pH readings of well-known
acids and alkalines: hydrochloric acid (HCI) and sodium hydroxide (NaOH). The
experimental results showed that our novel split ring resonator was very sensitive to the
pH level for both HCI and NaOH in terms of quality factor (Q) change, while the
resonant frequency change was not sensitive enough for the pH change. According to
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SPSS software statistical data analysis, the changes in quality factor were significant
(p<0.05) between the pH groups for both HCI and NaOH.

Furthermore, saline solutions (NaCl dissolved in water) were included in the test of the
split ring resonator sensitivity test with different salt concentrations. It has been found
that the quality factor (Q) decreased with increasing salt concentration, while the
resonance frequency was not sensitive to saline concentration. Also the results have
been confirmed by SPSS, where the change was significant (p<0.05) between the

different concentrations.

E. Chapter Six:

For the heating application (thermal material processing) under dynamic conditions, a
special microwaving system has been designed and built, that both allows the efficient
and precise delivery and measurement of microwave electric field, as well as a
programmable syringe pump to maintain a constant flow rate through the resonant
sensor/applicator. All components are controlled using LabVIEW software. The power
delivery efficiency has been recorded in terms of incident and reflected power from the
split ring resonator. The delivered power efficiency reduces with increased applied
power level as higher power raises the water temperature, causing lower permittivity
which leads to larger shift in resonant frequency and hence changes the impedance
match condition for critical coupling. Also, the delivered power efficiency is found to
be directly proportional with flow rate speed, where a faster flow rate acts as an
effective heat sink, giving only slight increases of resonance frequency. An equation to
calculate the shift in resonance frequency from the efficiency of the delivered power has
been derived and applied to this situation to estimate the temperature rise for different

pulse duty cycles in chapter seven.

F.  Chapter Seven:

Microwave technologies have recently become more attractive for applications in the
biological area: for sample detection, analysis, and thermal processing. Microwaves

offer numerous advantages such as high accuracy, high speed and low cost.
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The designed split ring resonator has been utilized with a microwave heating system
described in CHAPTER FIVE to release the DNA from a bacterium called Clostridium
difficile.

Before proceeding with bacteria microwaving experiments, water samples have been
tested with different microwaving protocols: i) continuous microwaving, 100% duty
cycle, ii) pulsing microwaving at 10% duty cycle iii) pulsing microwaving at 3% duty
cycle. The shift in resonance frequency has been recorded and calculated and used to
simulate the increasing in temperature using COMSOL Multiphysics and Debye model
with 1 Watt power level. As expected, the highest temperatures were obtained in the
order of: 100% duty cycle, 10% duty cycle, and 3% duty cycle.

Two strains of C. difficile were used in these experiments DS1813 and DS1684 to
represent the structural diversity of this species of pathogen. The same three
microwaving protocols have been used with a power level of 1 Watt and 0.35 ml/hr
constant flow rate controlled by the programmable syringe pump. The results for the
released ssDNA showed that microwaving using pulsing at 10% duty cycle is better
than other protocols according to the Qubit detection device. Also the results have been
confirmed by SPSS statistical data analysis, showing significant DNA release when
using 10% duty cycle microwaving, while other microwaving methods were not
statistically significant for sSDNA detection. Importantly, this implies that the heat was
not the cause of DNA release but it is the direct effect of the microwave electric field,
possibly similar to the effect of electrophoresis for low frequency electric field

application.

8.2. Future Work

Some recommendations and suggestions for future work are listed below:
1) For the both re-entrant cavity and split ring resonator, the active gap area where
the electric field is maximum can optimized to improve sensing. For example by
designing the internal posts (for the re-entrant cavity), and the opposite faces (of

the split ring) could be more sharp or tapered instead of flat opposite faces as
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shown in Figure 8.1, and then test the sensor in both static and dynamic

situations for pure liquids, mixture, and multi-segment flow.

(a) (b)

Figure 8.1 Suggested structure design for future work, (a) split ring resonator,
(b) single post re-entrant cavity, and (c) double post re-entrant cavity.

2) All experiments and measurements were performed and recorded in room
temperature environment; it is recommended for future works that such
experiments are conducted with an arrangement or by modifying the system
design to monitor the sample temperature by using, for example, an optical fibre

temperature probe.

3) Modifying the microwave power delivery circuit, especially the split ring
resonator, for very low power consumption. This would miniaturize the whole
system to become more suitable for a hand held device for both sensing and

heating applications.
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4)

5)

6)

The developed sensors have considerable potential to be utilized in
pharmaceutical applications, such as monitoring or measuring medicines and
drugs concentration as the presented sensors in this research have the potential

and sensitivity to mixture type and its concentration.

There are still some parameters that need to be optimized in the use of split ring
for DNA liberation; these parameters are mainly: flow rate, power level, and the
pulse duration when using pulsed microwaving. For example changing the
whole period time (T1) or (To) as shown in Figure 8.2, instead of only Ty, as in

the experiments presented here.

T | T
|

on off

\ 4
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«
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Figure 8.2 Microwave pulsing periods

Using the split ring sensor in sensing to UV curing of Trimethylolpropane
triacrylate (TMPTA) as shown in Figure 8.3, where the resonance frequency of
the split ring increases when the TMPTA hardens. Some data has already been

accumulated successfully on this technique, as a proof-of-principle.

Figure 8.3 Proposed UV curing sensing using split ring resonator.
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