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PREFACE

Metamaterials have been a topic of extensive research during last two decades. Due to
their negative permeability, negative permittivity and negative refractive index properties
they show exotic characteristics leading to a variety of applications. The negative perme-
ability Split Ring Resonator (SRR) structure has been an important object of study and its
properties have been analyzed widely and are investigated for various applications. Di-
electric measurements have also been an interesting research topic since several decades
and continues to be so. Several techniques were developed to find the complex permit-
tivity in various conditions especially in the microwave regime. The advancements in the
technologies and the demands in various applications paved way to formulate different
methods and design different experiments for such measurements. This thesis investi-
gates novel dielectric measurement techniques using Split Ring Resonator metamaterial
structure.

The concept of metamaterial, its history, recent trends and applications are introduced
in chapter 1. It also presents an analysis of material property - dielectric constant or
permittivity. A comprehensive review on different measurement methods for dielectric
constant at microwave frequencies are also discussed.

The structure, origin of negative permeability and resonant nature of SRR are dis-
cussed in detail in chapter 2. The structure of SRR consists of two concentric flat metallic
rings of equal width but of different radii. Each of the ring possesses a small split at
diametrically opposite ends. The resonant nature of SRR arises from the intrinsic capac-
itance and inductance of the structure. The structural and substrate parameters define
the capacitance and inductance and hence the resonant frequency. An alternating electro-
magnetic field with its magnetic component perpendicular to SRR surface will excite the
structure which leads to the power absorption at the resonant frequency. The negative
permeability arises from the interaction of SRR with the magnetic part of the interact-
ing electromagnetic field. Different other structures designed to modify the properties of
SRR are briefly discussed. A review of literature on structural and substrate tunability of
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the resonant frequency is also presented. Slight variation in the structural and substrate
parameters can be used to tune the resonant frequency of SRR and this finds numerous
applications in the field of sensors. They include applications such as displacement sen-
sors, rotation sensors, strain sensors and movement sensors. Several other applications
of SRR regarding dielectric measurements are also reviewed. The relevance of the work
done in this thesis in relation to the existing literature is also briefly discussed.

In chapter 3 a new equation for resonant frequency of SRR in terms of structural and
substrate parameters is derived by analyzing the distribution of electric field on the sur-
face of SRR. The methodology adopted in this work for the fabrication technique of the
SRR along with the experimental setup for measuring the resonant properties are elab-
orated here. SRRs are fabricated in different dimensions on printed circuit boards using
photochemical etching methods. Resonant frequency measurements are done by exciting
the SRR by placing it in between transmitting and receiving probes connected to Vector
Network Analyser (VNA). The electric field distribution on the surface of SRR is analyzed
theoretically and verified experimentally. It is found that both the surfaces of SRR have
equal distribution of charges and fields. This concept is a new approach and based on
this, a new formulation for the effective capacitance of SRR is derived. Expression for
resonant frequency in terms of the derived capacitance and intrinsic inductance is also
presented. Experiments and simulations are used to verify the derived expressions.

A novel, compact, direct and efficient method for complex permittivity measurement
is presented in chapter 4. The presence of a dielectric sample on the surface of SRR al-
ters the resonant frequency due to the change in the effective capacitance. Equations for
obtaining the real and imaginary part of permittivity are derived from the resonant pa-
rameters of SRR. By measuring the resonant frequencies of SRR with and without the
presence of the sample, the permittivity of the unknown sample can be found out using
the proposed equation. An equation for measurement of unknown permittivity of the
substrate is also derived in terms of the resonant frequency. The loss tangent of sam-
ple also can be calculated using Q - factors of SRR resonance curves measured with and
without the sample in contact. The derived equations for real part of permittivity and loss
tangent are used to find out the complex permittivity of different solid samples using four
different SRR test probes. The measured values are verified using standard cavity pertur-
bation technique. Another method using a calibration curve for measuring the real part
of the permittivity is also presented. In order to do this a calibration curve is drawn from
the known values of permittivity of some standard samples and the corresponding reso-
nant frequencies of the SRR. The unknown permittivity values are then found from the
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calibration curve using the obtained resonant frequency values. Measurement of permit-
tivity values for some powdered food samples like pulses and cereals using extrapolation
method is also presented.

Temperature dependent permittivity measurement of different type of solid samples
are addressed in chapter 5. The temperature variations of various dielectrics are impor-
tant for scientific and commercial applications. Both methods described in the fourth
chapter are used to calculate the dielectric constant at a wide range of temperature. The
temperature dependent dielectric studies on various flame retardant circuit boards may
be a novel approach for the analysis of non-linear effects of the performance of microwave
and electronic circuits. Another sample selected for the study is wax which may find ap-
plications in cosmetics, paints and dye industry. Other samples like plastic and perspex
are also analyzed using these proposed methods.

A brief summary of all works presented is included in chapter 6. The studies pre-
sented in this thesis can be extremely helpful in the measurement of dielectric constant of
solid materials and this can be extended to liquid samples also. The analytical formula-
tion of the resonance of SRR can be extended to other resonating structures. The methods
proposed for permittivity measurements can be helpful in microwave circuit designing,
antenna designing, food quality checking and preservation. The future scope on the top-
ics presented in thesis and the possible extensions are also discussed.
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Chapter 1

Introduction

This chapter gives a brief introduction to the thesis. A discussion on meta-
materials, dielectric constant and different permittivity measurement tech-
niques is included in this chapter. Properties of metamaterials and their phys-
ical realization are briefly discussed. Several applications of metamaterials
are also presented. Theory of dielectrics and importance of dielectric constant
are briefly explained. Several permittivity measurement techniques used at
microwave frequencies are reviewed.
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CHAPTER 1. INTRODUCTION

The light and its interplay with materials have fascinated human minds since the dawn
of civilization. Ever since scientific pursuit have commenced, humans have pondered
over the cause of behavioral differences of each material in the presence of light. Upon
keenly observing the properties of materials in the presence of light, it was understood
that these differences can be partly explained by a property called refractive index. A
deeper understanding of refractive index occurred only after James Clerk Maxwell aston-
ishingly, painstakingly and intuitively showed that light is an electromagnetic wave.

Optical properties of any material can be explained by carefully studying the propaga-
tion of light through that material medium. The behavior of a material when an electro-
magnetic wave passes through it can be quantified using two intrinsic parameters, electric
permittivity (ε) and magnetic permeability (µ). Electric permittivity is related to polariza-
tion happening in the medium in the presence of an interacting electric field. Similarly,
permeability can be explained in terms of magnetization occurring in the medium due to
interaction with the external magnetic field. In terms of electric permittivity and magnetic
permeability, refractive index of a material is given by n =

√
εµ. Most commonly found

materials in nature possess positive values of electric permittivity and magnetic perme-
ability. Positive values for ε and µ ensure that the wave vector ~k associated with the
propagation, points in the same direction as that of the flow of light energy as indicated
by the Poynting vector ~S. This naturally leads to an interesting question - whether one
can find materials with negative values of µ and ε so as to obtain materials with unique
optical properties.

1.1 History of metamaterials

Several attempts were made in order to modify the electromagnetic properties of materi-
als and to manipulate the propagation of electromagnetic waves in order to suit different
applications. Some examples of such attempts include chiral media, stratified media and
photonic band-gap structures. As early as 1898, J. C. Bose used twisted jute fibers to ro-
tate the plane of polarization of light [1]. Since 1948, artificial dielectrics have been in use
as microwave lenses which were lighter and smaller than conventional ones. Winston E.
Kock in 1946 proposed an application for light weight lenses as an artificial dielectric by
using metallic antennas [2]. Rotman proposed a model of artificial plasma media using
rod structures and parallel plate structures [3]. Photonic band gap structures which are
three dimensional periodic dielectric structures in which forbidden bands for electromag-
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Figure 1.1: Classification of materials based on permittivity and permeability.

netic waves are present have also been proposed [4].

Metamaterials are another class of materials proposed for manipulating electromag-
netic waves. The origin of the term metamaterial is from the Greek word ’meta’ which
means ’beyond’, that is, they are materials having exotic properties not found in nature.
The term ’Metamaterial’ was coined by Roger. M. Walser. He defined them as “Macro-
scopic composites having a man-made, three-dimensional, periodic cellular architecture
designed to produce an optimized combination, not available in nature, of two or more
responses to specific excitation ”[5]. They are thus artificially engineered structures hav-
ing properties of negative permittivity and negative permeability arranged periodically
to form a homogeneous bulk material in relation to the interacting electromagnetic wave.
Properties of metamaterials are derived from their physical nature or structure of their
composites and not from their chemical nature.
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1.1.1 Classification of materials based on permittivity and permeability

As the permittivity and permeability are the deciding factors of optical properties of ma-
terials when electromagnetic wave interact with them, we can classify materials based on
these parameters.

The materials can be represented in a space divided into four quadrants defined by
axes representing permittivity (ε) and permeability (µ) as in Fig. 1.1. First quadrant in-
cludes all common natural materials possessing positive values of permittivity and per-
meability. Electromagnetic waves undergo forward propagation through these materials.
Second quadrant includes materials with negative values of permittivity and positive
values of permeability. Metals with good conductivity display negative permittivity to-
wards electromagnetic wave with frequencies lower than visible light. All types of ion-
ized medium including ionosphere may be added to this category. Ferro-magnetic ma-
terials can be included in the fourth quadrant as their permeability values are negative
while permittivity is positive. Electromagnetic wave propagation through materials of
second and fourth quadrant will be in the evanescent mode. The third quadrant, where
both permittivity and permeability are negative and hence having negative refractive in-
dex is literally unoccupied as no natural materials have been found with such properties.
The possibility of negative refractive index medium was thought to be non - existent as it
is not generally observed in nature. But, if such materials are artificially engineered, they
will show backward propagation where the direction of wave vector ~k will be opposite to
the direction of the energy flow (~S).

It was Russian scientist Victor G. Veselago who first investigated the possibility of neg-
ative index of refraction theoretically and presented its various interesting consequences
[6]. In usual media the electric field vector ~E, magnetic field vector ~Hand the direction of
propagation ~k form a right handed triplet as represented in Fig. 1.2(a).The corresponding
equations related to the propagation of light of frequency ω are given by

~k × ~E = ωµ ~H (1.1)

~k × ~H = −ωε~E (1.2)

In metamaterial media having negative refractive index all these three field vectors
form a left handed triplet as represented by the following Eqns. 1.3 and 1.4 and hence are
also known as ’Left Handed Materials’ (LHM) (Fig. 1.2(b)).
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Figure 1.2: Direction of electric field ( ~E), magnetic field ( ~H), wave vector (~k) and poynting
vector (~S) in (a) right handed medium and (b) left handed medium.

~k × ~E = −ωµ ~H (1.3)

~k × ~H = ωε~E (1.4)

Here the poynting vector ~S = ~E × ~H will not change its direction since permeability and
permittivity are both negative.

He also explained the possibility of negative refraction (reversal of Snell’s law) and
focusing of light by planar lenses and also discussed other effects of negative refractive
index such as reversal of Doppler effect and Cerenkov effect.

1.1.2 Origin of negative refractive index

Permittivity and permeability are complex quantities and hence their negative values can
be represented as

ε = −ε0εr = ε0εre
iπ (1.5)

µ = −µ0µr = µ0µre
iπ (1.6)

5
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where ε0 and µ0 are permittivity and permeability for free space. The refractive index n
is given by

n =
√
εµ (1.7)

Substituting the expressions for ε and µ, one obtains

n =
√
ε0µ0εrµre

iπ

= −√ε0µ0εrµr

Thus the refractive index becomes negative if the permittivity and permeability are
negative. Hence, negative index medium is also called as ’Double Negative medium’
(DNG medium).

1.1.3 Consequences of negative refractive index

The negative refractive index of a medium affects the propagation of electromagnetic
wave in several ways. Some of the effects include reversal of Snell’s law, inverse Doppler
effect and inverse Cerenkov effect.

1.1.3.1 Reversal of Snell’s law

When light travels from one medium to another it is refracted at an angle and it is de-
scribed by Snell’s law as,

sinθ1
sinθ2

=
n2

n1

(1.8)

where, θ1 and θ2 are angle of incidence and angle of refraction respectively and n1 and n2

are refractive indices of the first and second medium respectively (Fig. 1.3(a)).

For ordinary medium, n1 and n2 are positive quantities and hence the angles are also
positive. That is the incident ray and refracted ray are in opposite sides of the normal as
shown in Fig. 1.3(a).

When the refractive index of the second medium is negative, the Eqn. 1.8 becomes

sinθ1
sinθ2

= −n2

n1

(1.9)

If the incident angle is positive then the refracted angle should be negative. That is, the
refracted ray is in the same side of the normal as that of the incident ray as in Fig. 1.3(b).
This phenomena is known as the reversal of Snell’s law.

6



1.1. HISTORY OF METAMATERIALS

Figure 1.3: Schematic representation of Snell’s law when light ray passes through (a)
positive index medium and (b) negative index medium.

1.1.3.2 Inverse Doppler effect

Doppler effect refers to the shift in frequency observed by the receiver due to the relative
velocity of the receiver with respect to the source. The shift in frequency is expressed as

∆ω = ω0
nv

c
(1.10)

where v is the velocity of the source with respect to the observer and ω0 is the original fre-
quency. If the receiver is moving away, the frequency observed by the receiver decreases
where as measured frequency increases if the receiver is moving towards the source. In
the left handed medium, when the refractive index becomes negative, the expression be-
comes

∆ω = −ω0
nv

c
(1.11)

Because of the negative sign the Doppler effect will be reversed, i.e., the receiver mov-
ing away will observe a higher frequency and that moving towards the source will mea-
sure a lower frequency.

7
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1.1.3.3 Inverse Cerenkov effect

Charged particle moving through a medium with velocity v greater than the velocity of
light c in that medium gives rise to a shock wave which travel forward at an angle θ. The
expression for the angle at which the shock wave propagates is given by

cosθ =
c

nv
(1.12)

When the refractive index become negative, the equation changes as

cosθ = − c

nv
(1.13)

Here the angle becomes obtuse and hence the shock wave travels backwards. This
reversal of the direction of propagation of shock wave in a medium of negative refractive
index is known as inverse Cerenkov effect.

1.1.4 Realization of negative refractive index

Even though the possibility of negative refractive index was proposed in late 1960s, its
experimental realization did not occur till early twenty first century. As there are no nat-
ural materials which posses negative refractive index, artificial engineering of materials
with simultaneous values of negative permittivity and permeability is required to realize
metamaterials.

1.1.4.1 Negative permittivity

Metals below their plasma frequency can show a negative permittivity. The equation for
permittivity of a plasma is given by,

ε = ε0[1−
ω2
p

ω2
] (1.14)

where, ω is the interacting electromagnetic frequency and ωp is the plasma frequency. The
plasma frequency of a medium, the frequency below which the electromagnetic wave
does not propagate through that medium, is given by,

ω2
p =

Nee
2

m∗ε0
(1.15)

8
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Figure 1.4: Schematic representaton of a wire mesh structure.

where, Ne is the electron density, e is the electronic charge and m∗ is the effective mass of
the electron. As one can see from Eqn. 1.14, for frequencies below the plasma frequency,
the permittivity becomes negative. Usually metals have plasma frequency in the ultra-
violet region. The plasma frequency will vary in accordance with the effective mass and
number density of electron. A periodic array of thin metallic wires has been shown to
have negative permittivity in the microwave frequencies (Fig. 1.4) [7]. The arrangement
of thin wires reduces the electronic number density considerably and effective mass of
electron is increased due to the self inductance produced in the wires. A detailed expla-
nation and experimental confirmation of the proposed structure is presented by Pendry
et al. [8]. The transmission characteristics for such a wire medium with typical plasma
frequency of around 3 GHz is shown in Fig. 1.5.

1.1.4.2 Negative permeability

The discussion on possibility of negative permeability materials at microwave region was
initiated by J. B. Pendry et al. [9] after realizing that artificial magnetic materials can
be designed using magnetic moments generated from circulating current elements. He
proposed a Split Ring Resonator (SRR) structure which became the stepping stone to the
development of negative permeability. A detailed analysis of the structure, properties

9
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Figure 1.5: Transmission characteristics of a wire mesh structure with lattice spaing l.

and application of SRR is presented in the next chapter.

1.1.4.3 Negative refractive index

Negative refractive index media or double negative media can be conceived as a com-
bination of two single negative medium of permittivity and permeability. The practical
realization of double negative media is done by fabricating a composite medium using an
array of SRRs and thin conducting wires. Such an array showing negative refractive index
at microwave frequencies was fabricated by Smith et al. [10] (Fig. 1.6). The effective[10]
permittivity and permeability of this medium was determined from reflection and trans-
mission coefficients and was shown to be negative [11, 12]. For composite medium made
of SRRs and thin wires, the transmission curve with respect to frequency shows a specific
transmission region where both the constituent structures show absolutely no transmis-
sion of power. This transmission corresponds to the negative refractive index of DNG
medium (Fig. 1.7). Reversal of Snell’s law has been experimentally verified using SRR -
wire composites by Shelby et al. [13]. Two dimensional left handed material in microwave
frequencies has been fabricated and verified through simulations by Shelby et al. [14].

At the early stages of development of metamaterials, the design and fabrication in-
volved photochemical etching. The dimensions of the structures constructed were in the
order of millimeters and centimeters and the operating frequencies were in microwave

10
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Figure 1.6: Composite medium of wire and split ring resonator structures which show
negative refractive index.

Figure 1.7: Plot showing transmission characteristics of a SRR-medium, wire mesh and
SRR-wire composite structure.

11



CHAPTER 1. INTRODUCTION

frequencies (GHz). The advent of new technology enabled the miniaturization of struc-
tures into nanoscales and the increasing of operating frequencies to terahertz regions
[15, 16, 17]. Intense research is going on to raise the operating frequency of metamate-
rials to even the visible region [18, 19].

1.2 Applications of metamaterials

Owing to the interesting properties of metamaterials, a number of applications were pro-
posed in different frequency domains. Some of the important applications are discussed
below.

1.2.1 Sensors

Several sensing applications have been developed using metamaterial resonating struc-
tures. It has been shown that variations in resonant frequency can be used in applications
such as dielectric sensors, pressure sensors, vibration sensors, biomedical sensors etc.
[20, 21, 22]. Wireless strain sensors have also been developed for application in engineer-
ing, medicine and avionics [23, 24].

Several dielectric measurement techniques have been developed using the resonant
frequency variations of different metamaterial resonating structures [25, 26, 27, 28]. They
provide comparatively easy and precise measurements using simple experimental setups.

1.2.2 Antennas

Simulations of dipole antennas embedded in metamaterial substrates by Wu et al. [29],
showed that they have an improved directivity. Enoch et al. [30] have analyzed the mi-
crowave radiation from a source embedded in metamaterial slab and showed that it will
be directed in a narrow cone. A featherlight horn antenna constructed using artificial
plasma sheets using thin metallic wires have been proposed for astronomical applications
[31]. Such a structure with negative permittivity can be used to replace the conventional
horn antenna. Several application have been reported in literature where the functional-
ity of the antennas are effectively tuned using suitable meta-structure inclusions [32, 33].

12
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1.2.3 Perfect absorbers

The advent of metamaterials have opened up a useful and efficient area in the state-of-
the-art absorber technology. A review of broadband metamaterial perfect absorbers, their
fabrication methods and various applications is presented by Yu et al. [34]. To be specific,
some noticeable proposals are mentioned below. An absorber at terahertz frequencies
using metamaterial structures which has maximum absorption by using the tuning of
the electrical permittivity and magnetic permeability has been presented [35]. Similarly,
a dual band metamaterial perfect absorber using gold-nano rings have been studied for
applications in optical filters, photo detectors etc. [36].

1.2.4 Metamaterial cloaking

An interesting application of metamaterials is cloaking. The negative refraction property
allows the electromagnetic field to bend around an object making it invisible. Numerical
and experimental verification of a metasurface cloak for hiding metallic objects from low
frequency radiation is presented by Teperik et. al. [37]. Intense research is going on in
the direction to achieve invisibility using cloaking property which may have military and
surveillance applications. However, such applications may also raise a few ethical issues.

Metamaterials, since its inception, have found numerous interesting applications in
other fields such as acoustics, superconductivity etc. There have been tremendous interest
in the field of acoustic metamaterials and various applications of such materials have been
developed. It has been found that sound wave can be controlled using sub wavelength
metamaterial structures [38]. Voltage tunable acoustic metasheets have been used for
controlling propagation directions and focusing of acoustic waves [39]. Superconducting
metamaterials have also been a promising new regime [40, 41]. Another promising area
where interesting research is happening is in the fields of energy harvesting, wireless
power transfer etc. [42].

1.3 Dielectric Materials

Materials can be classified based on electrical conductivity into conductors and insula-
tors. Dielectrics are a subclass of insulators but may not be considered as ideal ones since
the molecules in them strongly respond to electric field compared to pure insulators. Di-
electrics also differ from conductors or metals in that they do not possess free electrons.

13
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1.3.1 Dielectric constant and polarization

Dielectric materials constitute electron clouds bounded to ions. This electron cloud gets
displaced in the presence of an applied electric field. This causes a polarization inside the
material and hence an electric field is created which opposes the applied field. If a time
varying field is applied, the electron cloud starts to oscillate according to the frequency
of the applied field. This is called electronic polarization and it occurs usually in ultra-
violet and optical frequencies. The mode of polarization is highly dependent upon the
frequency of the applied electromagnetic field. At lower frequencies near infra-red, ionic
polarization is observed which is associated with the stretching and bending of molecular
bonds. For molecules possessing permanent dipole moment, dipolar polarization occurs
at microwave frequencies.

Different analytical models have been proposed to describe the motion of electrons in
a dielectric medium in the presence of external applied electric/electromagnetic field. A
couple of prominent models are discussed in the following subsections.

1.3.1.1 Lorentz model

Under an external time-varying electric field of frequency ω, the electrons get dis-
placed from their position associated with each ions. But the coulomb force (~F = −e ~E)
which act as a restoring force (~Frest = mω2

0~r) make their motion to a harmonic oscillation.
Damping forces (~Fdamp = mγ~̇r) due to collisions and radiations will be also present in
addition to the restoring force. Where γ is the damping constant.

The equation of motion of an electron in the presence of these competing forces can be
written as (by neglecting effects of local electric fields)

m~̈r +mγ~̇r +mω2
0~r = −e ~E (1.16)

where, the second term represents the damping forces, third term is the restoring force
and the right hand side is the applied electric force. In the equation, r is the displace-
ment vector and ω0 is the resonant frequency. This equation can be solved to obtain the
expression for displacement of electron as

~r =
−e ~E/m

ω2
0 − ω2 − iγω

(1.17)
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Assuming the nucleus to be stationary, the polarization due to dipole moment of N elec-
trons per unit volume will be,

~P = −Ne~r =
Ne2 ~E/m

ω2
0 − ω2 − iγω

(1.18)

we know that,
~P = ε0χ~E (1.19)

where χ is the electric susceptibility of the medium. From the relation between suscepti-
bility and permittivity we can write,

ε = 1 + χ = 1 +
Ne2/mε0

ω2
0 − ω2 − iγω

(1.20)

From the above expression, it is clear that the permittivity is a complex term with real
and imaginary parts.

1.3.1.2 Drude model

Drude model is a subclass of Lorentz model where the medium considered is metals
or conductors. In this model electron-electron and electron-ion interactions are neglected
in deriving the expression for permittivity. Further more, the oscillation frequencies will
be zero due to negligible restoring force. From Eq. 1.20, the permittivity is given by

ε = 1−
ω2
p

ω(ω + i/τ)
(1.21)

where τ is the relaxation time and

ωp =

√
Ne2τ

m
(1.22)

is the plasma frequency of the medium. Plasma is defined as the collective oscillation
of electrons in the background of ions and the quanta of plasma oscillations are called
plasmons. For free electron gases, (like ionosphere and free electrons in metals) there will
be no restoring force. Neglecting the damping effect, we have

ε = ε0[1−
Ne2

mε0ω2
] = ε0[1−

ω2
p

ω2
] (1.23)
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From this equation, we can see that when ω > ω2
p , permittivity is positive which leads

to the propagation of incident radiation through the medium. However, when ω < ω2
p

permittivity becomes negative and the propagation constant (~k) become imaginary and
hence the incident radiation will be attenuated.

1.3.2 Complex nature of permittivity

As explained in Sec. 1.3.1.1, the permittivity is a complex term with real and imaginary
parts. The imaginary part comes from the inertia of electrons to the externally applied
electromagnetic field. As the applied frequency increases, the inertia also increases, and
the displacement vector will not be able to keep in phase with field changes. It causes a
frictional damping which results in power loss. The out of phase polarization is charac-
terized by complex terms in permittivity. In conductors, semiconductors, and electrolytes
in addition to frictional loss, ohmic loss will also be present which will also contribute to
the complex part. Complex permittivity is written as

εc = ε′ − iε′′ (1.24)

where, ε′ and ε′′ are real and imaginary parts of permittivity respectively. The ratio of
imaginary part to real part is called loss tangent which is defined as

tan δ = ε′′/ε′ (1.25)

where δ is called the loss angle. The imaginary part ε′′ or loss tangent is a measure of
power loss or conductivity in the medium.

1.3.3 Permittivity as a dispersion function

From the expressions for permittivity in the models explained earlier, the complex per-
mittivity can be seen as a dispersive function.

Both real and imaginary parts of the permittivity has some characteristic shapes when
plotted along with the frequency. A plot depicting the two functions in the single pole
model is given in Fig. 1.8. We can see that at certain frequency (ωl) the real part of permit-
tivity shows an anomalous nature different from that at other frequencies. Away from ωl,
the function varies normally, i.e. as frequency increases permittivity also increases. This is
called normal dispersion. But, at frequencies close to ωl a sudden decrease in permittivity
from a maximum value is observed. This is called the anomalous dispersion. Some times
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Figure 1.8: Frequency dispersion relation of complex permittivity.

the permittivity even may attain negative real values during anomalous dispersion. At
this frequency domain, the imaginary part become appreciable than at other frequencies
and attain large positive values. This positive imaginary part of permittivity implies that
the wave is absorbed inside the medium. This is usually due to absorption of energy by
resonating electrons. Hence it is called resonant absorption.

It is obvious that the dielectric constant of a material is not really a constant and is a
misnomer. There are different factors that affect the value of dielectric constant of a ma-
terial other than frequency of operation like temperature, humidity of atmosphere and
water content. Variations in any of these parameters also affect the value of permittiv-
ity. In other words, the variations in the measured values of permittivity can in turn be
used as a tool for measuring these different parameters. Thus the complex permittivity
measurement becomes important in many fields. There have been a great interest in de-
veloping efficient methods for measuring the permittivity of different kinds of materials.

In the next section, we shall discuss some of the techniques for measuring permittivity.

17



CHAPTER 1. INTRODUCTION

1.4 Permittivity measurement techniques at microwave

frequencies

Dielectric measurement is an important tool when it comes to characterization of ma-
terials for different applications in different fields. The characterization of materials is
used for analyzing composite media (solids or liquids) and determining the composites
in them. Non-linear and anisotropic nature of different materials can be understood by
variations in the permittivity values. The dielectric measurement can also find applica-
tions in electronic industries where the complex permittivity values and its temperature
dependence are important factors. Characterization of dielectric properties of materials
is also important in food and agriculture fields. Quality and moisture control of food and
agricultural products during production and packing can be used to analyze the presence
of pesticides and other adulterants. In the field of medicine and pharmacy, anomalies in
permittivity measurements may point to the abnormalities in tissues and may even be
used for genetic analysis.

Dielectric characterization techniques differ according to the nature of the materials
under test, frequency range of interest and temperature of the environment. These tech-
niques can be classified according to the method used for measurement [43]. The meth-
ods are mainly divided into non-resonant and resonant methods. Non-resonant methods
are based on the microwave propagation through the material and resonant methods are
based on microwave resonance effects in the presence of the test material. Different di-
electric constant measurement methods are represented as a flow chart in Fig. 1.9.

1.4.1 Non-resonant methods

For measurement of dielectric parameters, non-resonant methods are mainly used in a
wide frequency range. In these kind of methods, electromagnetic wave is directed to the
material under test with the help of waveguides. Transmitted or reflected waves are mea-
sured after absorption or reflection from the material. Different kinds of waveguides used
for measurement are coaxial lines, planar transmission lines, hollow metallic waveguides
and dielectric waveguides. Non-resonant methods are classified as reflection methods
and transmission/reflection methods and are detailed below.
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Figure 1.9: Flow chart depicting different measurement methods for permittivity.

1.4.1.1 Reflection methods

Either permittivity or permeability is calculated using reflection coefficient from mea-
surements mainly using open ended coaxial probes. Permittivity measurement is done
using open reflector measurement for non-magnetic, large size and high loss materials.
The permeability of samples is measured using short reflection method where sample is
electrically shorted.

1.4.1.2 Transmission/reflection methods

In transmission/reflection methods, the sample material should be inserted into the coax-
ial lines or waveguides. Transmission and reflection coefficients are measured in this
method for obtaining the permeability and permittivity of the samples.

Severo et al. have presented a model for scattering parameters for non-resonant trans-
mission/reflection and reflection technique, and equations are derived for determining
the permittivity [44]. Kim et al. proposed a method for measuring the dielectric constant
and loss tangent of ferroelectric thin films of large dielectric constant coated on substrates
placed in a rectangular waveguide from numerical analysis of the scattering parameters
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[45].

Free space method is another kind of non-resonant method which may use both reflec-
tion and transmission/reflection measurements. This method is non-destructive and can
be used for broadband applications. They are also compatible for high temperature and
high frequency applications. The method uses broadband antennas on either side of the
sample which are calibrated by a suitable calibration technique initially. Several dielec-
tric measurements have been performed in the past using free space method. Dielectric
measurement of ceramic and other composite materials in the microwave frequencies is
performed by Ghodgaonkar et al. [46]. In that work they used a reflection method to find
out the real value of permittivity and comparisons are done using teflon and PVC sam-
ples. As another example for this method, Bijukumar et al. have developed a free space
method for measuring the permittivity of compound materials in transmission/reflection
methods using horn antennas [47].

1.4.2 Resonant methods

Resonant methods are usually used for permittivity measurements at single frequencies
and are measured by observing the changes in resonant frequency and the Q-factor. They
are mainly suitable for low-loss samples. Compared to non-resonant methods, resonant
methods provide higher accuracy and sensitivity in complex permittivity measurements.
Resonant methods are divided into resonator methods and resonant perturbation meth-
ods.

1.4.2.1 Resonator method

In this method the resonant frequency and Q-factor of the resonator are determined. The
surface resistance of the conducting plates can also be calculated using the resonator
method.

1.4.2.2 Resonant perturbation method

Unlike resonator method, resonant perturbation method uses a resonator to which the
sample under test is introduced and hence changes in the resonant frequency and Q-
factor of the resonator are obtained for evaluating the desired parameters. There are dif-
ferent types of resonant perturbation methods. Cavity shape perturbation method is one
kind of resonant perturbation method which uses adjustment of the resonant frequency of
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the cavity. In another method, wall-lose perturbation, one of the cavity wall is replaced by
the sample which changes the resonant frequency and Q-factor of the cavity. This method
is used to measure the surface resistance of conductors. Cavity perturbation is another
method which have found an important place in dielectric measurement techniques due
to its compact and accurate nature [48, 49].

1.4.2.3 Planar resonator method

Different planar resonating structures are also used for dielectric measurements. Some of
the methods are explained here.

Microstrip resonating structures are used for dielectric constant measurements. A Tee-
resonator structure is used to determine the complex permittivity of the dielectric and the
resistance of the conducting sheet by measuring the transmission parameters by Fulford
et al. [50]. Demenicis et al. employed a coplanar wave guide linear resonator for charac-
terization of composite ceramic screen printed thick films where the films are deposited
over the resonator [51].

Ring resonator structures have also been employed for permittivity measurements.
Bernard et al. have used a variational calculation to compute the capacitance and hence
the effective permittivity of the ring resonator structure. The measured values of dielectric
constant are compared with results obtained from cavity perturbation method [52].

Several dielectric measurement related works have also been done using metamate-
rial inspired resonator structure. Different designs are explored for improving the accu-
racy and sensitivity of these methods. Split Ring Resonators (SRRs) and Complementary
SRRs (CSRRs) are the metamaterial resonating structures commonly used for the dielec-
tric characterization. Their LC resonant property and its sensitivity to dielectric environ-
ment are utilized for finding out the complex permittivity of different kinds of materials.
Spiral shaped resonators and multiple ring resonators are some of the other metamaterial
inspired structures used for the dielectric study.

1.5 Brief Outline of the coming chapters

The main aim of the thesis is to introduce novel permittivity measurement techniques
using resonating property of metamaterial split ring resonator structures. The proposed
technique is verified using experiments and simulations. It is also extended to tempera-
ture dependent permittivity measurements of different dielectric samples.
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The remaining part of the thesis is divided into five chapters. The second chapter dis-
cusses different negative permeability structures, their resonant nature, fabrication and
measurement methods. It also gives an outline of the fabrication and measurement meth-
ods used for the present work.

Deriving a new formula for resonant frequency of circular SRR in terms of the capaci-
tance and inductance of the SRR is presented in chapter 3. Derived formulas are verified
using simulations and experiments. Chapter 4 proposes a complex permittivity measure-
ment technique on the basis of the equations derived. An extrapolation method using
calibration curve to measure the real part of permittivity is also introduced in this chap-
ter. A study on the temperature dependent variations of real part of permittivity of dif-
ferent samples having importance in industrial and commercial applications is presented
in chapter 5.

Chapter 6 presents summary of the research findings and scope for future works. Con-
cluding remarks on the research is also presented in this chapter.
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Chapter 2

Split Ring Resonators - Negative
Permeability Resonating Structure

This chapter elaborates the negative permeability metamaterial Split Ring
Resonators (SRR). Resonant property, negative permeability property of SRR
and equivalent circuit models are discussed in this chapter. Various other neg-
ative permeability structures inspired from SRR are presented here. Tunability
of SRR resonance and permeability property are explained in detail. Several
applications of SRRs are also presented. The methodology adopted for fabri-
cation of SRR and measurement of its resonant frequency are also addressed
in this chapter.
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Split Ring Resonators (SRRs) are basic metamaterial resonant structures constructed
from non-magnetic conducting elements to exhibit negative permeability in specific fre-
quency regions [9, 11, 10]. They are artificially engineered structures having characteristic
response to electromagnetic fields. SRRs mimic the response of atoms and act as a mag-
netic dipole in interaction with the magnetic component of the electromagnetic wave.
Their periodic arrangement leading to a bulk form exhibit homogeneous medium prop-
erties when their periodicity and dimensions are much smaller than the wavelength of
the electromagnetic wave interacting with them.

2.1 Negative permeability nature of SRR

The need for negative permeability structures for realization of negative refractive index
triggered intensive research in the area of metamaterials. John B. Pendry first considered
an array of parallel conducting cylinders of radius r and spacing a for the above structure
[9]. The expression for permeability of such a medium when alternating magnetic field
applied in the axial direction of cylinders is

µ

µ0

= 1−
πr2

a2

1 + 2iσ
µ0ωr

(2.1)

Where σ is the resistivity of the conducting material, ω if the frequency and µ0 is the
permeability of free space. This permeability is dispersive in nature with its value greater
than zero indicating a limited magnetic response.

Pendry showed that range of magnetic properties can be enhanced by introducing
internal capacitive elements into the structure. A structure with two concentric cylinders
having splits at opposite ends prevent the current to flow around the ring and there by
introducing a capacitance along with the inductance. This resulted in a resonant structure
having a dispersion relation with negative permeability value at certain frequencies [9].

Such a structure is found to be highly anisotropic due to the electrical conducting path
in the axial direction. To reduce the anisotropy of this structure and to remove electrical
effects a modified structure with flat SRR is suggested. Fig. 2.1 shows the structural and
lattice parameters of the individual and bulk SRR structures. The given structure avoids
continuous conducting path and hence eliminates electrical activity along axial direction.
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The equation for permeability of this structure is obtained as

µ

µ0

= 1−
πr2

a2

1 + 2ilσ
µ0ωr
− 3lc20

ln 2c
d
πω2r3

(2.2)

where σ is the resistivity and c0 is the velocity of light in vacuum, l is the periodicity, r
is the inner radius, c is the width of the ring and d is the spacing between the rings. The
above equation can be written as

µ =
Fω2

ω2 − ω2
0 + iωΓ

(2.3)

where
F = 1− πr2

a2
(2.4)

Γ =
2liσ

µ0r
(2.5)

ω2
0 =

3lc20
πr3ln(2c/d)

(2.6)

where ω0 is called the resonant frequency. The permeability is found to become nega-
tive for frequencies ω0 < ω < ωmp, where ωmp is the magnetic plasma frequency and it is
defined as

ωmp =
ω0√

(1− F )
(2.7)

The variation of real and imaginary parts of permeability with frequencies is shown in
Fig. 2.2.

The negative permeability nature of SRR was theoretically explained and experimen-
tally verified by several researchers after Pendry’s initial proposal. Frequency dependent
permeability and permittivity of SRR, wire structure and composite structure are eval-
uated from the transmission and reflection coefficients by Smith et al. [12]. It is shown
that the real part of permeability is negative in some frequency regions. Smith et al. has
also experimentally proved the negative permeability of SRR [10]. Negative permeability
nature of SRR is also validated and Q-factor of resonance is analyzed by Lee et al. [53].
Weiland et al. also verified the dispersion relation of the permeability of SRR and negative
permeability nature is quite evident in their work [54]. Another attempt to experimen-
tally prove the negative permeability nature of SRRs is done by Pradeep et al. [55] where
a cavity perturbation technique is employed.
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Figure 2.1: SRR structures and its stacked layers with strutural parameters.

Figure 2.2: Variation of real and imaginary parts of permeability of an SRR with fre-
quency.
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Figure 2.3: Schematic representation of the Split Ring Resonator (SRR) with its structural
parameters - inner radius (r), ring width (c) split width (s) and spacing (d) along with the
field directions.

SRRs with two concentric metal rings of width c and spacing d are usually fabricated
on a planar dielectric substrate like printed circuit boards. The radius of the inner ring
is represented as r. Each of the two metal rings have small split (s) on the diametrically
opposite sides of the structure. Schematic representation of the SRR structure is shown in
Fig. 2.3. The proposed SRR structures specially designed to produce negative permeabil-
ity may lead to the construction of artificial negative refractive index bulk metamaterial
media by suitably incorporating them with the negative permittivity counterpart (wire
media).

2.2 Fabrication and measurement techniques of SRR

In this section, a brief description regarding the different fabrication techniques, geom-
etry, resonance, tunability, equivalent circuits and some sensing applications of the SRR
are presented.

2.2.1 Fabrication of SRR

Fabrication of SRR with accurate dimensions is of utmost important for getting the re-
quired resonance condition. There are several methods for the fabrication of SRR.
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Figure 2.4: Block diagram representing the various steps of photo chemical etching
method.

2.2.1.1 Photochemical etching method

SRRs are usually fabricated on Printed Circuit Board (PCB) laminates. Photo chemical
etching method may be employed for this purpose which includes several steps as de-
tailed below. Fig. 2.4 shows the flow chart representing different steps of photo chemical
etching.

The first step of photo chemical etching is the designing of photo - masks. They are
usually transparent polymer sheets printed with designs of SRR structures which are to
be etched on the PCB. The required designs can be drawn using any drawing softwares
like CorelDRAW and then printed on the transparent sheet.

After carefully cleaning the PCB to remove any dust, grease, oil or any other contam-
inants, it is coated with a photo resist material. It is a light-sensitive material which will
change their chemical property when exposed to Ultra Violet (UV) radiation. After care-
fully dipping into the photo-resist liquid, the PCB is allowed to dry in a dark room.

The specially designed mask is then placed on the PCB and is exposed to UV rays.
When photo resist is exposed to UV light, the chemical structure of the resist changes so
that it becomes more soluble in the developer. This chemical change allows some of the
photo-resist to be removed by a developer solution.

After developing, etching process is done where by the unwanted copper is removed.
In etching process, a liquid chemical agent is used to remove the metallic layer which are
not protected by photo-resist material. Usually Ferric Chloride (FeCl3) solution is taken
as the etching solution. When the PCB is dipped in the FeCl3 solution for a sufficient time,
it will react with the copper in the UV exposed area resulting in its removal. The copper
in the unexposed portion will stay intact and hence we get the required SRR structure on
the sheet.
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2.2.1.2 Printing using milling method

Milling method is another printing technique used to fabricate electronic circuits which
can also be used for SRR fabrication. It is a process of removing areas of unwanted copper
from a printed circuit board with the help of a computer assisted milling machine. The
method is free of chemicals as rotary cutters are used to create high quality structures
printed on PCB.

2.2.2 Different types of SRR structures

The structure has an important role in determining the properties like resonant frequency,
bandwidth and sensitivity of Split Ring Resonators. SRRs of different structures are de-
signed and analyzed extensively by different researchers and proposed for several appli-
cations. Fig. 2.5(a) is the structural representation of the conventional SRR having circular
shape where as Fig. 2.5(b) is its complementary structure usually named as Complimen-
tary Split Ring Resonator (CSRR) [56, 57]. Square shaped SRR (Fig. 2.5(c)) is proposed
in 2000 and analyzed later by several researchers [10, 58, 59]. Broadside Coupled SRR
(BCSRR) is proposed in order to eliminate the bianisotropic effects of SRR and is widely
discussed in literature (Fig. 2.5(d)) [60, 61]. A modified version of BCSRR is proposed
where its two rings are separately fabricated on two pieces of same substrate which will
have its added advantage of changing the spacing related capacitance (Fig. 2.5(e)) [22].
Another variant of SRR known as Double - sided Split Ring Resonator (DSRR) is made
by printing two SRR structures on either sides of the substrate material [62].

Different multiple inclusion metamaterial resonating structures having effective neg-
ative permeability are analyzed through equations derived from fundamental principles
(Fig. 2.5(f)) [63]. Isotropic split ring resonators having a labyrinth based structure which
avoids bianisotropy is presented and later widely analyzed [64, 65]. Multi-ring SRR meta-
material design for multiband metamaterial applications is proposed by Turkmen et al.
Beana et al. introduced another artificial metamaterial structure called spiral resonators
which are having smaller electrical size (Fig. 2.5(g)) [66].

Metamaterial SRR structures having triangular shape (Fig. 2.5(h)) is introduced and
its effective properties and other characteristics are widely analyzed by Sabah [67, 68, 69].
Omega shaped bianisotropic structures are introduced by Saadoun and Engheta and is
called pseudochiral media and is proposed for reciprocal phase shifter [70]. V-shaped
conducting strips etched on both faces of a substrate showing negative permeability is
proposed and analyzed through numerical simulations by Ekmekci et al. [71]. S-shaped
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Figure 2.5: Different types of SRR structures.

resonators for negative refractive index is proposed by Hongsheng chen et al. [72, 73].

Flexible SRR fabricated on thin adhesive polymer films contributed to tunable reso-
nant structures [74]. Wire SRRs (WSRR) (Fig. 2.5(i)) proposed with very high Q-values
provided highly sensitive metamaterial resonating structures. They are having an added
advantage of low losses as they are fabricated without using any rigid substrate material
[75].

2.2.3 Resonant nature of SRR

A time varying magnetic field applied perpendicular to the surface of the structure pro-
duces currents in the ring as implied by Faraday’s law (Fig. 2.6). These circulating electric
current mimic magnetic dipole. Hence the metallic ring structure becomes magnetically
active or show magnetic response when circulating currents are introduced. But due to
the discontinuities on the rings produced by the slits, there is a charge distribution with
corresponding regions of outer and inner rings possessing opposite charges. The induced
charge and current distributions produce capacitance and inductance which make the
structure to act as a LC resonant circuit. The charge concentration near the split region
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Figure 2.6: Figure of SRR with currents and charges with directions of applied electro-
magnetic field directions.

also add a small capacitance to the whole structure. Fig. 2.7 represents resonance curve
along with the corresponding phase plot of an SRR. The resonant frequency is indicated
in the figure. The phase can be seen as undergoing a sudden variation from negative
values to positive values around the resonance.

When the applied magnetic field is in z direction, the currents in the two loops have
the same direction. The inductance and capacitance produced due to this current pro-
duce magnetic polarizability which will lead to negative values of permeability [76]. This
causes an inductive-capacitive resonant frequency which is referred to as magnetic reso-
nant frequency. If the electric field is directed in y direction, the induced currents result in
charge accumulation leading to electric polarization effect. This polarization produced by
the electric field also produces a resonance usually in higher frequency region compared
to the magnetic resonant frequency.

2.2.4 Resonant frequency measurements

To measure the resonant frequency of SRR, it should be exposed to an electromagnetic
wave of wide frequency range. Frequency corresponding to the resonance is absorbed
by the structure which may result in the corresponding change in the transmission curve.
For drawing the transmission curve, a microwave source and detector connected to a
Vector Network Analyzer (VNA) is used. The SRR can be placed in the applied field in
different ways and are presented below.
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Figure 2.7: Plot showing a resonance curve of SRR along with its phase plot.

2.2.4.1 SRR between transmitting and receiving probes

The measurement of resonant frequency from the transmission curve of Split Ring Res-
onator structure can be done by placing it between two monopole antennas [77] con-
nected to transmitter and receiver ports of the VNA. Initially the calibration has to be
done and then the resonant frequency of SRR can be measured by placing it between the
measuring probes.

2.2.4.2 Transmission line method

Microstrip transmission lines loaded with SRR can also be used to analyze the transmis-
sion and reflection properties of the resonating structure. For this, the SRR is etched side-
by-side to the transmission line so that energy corresponding to the resonant frequency
is absorbed by the SRR due to near field coupling [78, 79, 80].

2.2.4.3 Free space method

Transmission properties of bulk structure consisting of periodic array of SRRs can be stud-
ied by free space method. For this, two wide band horn antennas are placed on either side
of the bulk sample and corresponding spectra is taken [77, 81].
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2.2.5 Structural and substrate tunability

It is observed that the structural and substrate parameters determine the resonant fre-
quency of SRR, and it is seen that even a slight variation in these parameters can change
the resonant frequency. This finds numerous applications in the fields of sensors, Radio
Frequency Identifiers (RFIDs) [32, 82, 83] and Micro Electro Mechanical Systems (MEMS)
[84, 85].

Sensitivity in resonant frequency variation of SRR and Double - sided SRR (DSRR) due
to the substrate parameter changes have been analyzed using simulations by Ekmekci et
al. [86]. They showed that DSRR is electrically smaller than SRR. Tunability of effec-
tive property (permeability, permittivity or refractive index) of SRRs by varying substrate
properties is numerically studied by Sheng et al. [87] and showed that effective refractive
index can be switched between positive and negative values. Controlling the resonant
frequency by varying aspect ratio and substrate thickness of SRRs in THz frequencies is
analyzed by Chiam et al. [88]. Roy et al. studied the tailoring of resonant frequency, band-
width and permeability of multiple inclusion negative permeability resonating structures
[63]. Tuning of transmission characteristics through adjustments of lattice structure is pre-
sented by Lapine et al. [89]. Weiland et al. analyzed the resonant frequency variation of
SRRs due to different structural parameters. Loading of varactor diodes and capacitors
on SRR is presented as another method for frequency tuning [90, 91].

2.2.6 Equivalent circuit models

SRRs are LC resonating structures and can be represented as an equivalent circuit of in-
ductor and capacitor elements. The knowledge of constitutive elements are essential for
obtaining the resonant frequency of the SRR. Several researchers have analyzed the prop-
erties of SRRs and suggested equivalent circuit models and derived equations for reso-
nant frequency.

Marques et al. considered the design formulas for microstrip transmission line and a
pair of metallic strips in a dielectric for deriving the expression for capacitance of SRR
[61]. They have used the expression for capacitance per unit length (Cpul) in terms of
phase constant β and impedance Z given as [92]

Cpul =
β

ωZ
(2.8)

where ω is the frequency of the applied field.
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The expression for total inductance is obtained from inductance of single equivalent
ring by using variation expression L = 2Um

I2
where 2Um is the magneto static energy and I

is the current intensity. Accordingly the inductance is obtained as

L =
µπ2

I2

∫ ∞
0

[I(k)]2k2dk (2.9)

where I(k) is the Fourier- Bessel transform of the current function on the ring.

Similar method was followed by Baena et al. to find an expression for inductance and
capacitance of SRR [57]. Fig. 2.8(a) represents the equivalent circuit of SRR predicted by
them. The equations presented in these works involved a lot of complex mathematical
functions and is not in direct terms of structural parameters of SRR. Here the equation for
capacitance is derived by considering only the capacitance of one surface of the SRR.

A novel theoretical equivalent circuit model (Fig. 2.8(b)) for SRR structure is proposed
based on the geometry and the distribution of electric charge and current by Wu et al.
[93, 94]. The expressions are derived using quasi-static approach for capacitance and
inductance by considering the SRR as a transmission line segment. They have considered
the resistors, capacitors and inductors of both the rings in terms of structural parameters.
Numerical simulation is used to verify the derived expression.

Equivalent circuit model for square SRR is presented by considering each side of the
SRR as individual inductors (Fig. 2.8(c)) [95]. Equation of inductance of two coplanar
current sheets is taken with a correction applied to incorporate the presence of the slit
[96]. The expression for capacitance is derived using the same concept as considered by
Wu et al. [93, 94]. The expressions are verified using numerical simulations.

Another modeling of SRR based on an equivalent circuit (Fig. 2.8(d)) is done where
capacitance and inductance are determined from geometric parameters [97]. An analyti-
cal study is proposed to determine different components of the equivalent circuit values.
Validation of the proposed approach is done by considering mutual capacitance of two
halves and gap capacitance.

An approximate expression is derived for the resonant frequency of a single Split Ring
Resonator by Sydoruk et al. [98]. Equivalent circuit for SRR fabricated using coplanar
wave guide technology is proposed by Rogla et al. [99].

A SRR calculator software has been developed by Pradeep et al. using a genetic al-
gorithm [55]. Genetic algorithm is a numerical optimization method involving some ap-
proximations through which they have devised a method to predict the SRR parameters
for a desired resonant frequency.
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Figure 2.8: Different equivalent circuits of SRR proposed in literature.

2.2.7 Sensing applications of SRRs

Negative permeability metamaterial resonating structures, especially SRRs, are widely
used for various applications due to their tunable resonance nature [74, 100]. Light
weight, low cost, compactness, accuracy and sensitive properties make them suitable can-
didate for several sensing applications.

Displacement sensing using different SRR structures have been widely studied in lit-
erature. Transmission line loaded BCSRR and diamond shaped tapered SRR are used for
alignment and displacement sensing by Horestani et al. [101, 102]. Rotation sensors using
metamaterial inspired structures are also analyzed by Horestani et al. [103] and Ebrahimi
et al. [104]. Ozbay et al. presented structural and health monitoring system using nested
SRRs which can detect sub-micron displacements [105].

Proximity sensors are also investigated using the variations in the electric field con-
fined at the gap of Split Ring Resonators. Proximity of a metallic object is measured using
SRR and CSRR by Von Detten et al. [106]. A flexible probe working at very low frequen-
cies which can detect proximity of any kind of material is presented by Zhang et al. [107].

Several other types of sensors like strain sensor, pressure sensor, temperature sensor,
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movement sensor and dielectric sensor are realized using SRRs [21, 23, 24, 108, 109].

2.2.7.1 Dielectric sensing and measurements

Dielectric sensing and measurements using SRRs have become another important field of
application.

These sensors have also found many applications in material characterization stud-
ies. Permittivity and thickness measurement of solid dielectrics are done using transmis-
sion line based CSRR with the help of a calibration curve drawn using known dielectric
samples [110]. Rusni et al. presented a dielectric sensing using transmission line loaded
rectangular multiple SRR having centered gap and also aligned gap [111]. A complex
permittivity measurement technique using triple Complimentary Split Ring Resonator is
proposed by Hsu et al. [112]. Triple Complimentary Split Ring Resonator is also used for
complex permittivity and thickness measurement by Yang et al. [113].

Complimentary Split Ring Resonators are presented as dielectric measurement sensors
by Boybay et al. [114]. A comparison of sensitivity of SRR and CSRR is done and CSRR is
found to be more sensitive. By measuring the resonant frequency and transmitted power
of CSRR loaded microstripline, dielectric constant and loss tangent are calculated and
presented [115]. Permittivity and thickness are shown to be measured simultaneously
using CSRR having two distinct resonant frequencies by Lee et al. [116]. CSRR with two
resonant frequencies is also used for thickness and permittivity measurement of multi-
layered dielectric materials [117]. CSRR is also used to determine complex permittivity
of dielectric material by non-invasive method and have presented the results both nu-
merically and experimentally [118]. A numerical study of permittivity measurement of
anisotropic and lossy medium like carbon fiber reinforced polymer is done by Yilmaz et
al using CSRR [119]. Ebrahimi et al. used a single CSRR coupled to a microstrip line to
measure the dielectric values of different liquids and hence used it as a microfluidic sen-
sor [80]. Double Sided Spiral SRR is used for the dielectric measurement of FR-4 boards
and liquid mixtures by Benkhaoua et al. [120, 121]. In most of these works, the unknown
values are extracted from a calibration curve drawn with the help of known values.

Dielectric constant measurement of organic liquids with the help of self sustained mi-
crowave system using SRR is presented in the works by Sekar et al. [122, 123]. A SRR
based submersible sensor is designed and used for characterization of thin films, solids
and liquids by Romera et al. [124]. Here expressions are derived from simulation results
to find out the unknown permittivity of materials. Hexagonal shaped CSRR is used for
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complex permittivity measurement by employing empirical relations [125].

2.3 SRR fabrication and measurement methods used for

the present study

The present study is aimed at determining the dielectric parameters by using SRRs as a
dielectric sensor. The fabrication methods and novel dielectric measurement techniques
proposed are briefly presented in the following sections.

2.3.1 SRR structure used

The SRRs used for the study in this thesis is of circular structure. Some typical SRRs
fabricated are shown in Fig. 2.9. The Fig. 2.9(a) shows SRRs of different dimensions
fabricated on FR4 circuit board whereas Fig. 2.9(b) gives SRRs fabricated on thin flexible
polymer film.

2.3.2 Fabrication methods adopted

For the fabrication of SRRs on FR board, photochemical etching method and printing
using milling method are used. For making SRRs on flexible polymer film direct printing
technique is employed.

2.3.2.1 Photochemical etching method

The photochemical etching method described in the section 2.2.1.1 is used for fabrication
of SRRs on solid substrate material. Figure 2.10 represents the process flow of the method
followed. Initially photo mask is prepared and photo-resist is coated on the laminate
using a dip coating machine. After exposing to ultraviolet (UV) rays, the laminate is
etched using ferric chloride to get the required SRR structure.

2.3.2.2 Printing using milling method

The milling method described in section 2.2.1.2 is also used for fabricating SRRs. Though
there is a limitation to the minimum dimension possible for milling gap in relation to the
mill size, the edge perfection of SRR is comparatively better than the chemical etching.
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Figure 2.9: (a) SRRs of various dimensions fabricted on FR4 board (b) and on thin polymer
film.

Figure 2.10: Flow diagram representing the various steps of photo chemical etching
method (a) Printing of photomask (b) Dip coating unit (c) UV exposure (d) Etching in
ferric chloride (e) Split Ring Resonators printed on circuit board.
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Figure 2.11: Flow diagram representing the various steps of direct printing method.

2.3.2.3 Direct Printing method

Direct printing method for SRR fabrication is an easy and less time consuming method
with less number of steps. Figure 2.11 gives a flowchart representing different steps of
direct printing we have adopted. Initially, the structure to be printed is drawn using
any drawing software employing computer. After affixing on an adhesive polymer film
to one side of a thin copper sheet of 20 µm thickness having suitable area, the design
is printed directly on the other side using a laser-jet printer connected to the computer.
Since the printing is on thin copper film, instead of usual paper, adequate care is taken
during printing. This sheet is then dipped in the ferric chloride solution for sufficient time
which removes the copper from the region leaving SRR patterns. Thus the required SRR
structure, will remain on the adhesive polymer sheet which will act as the substrate. The
distinct advantage of this method is that, SRRs with flexible substrates can be fabricated
in an easy manner [74].

2.3.3 Samples used for the study

Solid samples used for the study are glass, perspex and plastic. For analyzing the permit-
tivity of circuit board materials, flame retardant laminates are used (FR2, FR3 nd FR4).
With the intention of quality check of the food materials, powders of different pulses and
cereals (wheat, corn, rice etc.) are used. Wax samples (paraffin wax, bran wax and bees
wax) having uses in cosmetic and industrial applications are also employed in the study.
Photographs of some selected samples are given in Fig. 2.12.

2.3.4 Resonant frequency measurement setup

The main method adopted for resonant frequency related measurement is the one with
the transmitting and receiving probes connected to the VNA as detailed in section 2.2.4.1.
Schematic representation and photograph of the measurement test probe are given in Fig.
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Figure 2.12: Photos of (a) Solid samples, (b) FR laminates and (c) Waxes used for the
permittivity studies.

2.13.

Solid samples are prepared having same area as that of the SRR surface area and thick-
ness grater than c+ d/2 where c and d are width of the ring and gap between the rings of
SRR respectively. Solid samples are placed directly over the SRR for resonant frequency
measurements. The powdered samples and wax samples are placed in a sample holder
made of transparent polymer sheet with no bottom phase. This ensures that the sample
is in contact with the SRR. Photograph of wax sample placed in the sample holder on the
surface of SRR is shown in the Fig. 2.14.

2.3.4.1 Temperature controlled measurement

One of the aims of the thesis is to analyze the permittivity variations with respect to the
temperature. To study the temperature dependence of the complex permittivity of the
test samples, suitable experimental setup to maintain and measure the temperature of
the sample is to be prepared. For uniform heating of the sample, the SRR-antenna setup
is placed inside a thermally insulated box made up of wood of dimensions 30 cm × 30
cm × 30 cm, and having a provision to place an infrared lamp which provide heating.
Temperature measurements are done using a digital thermometer having a long metallic
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Figure 2.13: (a) Schematic representation and (b) photograph of the SRR test probe.

Figure 2.14: Wax sample taken in a sample holder and placed on the SRR arranged be-
tween transmitting and receiving probes.
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Figure 2.15: Schematic representation of measurement setup for the temperature depen-
dent permittivity measurement.

sensor probe (with thermocouple used for measurement) which is preferred over mer-
cury thermometer. Digital thermometer responds to sudden variations in temperature
and hence is more sensitive where the readings are accurate up to 2 decimals. For ac-
curate measurement of temperature a substrate sample is placed inside the temperature
controlled box to which the thermometer tip is attached. This is done since the insertion
of thermometer probe may affect the electric field distribution of the original test probe
which in turn may alter the readings.

2.3.5 Simulation techniques

Simulations are used to verify the experimental results. High Frequency Structure Sim-
ulator (HFSS) is used for the same. The transmission properties are analyzed and the
resonant frequencies are obtained for selected structures.
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Chapter 3

Formulation of Resonant Frequency of
SRR

This chapter mainly aims at deriving an equation for resonant frequency
of Split Ring Resonator (SRR) in terms of the capacitance and inductance.
The expression for capacitance is derived by analyzing the electric field dis-
tribution on both surfaces of SRR. SRRs of different dimensions are used to
measure the resonant frequencies. The resonant frequencies of these SRRs are
calculated using the derived equations. Numerical simulation is then used for
resonant frequency measurements. The results using equations, experiments
and simulations are compared in this chapter.
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Finding an expression for the resonant frequency of the SRR is important when we
have to optimize the structural parameters for desired resonant frequency for specific
applications. An equivalent circuit model helps to find the expressions for capacitance
and inductance in terms of the structural parameters.

In the previous chapter, different approaches to find expression for inductance and ca-
pacitance presented in literature are discussed. The equivalent circuit models proposed
in these works are also discussed. In this chapter a more accurate expression for capac-
itance and that of the resonant frequency of SRR are derived. The effective capacitance
is derived by using the basic principles of parallel plate capacitor. After considering the
presence of electric field lines on both upper and lower surfaces of the SRR, which was
not taken into account in previous works, the equation for capacitance is modified. The
equation for inductance is taken from literature. A new equivalent circuit model is pro-
posed based on the distribution of capacitance and inductance of the SRR. The validity of
the derived equations are also verified using experiments and simulations.

3.1 Theoretical formulation of resonant frequency of SRR

An alternating magnetic field can produce a capacitive inductive resonance in SRR and
the resonant frequency (f ) is expressed as

f =
1

2π
√
LC

(3.1)

where L is the effective inductance and C is the effective capacitance.

3.1.1 Field distribution near SRR

Since the SRR metalization is in the form of thin sheets, it is reasonable to imagine that
charges are equally distributed on both upper and lower surfaces of the SRR and hence
the fringing electric field distribution may be similar on both sides. The expected field
and charge distribution of the SRR are shown in Fig. 3.1. To find the total capacitance
of the SRR, an equivalent capacitive circuit is considered. The total capacitance of SRR
can be considered as a combination of four capacitors, two on upper surface and two on
lower surface of SRR. The two capacitors on upper surface are in series connection which
are in parallel with capacitors in lower surface as shown in Fig. 3.2. If capacitances are
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Figure 3.1: The schematic representation of the electric field and charge distribution on
both surfaces of the SRR.

Figure 3.2: Equivalent representation of capacitance C1(Ca = Cb) and C2(Cc = Cd) on
upper and lower surfaces of SRR.

Ca, Cb, Cc and Cd, the total capacitance is

Ctot =
Ca + Cb

2
+
Cc + Cd

2
(3.2)

Capacitances Ca and Cb will be same, as the dielectric medium is same for both of the
capacitors, and can be represented as C1. Similarly the capacitances at the other side
Cc and Cd will be equal and can be represented as C2. A schematic diagram of such a
distribution of capacitances is also shown in Fig. 3.2.
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3.1.2 Experimental confirmation of field distribution

The experimental verification in the presence of the field and its contribution to the capac-
itance on both surfaces of the SRR is done by using a SRR (r = 2 mm, c = 1 mm and d = 0.1
mm) fabricated on a thin polymer film [74]. For this a copper sheet of 20 µm thickness is
fixed on an adhesive polymer film of thickness 18 µm and the SRR structure is fabricated
on it using direct printing method. The fabrication procedure is explained in the previ-
ous chapter. A piece of the same polymer film is fixed on the other side of the SRR for the
structure to be symmetric. Accordingly, the small capacitive contribution due to the thin
polymer films on both sides of the SRR will be the same. In fact, the effect of the polymer
films on both sides can be neglected due to their small thickness. Resonant frequency
of this structure is measured to be 4.14 GHz. A dielectric sheet of permittivity 2.45 and
thickness 1.52 mm is fixed on one side of the SRR, which shifts the resonant frequency to
3.75 GHz. The corresponding shift in the resonant frequency is 0.39 GHz. Another piece
of the same material with same thickness is then placed on other side of the SRR and the
resonant frequency is further shifted by 0.36 GHz to 3.39 GHz. Fig. 3.3 shows these shifts
in resonant frequency [27].

The experiment is repeated using another SRR fabricated on polymer film with a res-
onant frequency of 4.86 GHz and by using circuit board laminates of permittivity 2.5 and
2.9 and similar results are obtained. For sample of permittivity 2.5 the shifts obtained are
0.82 GHz and 0.83 GHz respectively when dielectric is placed on either sides of the SRR
(Fig. 3.4). For sample of permittivity 2.9 the shifts in resonant frequency obtained are 0.76
GHz for both the cases (Fig. 3.5). Almost equal shifts in resonant frequency again verifies
the presence of equal field distribution both on the upper and the lower surfaces of the
SRR.

The effective capacitance of the SRR must therefore include the contribution from both
sides of the SRR. After considering this contribution to evaluate the effective capacitance
of the structure, the dielectric constant of various materials in relation to the resonant
frequency of the SRR are calculated. When calculating the effective capacitance of SRR,
the electric field on both sides - which is a major contribution - has to be considered, which
was not done in earlier attempts. This important modification has resulted in reducing
the error in calculating the resonant frequency of SRR considerably as will be shown in
this chapter.

46



3.1. THEORETICAL FORMULATION OF RESONANT FREQUENCY OF SRR

Figure 3.3: Transmission curves showing nearly equal shifts in resonant frequency when
similar dielectrics of permittivity 2.45 are placed on both surfaces of the SRR.

Figure 3.4: Transmission curves showing nearly equal shifts in resonant frequency when
similar dielectrics of permittiviy 2.5 are placed on both surfaces of the SRR.
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Figure 3.5: Transmission curves showing nearly equal shifts in resonant frequency when
similar dielectrics of permittiviy 2.9 are placed on both surfaces of the SRR.

3.2 Derivation of effective capacitance of SRR

The presence of charge and electric field distribution on both surfaces of SRR was verified
in the previous section. Although the electric field between the two rings is fringing elec-
tric field as shown in Fig. 3.1, it can be considered as analogous to a parallel plate capac-
itor. In literature, the capacitance of SRR was derived using variational expressions from
electrostatic energy equations which included complex special functions and are tedious
for calculations [57]. Transmission line equations are also used to find the expressions for
capacitance [92].

To find the capacitance of a SRR, the parallel plate approximation is used. We consider
two coplanar conductor strips of width c and length 2πa (where a is the average radius of
the two rings = rin+c+d

2
) and are separated by a distance d (Fig. 3.6 and Fig. 3.7). Consider

two parallel plate small strips on each planar conductors with width dr. Consider them
as two conductors of capacitance with separation πr where r is the radius of the semicircle
(representing the electric field lines) connecting the two sheets. The equation for parallel
plate capacitor is

C =
Aε0
d

(3.3)
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Figure 3.6: Cross sectional view of the streched SRR showing the electric field line.

where A is the area and d is the distance between them. Substituting the corresponding
terms of the parallel strips, the capacitance becomes

C =
2πaε0dr

πr
(3.4)

The total capacitance of the conductor strip can be found out by integrating through
out the width of the strips (c), where r becomes variable distance between each small
capacitors. For this, the limits of the integral are d/2 and c+d/2, as obvious from the figure.
Then the equation becomes

C =

∫ c+d/2

d/2

2πaε0dr

πr
(3.5)

The capacitance per unit length Cpul is obtained by dividing the above equation by 2πa
[27].

Cpul =
ε0
π

∫ c+d/2

d/2

dr

r
(3.6)

Cpul =
ε0
π
ln

2c+ d

d
(3.7)

This is almost same as the equation for capacitance per unit length given in Pendry et al.
[9].

Now, the total capacitance of one of the four capacitors of the equivalent circuit is
C0 = πaCpul. If there is no substrate on both sides, all four capacitors are same and is
equal to C0. Hence total capacitance on upper side due to the parallel combination of two
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Figure 3.7: (a) Schematic representation of SRR showing average radius a, and spacing
between rings d and variable for integration r (b) Approximated streched representation
of SRR into two coplanar conducting sheets showing different parameters.

C0 is C0

2
. Considering the contribution from both surfaces, the total capacitance of the SRR

will be C0

2
+ C0

2
giving C0. Therefore the total capacitance of the SRR is

Ctot = πa
ε0
π
ln

2c+ d

d
(3.8)

If the SRR is fabricated on a dielectric substrate, the expression for capacitance of that
surface includes dielectric constant contribution εr1 also and is given as

Ctot = (1 + εr1)πa
ε0
2π
ln

2c+ d

d
(3.9)

If the same dielectric material of same thickness is placed on the other side of the SRR,
the total capacitance changes as,

Ctot = εr1πa
ε0
π
ln

2c+ d

d
(3.10)

Instead of the same dielectric, if a material of different dielectric constant is placed on
the other side, the total capacitance becomes,

Ctot = (εr1 + εr2)πa
ε0
2π
ln

2c+ d

d
(3.11)
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A small correction to the equation is applied in order to include the effect of curvature
of the rings and the non uniformity of charge distribution and the equations 3.9 and 3.11
become

Ctot = (εr1 + 1)π(a+
d

2
)
ε0
2π
ln

2c+ d
d
2

(3.12)

Ctot = (εr1 + εr2)π(a+
d

2
)
ε0
2π
ln

2c+ d
d
2

(3.13)

where average radius a is extended by adding a small contribution d
2
. Similarly, d is re-

placed by d
2

in the denominator of the logarithmic term. This is for reducing the possible
error which may occur due to fringing effects during the stretching process of circular SRR
into straight conductors. By this assumption, almost perfect matching is obtained with
experimental and simulation results which are discussed in the last part of this chapter.

3.3 Expression for inductance

The expression for inductance of SRR has been derived by different researchers by using
different methods. Some of the expressions are derived using variational methods based
on magnetostatic energy and include special functions like Struve and Bessel functions
[57, 61]. Inductance of spiral and multiple SRR are also derived from the expressions
given by Mohan [96].

In calculating the resonant frequency of SRR, the self inductance of both of the rings
and the mutual inductance between the rings are considered. Here the expression for
self inductance of circular current sheet and mutual inductance between two concentric
circular current sheets which are derived by Mohan [96] starting with the expression of
inductance between two circular filaments are taken. The derived expression for self in-
ductance of a circular current sheet (Fig. 3.8) and for the two rings of different dimensions
are

L1 =
µs1
2

[ln(
s1
c1

) + 0.9 + 0.2(
c21
s21

)] (3.14)

L2 =
µs2
2

[ln(
s2
c2

) + 0.9 + 0.2(
c22
s22

)] (3.15)

where, c1 and c2 are width of each rings of SRR and s1 and s2 are average diameter of the

51



CHAPTER 3. FORMULATION OF RESONANT FREQUENCY OF SRR

Figure 3.8: Schematic representation of a single flat metallic ring considered to derive
expression for self inductance.

Figure 3.9: Schematic representation of two concentric flat metallic rings considered to
derive expression for mutual inductance along with the dimensional parameters.
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Figure 3.10: The proposed equivalent circuit of SRR.

corresponding rings.

The mutual inductance between two concentric circular current sheets is calculated
using Neumann double integral method and is expressed as

M =
µs

2
[ln(

1

ρ
)− 0.6 + 0.7ρ2 + (0.2 +

1

12ρ2
)
c2

s2
] (3.16)

where ρ = c+d
s

and s = d1+d2
2

with d1 and d2 are average diameters of the inner and outer
rings respectively (Fig. 3.9).

3.4 Resonant frequency

The expression for resonant frequency given in Eqn. 3.1 is modified by considering the
derived expression for the total capacitance and the self and mutual inductances of the
two rings. The modified expression for the resonant frequency of the SRR is given as

f =
1

2π
√

(L1 + L2 − 2M)Ctot
(3.17)

where the self inductances are given by Eqns. 3.14 and 3.15 and mutual inductance by
Eqn. 3.16. The equation for total capacitance are given by the derived Eqns. 3.12 and 3.13.
Hence, the final equation for the resonant frequency with and without sample will have
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the form
f =

1

2π
√

(L1 + L2 − 2M)((εr1 + 1)π(a+ d
2
) ε0
2π
ln2c+d

d
2

)
(3.18)

f =
1

2π
√

(L1 + L2 − 2M)((εr1 + εr2)π(a+ d
2
) ε0
2π
ln2c+d

d
2

)
(3.19)

This analytical expression for resonant frequency is verified experimentally and through
numerical simulations.

The equivalent circuit of the SRR in terms of total capacitance Ctot and effective induc-
tance can be represented by Fig. 3.10.

3.5 Verification through experiments and simulations

The expressions derived for capacitance (Eqn. 3.12) and hence the resonant frequencies
(Eqns. 3.18) are verified using experiments and also using numerical simulation. For
experimental verification, SRRs of different dimensions are used. Their resonant frequen-
cies are measured by placing them between transmitting and receiving probes of the VNA
and the photograph of the experimental set up is given in Fig. 3.11.

The resonant frequency of SRR for a particular dimension obtained by experiment
is calculated using the derived expression (Eqn. 3.18). Simulation using Ansoft HFSS
software is also used for validation of the derived equations (Fig. 3.12). The values ob-
tained for SRRs of different dimensions using the analytical equation along with their
corresponding measured and simulated values are given in Table 3.1. Typical resonance
curves obtained from experiment, simulation and the calculated resonant frequency for
SRR of structural parameters with rin=1.6 mm, c=0.9 mm , d=0.4 mm is given in Fig. 3.13.

The Eqn. 3.19 is verified using experiments and simulation for SRR with dielectric
samples in contact with them. A schematic representation of the sample placed over the
test probe is given as Fig. 3.14. Two different SRRs and six different dielectric samples
are selected for analysis. The samples are placed in contact with the SRR and then the
resonant frequencies are obtained using experimental and simulation methods and are
also calculated using the derived equation. Dimensions of selected SRRs, permittivity of
substrate and samples are given in the Table 3.2. The resonant frequencies obtained using
the three methods are presented in Table 3.2 for comparison. It is quite obvious from
Tables 3.1 and 3.2 that there is a strong agreement between the obtained value of resonant
frequency using the derived equation with the experimental and simulation results.
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Figure 3.11: Photograph of the experimental setup along with the magnified view of the
test probe.

Figure 3.12: HFSS design with sample placed on the SRR test probe.
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Figure 3.13: Resonance curves obtained from experiment and simulation for SRR of struc-
tural parameters rin=1.6 mm, c=0.9 mm, d=0.4 mm. The resonant frequencies from exper-
iment, simulation and calculation are also given.

Figure 3.14: Schematic representation of SRR test probe and the dielectric sample placed
over it.
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Table 3.1: Resonant frequencies of SRR structures obtained from experiment, simulation
and numerial calcultion.

Resonant frequency f0

rin c d Measured Simulated Calculated

1.0 0.60 0.4 5.697 5.88 5.81

2.0 0.75 0.5 3.456 3.52 3.52

1.3 0.65 0.4 4.926 4.95 4.87

1.6 0.90 0.4 4.26 4.38 4.43

1.6 1.10 0.2 3.8 4.08 4.03

1.625 0.68 0.4 4.317 4.23 4.19

1.8 0.90 0.2 4.0 4.1 4.10

2.4 0.90 0.2 3.1 3.24 3.38

Table 3.2: Comparison of resonant frequencies of SRR structures with dielectric samples
placed on its surface obtained from experiment, simulation and numeric calculation.

Permittivity ε Resonant frequency f0
rin c d Substrate Sample Measured Simulated Calculated
2.0 0.75 0.5 3.56 2.124 3.09 3.1 3.164

2.471 3.009 3.02 3.071
3.571 2.402 2.5 2.454

1.0 0.6 0.4 3.56 2.310 5.02 5.21 5.139
2.574 4.911 5.13 5.027
3.554 4.56 4.725 4.668
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3.6 Conclusion

After establishing the existence of equal electric field distribution on both sides of SRR
metalization by experimental verification, a new expression for the capacitance of SRR is
derived. In view of this, the expression for resonant frequency of the SRR fabricated on a
substrate is modified. The required changes needed when another dielectric in the form
of a sample is placed near to SRR test probe is also investigated. The obtained equations
are validated for various SRRs and samples of different parameters by experiment and
simulation.

The results showed that the proposed expressions are consistent with measured and
simulated results. The maximum percentage error in calculating the resonant frequency
with respect to simulated results is less than 2% except for one case where it is around 5%.
This method of evaluation can be extended to resonating structures of other geometries to
find expressions for resonant frequencies. The derived equations can also be used to find
out the dielectric constant of sample materials placed in contact with the SRR, if structural
and substrate parameters are known.
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Chapter 4

Complex Permittivity Measurement
Methods using Split Ring Resonators

This chapter presents permittivity measurement methods from the anal-
ysis of resonant frequency variations of SRRs in the presence of sample on
SRR surface. In the first method, equations are derived for real and imaginary
parts of permittivity of dielectric sample in terms of resonant frequencies and
quality factors. The verification of results using standard cavity perturbation
are also presented. The second method involves drawing of a calibration curve
using some known values of permittivity of selected samples from which the
dielectric constant values of unknown samples can be evaluated. Using the
proposed method the dielectric constant values of some powdered food grains
are determined in view of quality assessment considerations.
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RESONATORS

Precise determination of dielectric constant of materials having different size and
shape are very important in the characterization studies and in its industrial, scientific
and medical applications pertaining to the microwave region. The knowledge of dielec-
tric parameters help us to identify and study the interaction of electromagnetic waves
with materials which is essential for the development of manifold instrumentation and
sensor applications.Various methods are proposed in the literature for dielectric studies in
microwave/RF region. Some of the commonly used techniques include free space meth-
ods, transmission/reflection methods, resonant methods, near-field sensor methods etc.
[43, 126, 127]

Out of the many methods used for permittivity measurement, resonant method is
often preferred due to its high precision and sensitivity. Two major kinds of resonant
methods are resonator method and resonant perturbation method. In the former, sample
itself acts as a resonator and in the latter, sample changes the resonant properties of the
resonator. We are introducing a resonant perturbation method for the measurement of
complex permittivity of low loss, low dielectric value materials using metamaterial Split
Ring Resonators (SRRs). The effect of dielectric environment on the resonant frequency
of SRR is well studied [62, 128, 129, 130, 131]. But the determination of permittivity of a
dielectric material based on the shift in the resonant frequency of metamaterial molecule
is seldom found in the literature. By using transmission line based Complementary Split
Ring Resonators (CSRR), Boybay et al. [132] have proposed a method for measuring the
real part of permittivity of very low loss dielectric samples. It is based on an extraction
technique where some samples with known values of dielectric constant is a pre-requisite.
Another transmission line based extraction procedure proposed by Gabriel et al. [133] de-
scribes the permittivity characterization of solid and liquid materials using SRRs. They
have employed empirical relations for the analysis of complex permittivity.

By working on the resonant perturbation method, using a single SRR as a movable
test probe, a direct and easy technique to precisely determine both the real and imaginary
parts of the permittivity of different solid materials is introduced. A detailed theoretical
analysis based on the characteristic parameters of the SRR, along with its experimental
confirmation using different test probes resonating at different frequencies is presented.
The results are verified using standard cavity perturbation technique. Another simple
method for measuring real part of permittivity using a calibration curve is also intro-
duced. Dielectric constant of some powdered food samples are also analyzed with the
view of current trends of high level of adulteration in food materials.
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4.1 Development of theoretical model

As seen in the previous chapter, the resonant frequency of SRR is a function of effective
capacitance (Ceff ) and effective inductance (Leff ) and is given as

f =
1

2π
√
LeffCeff

(4.1)

where, Leff = L1+L2−2M (Eqns. 3.14, 3.15 and 3.16) andCeff = Ctot (Eqn. 3.12 and 3.13).
For a single SRR of specific dimensions the variation in the dielectric constant changes the
resonant frequency. Since the inductance L of the SRR is independent of the permittivity,
the resonant frequency can be correlated to εr1 and εr2 through Ctot.

f ∝ 1√
Ctot

(4.2)

From Eqn. 3.13,

Ctot ∝
(εr1 + εr2)

2
(4.3)

where, εr1 is the dielectric constant of substrate and εr2 is that of the sample. Hence the
resonant frequency,

f ∝ 1√
εr1+εr2

2

(4.4)

Therefore, the variation in permittivity can be directly inferred from the resonant fre-
quency when all other parameters remain constant.

4.1.1 Permittivity calculation - real part

From relation of resonant frequency, the dielectric constant of an unknown sample mate-
rial can be calculated. It is possible to obtain expressions for permittivity of an unknown
sample when SRR is fabricated on substrate with a known value. Even if the substrate
permittivity is not known, the permittivity of the sample can be evaluated by a slightly
modified equation.
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4.1.1.1 Calculation in terms of known substrate permittivity

If we consider a SRR with a substrate of known dielectric constant εr1 on one side and air
on the other side, the resonant frequency (f1) can be represented by using Eqn. 4.4 as

f1 ∝
1√
εr1+1

2

(4.5)

When a dielectric sample of unknown dielectric constant εr2 is placed on the surface of
the resonator, the air is substituted by the sample and the resonant frequency changes to

f2 ∝
1√

εr1+εr2
2

(4.6)

The ratio of Eqn. 4.5 and Eqn. 4.6 is

f1
f2

=

√
εr1 + εr2√
εr1 + 1

(4.7)

By rearranging this equation the expression for unknown dielectric constant of the sample
is obtained as [27]

εr2 = [(
f1
f2

)2(εr1 + 1)]− εr1 (4.8)

A plot between εr2 and f2 for different substrates of relative permittivity εr1 is shown in
Fig. 4.1 using Eqn. 4.8. It is clear that the value of resonant frequency decreases when the
permittivity of the sample increases irrespective of the substrate permittivity. A similar
lowering of resonant frequency is also seen when substrate dielectric constant increases.

4.1.1.2 Calculation in terms of unknown substrate permittivity

It is possible that in some cases, the permittivity of substrate material of SRR may be
unknown. In such cases, a different relationship has to be used to find the permittivity of
the sample. For this, the substrate material itself should be used as the sample. Then the
resonant frequency will be

f2 ∝
1√
εr1

(4.9)

The ratio of Eqn. 4.5 and Eqn. 4.9 is
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f1
f2

=

√
2εr1√
εr1 + 1

(4.10)

After rearrangement the expression for relative permittivity of the substrate material is
obtained as [27]

εr1 = [2(
f2
f1

)2 − 1]−1 (4.11)

Now, using this substrate permittivity εr1, we can find out the permittivity of any un-
known sample using Eqn. 4.8. Hence, the measurement of the permittivity of a mate-
rial becomes a simple numerical calculation from the two measured resonant frequency
values f1 and f2 even without knowing the permittivity of the substrate, on which the
resonator is etched.

4.1.2 Permittivity calculation - imaginary part

The imaginary part of permittivity is a measure of losses in the medium. The imaginary
part of the complex permittivity is hence evaluated in terms of the loss factor tanδ. The
presence of a lossy dielectric material in the vicinity of SRR changes the capacitive reac-
tance through which the loss tangent is varied. Loss tangent is also called dissipation
factor which is the reciprocal of quality factor of the resonator.

tanδ =
1

Q
(4.12)

At resonance, it is the Q - factor that determines the imaginary part. Quality factor is
the ratio of resonant frequency to the 3bB bandwidth. As Q-factor is inversely propor-
tional to the bandwidth, it is directly proportional to sharpness of resonant curve. Fig. 4.2
represents the resonant curve of a SRR showing +3dB bandwidth (BW).

Q =
f0
BW

(4.13)

Several researchers have tried to measure the complex permittivity of the material
under test. Ebrahimi found out an empirical relation between complex permittivity and
resonant characteristics [80]. Yang et al. derived a relation for loss tangent in terms of loss
conductivity which is extracted using resonant frequency and input impedance [113]. It is
seen that the loss tangent has a high impact on peak attenuation [63]. Using an empirical
relation, an expression for loss tangent is derived in terms of quality factor. A linear
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Figure 4.1: Plot showing the variation of the resonant frequency f2 with dielectric con-
stant of the sample εr2 for different substrate values εr1.

relationship is found out between loss tangent and loss resistance by Lee et al., and this
relationship is used to find out loss tangent of several samples [115]. Similar techniques
are followed by different researchers to find out the loss tangent of samples [118, 124].

Here an equation for finding the loss tangent of a material in terms of the Q-factors of
the SRR is derived. For a resonant cavity, the expression for tanδ is given by

1

QL

− 1

Q0

= tan δ (4.14)

where Q0 and QL are the quality factors of the cavity without the sample and with the
sample. In the case of the SRR resonator, the quality factor is measured from the absorp-
tion curve by considering the +3dB bandwidth from transmission minimum [21, 50, 111].
Here Q0 is replaced with QL0 which will be the quality factor of the SRR resonator when a
lossless sample (tan δ = 0) of the material is assumed to be placed over the experimental
probe. QL is the quality factor of SRR when the actual sample (tan δ 6= 0) is placed over
it. The corresponding equation is given as

1

QL

− 1

QL0

= tan δ (4.15)
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Figure 4.2: Plot showing the +3dB bandwidth from the absorption dip of a resonance
curve.

QL0, which will be always greater than QL, can be evaluated from the energy equations
as follows.

The electromagnetic energy stored in the test probe under resonance will be the sum
of energy accumulation on the top and bottom sides of the SRR probe. Assuming the
thickness of the substrate and the sample placed on the surface to be sufficient to ac-
commodate the complete electric field of the SRR, the total energy of SRR is evaluated in
terms of energy density 1

2
ε0E

2, for the case where no sample is placed on the SRR, will be
proportional to

U ∝ εr1 + 1 (4.16)

where εr1 is the dielectric constant of the substrate. Therefore the quality factor Qp0 of the
SRR test probe will be proportional to

Qp0 ∝
εr1 + 1

lsub
(4.17)

where lsub is the loss factor inside the substance. For SRR with a sample placed on its
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Table 4.1: Structural parameters and resonant frequencies of SRRs used for the measure-
ment.

Test
probe

Inner
radius-
r (mm)

Width
of the
ring- c
(mm)

Spacing-
d (mm)

Resonant
frequency-
f1 (GHz)

SRR-1 2.0 0.75 0.5 3.456

SRR-2 1.625 0.68 0.4 4.317

SRR-3 1.3 0.65 0.4 4.926

SRR-4 1.0 0.6 0.4 5.697

surface this relation with the same proportionality constant becomes

QL0 ∝
εr1 + εr2

lsub + lsample
(4.18)

where lsample is the possible loss factor of the sample and εr2 is its permittivity. If the
sample is assumed to be lossless QL0 becomes

QL0 =
εr1 + εr2
lsub

(4.19)

By taking the ratios of Eqns. 4.19 and 4.17 [27].

QL0 =
(εr1 + εr2)Qp0

(εr1 + 1)
(4.20)

This QL0 is substituted in Eqn. 4.15 as reference quality factor.

4.1.3 Measurement of complex permittivity of different solid samples

SRRs of four different dimensions are fabricated using photochemical etching method
on glass epoxy board as described in the second chapter. For the measurement of the
resonant frequency, a single SRR is placed between a transmitting and receiving probes
which are connected to a Vector Network Analyzer (VNA). Fig. 3.11 shows the schematic
arrangement and photograph of the experimental setup. The structural parameters of
SRRs and their respective resonant frequencies are given in Table 4.1.
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Samples whose dielectric constant are to be measured is placed on the top of the test
probe. The minimum requirement of the sample for this particular experiment is related
to its thickness, surface smoothness and area. The dielectric samples of unknown permit-
tivity should have at least one flat surface with area greater than or equal to the area of
the SRR structure so that they come in close contact with the full area of the resonator sur-
face without any air gap. The thickness of the dielectric is so chosen that the electric field
of the resonating structure is completely inside the sample. It has been experimentally
verified that a thickness greater than or equal to c + d/2 will be sufficient for maximum
inclusion of the field which is also evident from the theoretical view point. This thickness
condition should be satisfied for the substrate also.

4.1.3.1 Verificaton of minimum thickness condition of samples

The electric field due to the induced charges is present on both upper and lower surfaces
of SRR. The presence of electric field on both sides and its range is experimentally deter-
mined. SRR of dimensions r = 1.7 mm, c = 0.7 mm, d = 0.4 mm having very thin flexible
substrate is fabricated using chemical etching method. Its resonance is measured using a
network analyzer and it is found to be 7.1 GHz. To analyze the effect of the thickness of
the dielectric substrate, an adhesive polymer film of thickness approximately equal to 20
µm and εr = 2.4 is used. The thickness is increased by placing the film on one side of the
SRR one by one and the resonant frequency is noted each time. Then the experiment is re-
peated for the other side of the SRR also and resonant frequencies are measured for each
thickness. Results are plotted in Fig. 4.3. It is observed that the resonant frequency be-
comes almost a constant after a certain thickness is exceeded which is found to be related
to the structural parameter of the SRR as c+d/2. This means that a sample with thickness
greater than c+ d/2 has negligible perturbation effects on the resonant frequency. Hence,
a dielectric of thickness of at least equal to c+ d/2 will sufficiently include the whole elec-
tric field of SRR within it. Fig. 4.4 gives the schematic representation of the field regions
of the SRR completely enclosed within a sample of thickness c+ d

2
.

From the plots we can see that the resonant frequency varies almost equally on both
sides of the SRR, which shows that the presence of dielectric material alters the field
distribution on both sides almost equally. This means that there is an equal contribution
to the capacitance from both sides of the SRR. We have already proved in chapter 2 that
the total capacitance of the SRR should include the contribution from both surfaces which
is again validated here.
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Figure 4.3: Resonant frequency variation with increasing thickness of the sample.

Figure 4.4: Schematic representation of field regions of a SRR along with a dielectric
sample with required minimum thickness.
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Five samples which are selected for study are glass, perspex, plastic and two differ-
ent glass epoxy sheets out of which one is a piece of the substrate itself. The thickness
of selected samples are as following: plastic - 2.85 mm, perspex - 2.12 mm, glass epoxy
sample - 3.1 mm, substrate material - 2.71 mm, and for glass - 2.66 mm. Initially, the res-
onant frequency of the SRR-1 with known substrate permittivity εr1 when no test sample
placed over it is measured (f1). Measurements are then repeated using dielectric samples
and their corresponding resonant frequencies are noted (f2). Using Eqn. 4.8 their dielec-
tric constants (εr2) are calculated. In case, if substrate permittivity is not known, before
using test samples a piece of the substrate material of the SRR itself is used as the sam-
ple and the corresponding resonant frequency is noted as f2 and using Eqn. 4.11 εr1 of
the substrate is found out. Measurements are repeated using other three SRRs for all the
samples.

From Eqn. 4.15 the loss factor (tanδ) of all the samples are calculated. Qp0 and QL

are obtained from their corresponding transmission curves and QL0 is calculated for each
sample using Eqn. 4.20.

4.1.4 Results and discussions

Figures 4.5 - 4.8 show the shift in transmission curves of all the five samples from that
of corresponding SRR test probes which is marked as reference. It is observed that the
resonant frequencies are shifted towards lower frequencies in relation to their permittiv-
ity values. This shift is in agreement with the results predicted by various numerical and
simulation methods [61, 134, 62, 130]. In all the four cases we observe that the minimum
frequency shift is observed for plastic and maximum is for glass. As an example, for
SRR-2, the corresponding resonant frequencies observed are 3.835 GHz and 2.992 GHz
respectively. The resonant frequencies of other three samples are in between these two
values as depicted in Fig. 4.6. The real part of the relative permittivity values are calcu-
lated using Eqn. 4.8. The loss tangents of all the five samples are evaluated using Eqn.
4.15. As expected the plastic sample is almost lossless (≈ 0.003) while glass epoxy and the
substrates of the SRR are showing relatively high loss factors (≈ 0.03 to 0.04). The other
two samples perspex and glass have tan δ values around 0.01.

Tables 4.2 to 4.5 show the values of resonant frequencies along with the calculated
values of real and imaginary parts of permittivity for all the five samples using the four
test probes (SRR-1 to SRR-4). The Table 4.3 displays the values mentioned earlier for
SRR-2.
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Figure 4.5: Transmission spectra showing resonant frequencies of SRR-1 for different sam-
ples.

Figure 4.6: Transmission spectra showing resonant frequencies of SRR-2 for different sam-
ples.
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Figure 4.7: Transmission spectra showing resonant frequencies of SRR-3 for different sam-
ples.

Figure 4.8: Transmission spectra showing resonant frequencies of SRR-4 for different sam-
ples.
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Table 4.2: Values of complex permittivity along with resonant frequency obtained by
using SRR-1 test probe.

Sample SRR-1
f0 (GHz) εr1 tanδ

Plastic 3.090 2.124 0.0039

Perspex 3.006 2.471 0.0151

Glass epoxy 2.741 3.695 0.0332

Substrate 2.763 3.571 0.0380

Glass 2.402 5.891 0.0121

Table 4.3: Values of complex permittivity along with resonant frequency obtained by
using SRR-2 test probe.

Sample SRR-2
f0 (GHz) εr1 tanδ

Plastic 3.835 2.259 0.0031

Perspex 3.679 2.776 0.0131

Glass epoxy 3.386 3.944 0.0361

Substrate 3.445 3.714 0.0371

Glass 2.992 6.099 0.0094

Table 4.4: Values of complex permittivity along with resonant frequency obtained by
using SRR-3 test probe.

Sample SRR-3
f0 (GHz) εr1 tanδ

Plastic 4.379 2.210 0.0035

Perspex 4.277 2.522 0.0122

Glass epoxy 3.860 3.861 0.0370

Substrate 3.930 3.62 0.0411

Glass 3.360 6.357 0.0105
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Table 4.5: Values of complex permittivity along with resonant frequency obtained by
using SRR-4 test probe.

Sample SRR-4
f0 (GHz) εr1 tanδ

Plastic 5.020 2.310 0.0034

Perspex 4.911 2.574 0.0151

Glass epoxy 4.483 3.804 0.0420

Substrate 4.560 3.554 0.0462

Glass 3.907 6.128 0.0108

4.1.4.1 Verification of results using cavity perturbation method

Cavity perturbation method, also known as material perturbation method, is used for
the validation process. Here, the material under test is introduced into cavity and cor-
responding changes in the resonant frequency and Q-factor is analyzed to find out the
complex permittivity of the material. Usually samples of low dielectric loss are preferred
for this method. For measuring the permittivity the material is inserted into the anti-node
of electric field and for permeability measurement, it is inserted into the anti-node of the
magnetic field. This method can also be used to measure the surface resistance. Fig. 4.9
represents the experimental setup for cavity perturbation technique.

There have been several efforts aimed towards developing the cavity perturbation
method. Among them, the work done by Waldron gave a detailed derivation of the equa-
tions and it discussed in detail about the effect of shape of the specimen and accuracy of
the method [135]. There have been several applications of this method to measure dielec-
tric constant of various materials. Dielectric behavior of vapors at microwave frequencies
are measured using cavity perturbation method by Raveendranath et al. [136]. Banerjee et
al. formulated an analytical solution for dielectric constant measurement using rectangu-
lar cavity [137]. Dielectric constant and loss factor of cylindrical samples are measured by
Kumar et al. using a rectangular cavity having a small circular slot at the center to insert
the sample [49]. A comparison of accuracy and importance of three different dielectric
resonance techniques and cavity perturbation technique was performed by Sheen [138].

The cavity method utilizes a slotted cavity connected to a VNA through two coaxial
cables to measure the transmitted power. In this method, the samples chosen should be
very thin, whose width and thickness are much smaller than the resonant wavelength of
the cavity. Dielectric constants are calculated from the observed shifts in the transmission
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Figure 4.9: Cavity resonator connected to transmitting and receiving probes of Vector
Network Analyser.

resonant peaks of the cavity when samples are inserted. The values of real and imaginary
part of permittivity ε′r and ε”r are calculated using the following equations [49, 48]

ε
′

r = 1 +
fc − fs

2fs

Vc
Vs

(4.21)

ε”r =
Vc
4Vs

Qc −Qs

QcQs

(4.22)

where fc and fs are resonant frequencies of the cavity without sample and with sample
respectively. Vc is the volume of the cavity and Vs is the volume of the sample portion
inserted into the cavity. Qc and Qs are quality factor of the resonance curve without
sample and with sample respectively.

For the verification of the results obtained by SRR method, thin specimens of the sam-
ples are inserted in a rectangular waveguide cavity (X-band) connected to the VNA. The
resonant frequency of the unloaded cavity is observed as 7.88 GHz. Using the dimen-
sions of both the cavity and the sample, and by observing the shifts in the resonant fre-
quencies and Q - factors the dielectric constants are calculated using equations of cavity
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Figure 4.10: Transmission spectra showing resonant frequencies of five test samples along
with that of the empty cavity.

perturbation method [48]. Figure 4.10 represents transmission spectra showing resonant
frequencies of five test samples along with that of the empty cavity. Using the resonant
frequencies and Q-values, real and imaginary parts of the permittivity are calculated and
given in Table 4.6.

Table 4.6: Values of complex permittivity obtained by using the cavity perturbation
method.

Sample Permittivity
Real part (εr1) Loss tangent(tanδ)

Plastic 2.302 0.0036

Perspex 2.459 0.0143

Glass epoxy 3.767 0.0351

Substrate 3.583 0.0380

Glass 6.073 0.0115
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Figure 4.11: The plot showing comparison of real values of permittivity of test samples
obtained using SRR probes along with cavity perturbation method.

4.1.4.2 Accuracy concerns of SRR based measurement technique

The accuracy of these measured values also depends upon the frequency interval between
measurement points (sampling interval). By reducing the sampling interval we can more
precisely locate the resonance dip which helps in more accurate determination of the
results. Sampling interval of the order of few MHz will not change the accuracy of the
results considerably. The maximum change in the tan δ values due to the possible slight
change in locating the resonant dip obtained in our measurements are, glass epoxy = ±
0.00000024, substrate =± 0.000001, glass =± 0.000000053, plastic =± 0.00045 and perspex
= ± 0.00037.

The values obtained by our method using SRR test probes given in Tables 4.2 - 4.5 are
closely in agreement with that obtained from cavity method (Table 4.6). Figs. 4.11 and 4.12
show a comparison of real and imaginary values of permittivity of all samples measured
using SRR probes along with the cavity perturbation method. Thus by simply placing the
sample over SRR test probe or by placing the test probe over the sample (cases of bulk
samples) we are able to precisely measure the dielectric constant and the loss factor.

Advantages of this SRR resonant method over other resonant dielectric measurement
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Figure 4.12: The plot showing comparison of Loss tangent values of test samples obtained
using SRR probes along with cavity perturbation method.

techniques are the ease in sample preparation and the simplicity in experimental setup,
which include only a SRR test probe connected to a VNA. The permittivity equations used
for the calculations are also very simple. Since our SRR probe is not coupled directly with
a guided wave, the theoretical formulation is straight forward and simple when com-
pared with transmission line based SRR systems. The only condition for precise analysis
is that the sample thickness should be such that the field of the resonator is completely
inside the sample. This technique is extremely preferable for samples of bulk size.

It is observed that the measurement using SRR does not fully agree with the standard
values when the dielectric constant increases beyond a certain limit. The relations for
capacitance and permittivity given earlier are valid when the quasi-static nature is main-
tained for the magnetic field component. The equations for the capacitance are developed
by assuming that the field over the SRR is almost constant. But when a dielectric sam-
ple of high permittivity is placed over the probe, the wavelength of the field across SRR
within the sample reduces by a factor of 1/

√
εr. In such situations it deviates from quasi-

static approximation and the linear relationship between the capacitance and permittivity
does not hold perfectly. Then the equation for the equivalent capacitance may not be ex-
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pressed in the form as given in chapter 3. In such conditions, reducing the dimensions of
the SRR may enhance the accuracy of measurements.

Looking into the performance efficiency of this method in comparison with some of
the standard methods, [139, 140, 141, 142] the following points may be noted. In com-
parison with waveguide method, free space method and cavity perturbation method, the
selection of size and shape of the experimental sample offers more flexibility here. All
the advantages of the transmission line method such as rapid and easy measurement,
ability to use at various temperature levels etc. are equally possible here along with the
added feature of the provision to move the test probe towards a sample if the situation de-
mands so. Apart from the above mentioned advantages, this is a non-destructive testing
technique which may find use in the case of costly and rare samples. Since this method
employs a movable test probe, it can be easily extended to the permittivity characteriza-
tion of liquids by using it as a submersible probe. The air gap error usually happening in
coaxial method and in planar transmission line method can be effectively minimized by
proper mounting of the sample over the SRR. The presence of air gap changes the effec-
tive permittivity and hence a small reduction in the resonant frequency shift is expected.
This may result in slightly lower value for the real and imaginary parts of the permittivity.
Hence, for accurate results in this method, care should be taken to maintain the constant
environmental conditions so as not to disturb the field distribution around the test probe
during the measurements. We can also expect slight errors in experimental values due to
surface imperfection of the sample and SRR fabrication errors.

4.2 Extrapolation method

In situations where we have to determine only the real part of permittivity, a SRR based
simple extrapolation method can be employed. The experimental setup is same as that
of previous method where instead of using analytical equation an extrapolation curve is
drawn between known permittivity of some standard samples and their corresponding
resonant frequencies.

The measurement of dielectric constant of any unknown sample can be obtained from
this calibration curve in a straight forward and easy manner.
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Table 4.7: Relative permittivities and resonant frequencies of samples for drawing cali-
bration curve.

Sample Relative permittivity εr Resonance frequency (GHz)
Plastic 2.10 3.254
Perspex 2.45 3.118
Glass epoxy 3.571 2.863
Glass 6.07 2.647

4.2.1 Frequency - permittivity calibration graph

To draw the calibration curve, four standard samples are chosen which are plastic, per-
spex, glass and glass epoxy. Initially, the dielectric constants of the selected samples are
measured using the standard cavity perturbation method [48].

SRR test probe used in our study is fabricated by etching it on a FR4 glass epoxy board
of thickness t = 1.5 mm and dielectric constant εr = 3.583. The dimensions of SRR are
inner radius r = 2 mm, ring width c = 0.75 mm and gap between the rings d = 0.5 mm and
its resonant frequency is observed to be 3.57 GHz. The standard samples are properly
mounted on the SRR without any air gap and their corresponding resonant frequencies
are noted to draw the calibration curve. Table 4.7 gives the relative permittivity εr and
resonant frequency f in GHz for the standard samples. Figure 4.13 shows the calibra-
tion curve drawn between these resonant frequencies and their dielectric constant values
measured using cavity perturbation technique.

Any unknown samples whose dielectric constant is to be determined will be placed
on the SRR test probe and its corresponding resonant frequency will be noticed. From the
calibration curve, its real part of permittivity can be extracted out in a straight forward
manner.

4.2.2 Measurement of permittivity of pulses and cereals by using ex-

trapolation method

To demonstrate the proposed method, dielectric constant of some powdered food sam-
ples are determined.

Electromagnetic field interaction based studies are important for characterization of
different materials including various types of food samples. Dielectric parameters vary
according to the type and nature of the food material and hence, by analyzing the permit-
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Figure 4.13: Calibration curve between resonant frequencies and relative permittivities
for standard samples.

tivity we can assess the quality of food materials. The basic principles of electromagnetic
properties including dielectric properties of food materials are reviewed by S. Ryynanen
[143]. Knowledge of dielectric constant allows us to understand the dryness condition of
edible items in packing and storing process, food quality checking, detection of unethical
and illicit substitution of extraneous materials etc.

There are several methods proposed for measurement of complex permittivity of food
materials in literature. An open ended coaxial probe method is proposed for frequency
dependent permittivity measurement of semi-solids, liquids and powdered food sam-
ples [141]. This method is suitable mainly for high loss samples. Dependence of di-
electric parameters on moisture, frequency, temperature etc. are reported for grain sam-
ples, fruits, vegetables and other food materials [144, 145, 146]. Wang et al. analyzed
the complex permittivity changes of some food materials with variation in temperature
at low frequencies for pasteurization and sterilization applications using custom-built
temperature-controlled test cell connected to an impedance analyzer [147].

4.2.3 Results and discussions

We have selected four samples each for pulses and cereals, and ground them into fine
powder. The pulse samples selected are green gram flour, dry cow peas flour, gram flour
and soya bean flour and that of cereals are rice flour, wheat flour, all purpose flour and
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corn flour. The powdered sample is taken in a rectangular sample holder without any
bottom sheet and it is placed coaxially with SRR ring. The sample holder should have
a size greater than that of the diameter of SRR. It is made up of a thin polythene film
of thickness 20 µm with sufficient height to accommodate the entire fringing field of the
resonating SRR.

The transmission resonant curves of the SRR for various pulse samples are shown
in Fig. 4.14. The dielectric constant of these pulse samples are then extracted from the
calibration curve (Fig. 4.13) corresponding to their measured resonant frequencies. The
resonant frequencies and corresponding relative permittivity obtained from calibration
curve are given in Table 4.8. It is observed that the Soya bean flour has the largest resonant
frequency and hence the lowest dielectric constant. The value of εr obtained for gram
flour is slightly greater than that for Soya flour. It is clear from the graph that the other
two samples green gram flour and dry cow pea flour are having almost equal resonant
frequencies and hence almost same values for dielectric constant. This may be because of
the fact that they are same varieties of legumes than the other two samples, powders of
Soya bean and Bengal gram.

Figure 4.15 shows the transmission resonant curves for selected powdered cereal sam-
ples. A similar observation can be made from this figure that the wheat flour and the
all purpose flour have equal resonant frequencies and it can be attributed to the fact that
both of them are prepared from wheat. Out of all the cereal samples corn flour has the
least dielectric constant and rice flour has the maximum value. The resonant frequencies
and corresponding relative permittivity values of cereals are also included in Table 4.8.
Selected samples give resonant frequency difference in the range of 20 MHz which helps
us to precisely determine the relative permittivity with high sensitivity. Care should be
taken to draw the calibration graph using the standard sample at the time of measurement
of unknown samples since environmental variations like temperature and humidity may
vary the resonant conditions of the SRR.
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Figure 4.14: Transmission resonance curves of powdered pulses.

Figure 4.15: Transmission resonance curves of powdered cereals.
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Table 4.8: Resonant frequency and corresponding relative permittivity of powdered
pulses and cereals extracted from the calibration curve.

Sa
m

pl
e

Type Resonant frequency f (GHz) Relative permittivity εr

Pu
ls

es

Green gram flour 3.20 2.212
Dry cow pea flour 3.19 2.264
Gram flour 3.27 2.058
Soya flour 3.36 1.879

C
er

ea
ls

Rice flour 3.16 2.333
Wheat flour 3.19 2.264
All purpose flour 3.19 2.264
Corn flour 3.25 2.105

4.3 Conclusion

This chapter presents two different SRR based permittivity measurement techniques in
which the first one gives detailed derivation of the analytical formulation of the complex
permittivity of low loss dielectric samples. The results are experimentally verified and
are confirmed by cavity perturbation method. In the second part, a simple extrapolation
method is presented whereby its real part of permittivity can be extracted in a quick and
straight forward way using the same experimental set up as that of the first method.
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Chapter 5

Temperature Dependent Permittivity
Measurement of Different Solid Samples

The temperature dependent dielectric constant measurement of some solid
samples is presented in this chapter. The methods presented in chapter four for
permittivity measurements are used for the calculation of temperture depen-
dent dielectric constants of samples like waxes, flame retardent boards etc.
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Among the material characterization studies, the precise determination of dielectric
constant at different working environments is important from the application point of
view. Out of these different parameters the variation of dielectric constant with tempera-
ture finds its use in different sensor applications in the fields of medical instrumentation,
electronic and electrical industry etc.

There are several techniques described in the literature to determine the dielectric
constant at different temperatures [43]. Among these different techniques, open-ended
coaxial probe method, cavity resonance methods, quasi-optical resonator method, split-
cylinder resonator method etc. are commonly employed [148, 149]. Many of these meth-
ods require specific working conditions to be satisfied for the precise determination of
temperature dependence of relative permittivity.

The dependence of dielectric constant on temperature for some materials are reported
[150, 151]. Factors contributing to the temperature dependence of dielectric constants of
materials are analysed by E. Havinga using some alkali halides and BaTiO3 as samples
[150]. But the the temperature dependent dielectric constant measurement using meta-
material elements have not yet seen in literature.

As the properties of the metallic structure of resonator and the dielectric substrate
upon which it is fabricated are all temperature dependent, SRR probe is also sensitive
to temperature variations. Varadan et al. has done a study on shift in the resonant fre-
quency of SRR in terms of the temperature dependence of its metallic structure, substrate
permittivity and electrical conductivity [152]. It is reported that the resonant frequency
variation is primarily affected by the change of permittivity of the substrate. Singh et.
al. studied the effect of temperature on terahertz metamaterials fabricated on strontium
titanate substrate [153].

In this chapter, dielectric constant of three sets of solid samples (FR board samples, wax
samples, polymer samples) are analyzed for different temperature ranges. Two methods
developed and presented in the previous chapter are used here for the calculation of per-
mittivity values. Fig. 5.1 shows the flowchart which gives an overview of the methods
and samples used for temperature dependent permittivity studies presented in this chap-
ter.
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Figure 5.1: Chart representing methods and samples used for temperature dependent
study.

5.1 Experimental setup and measurement methods

For the precise and easy measurement of permittivity of samples at different tempera-
tures, a compact and flawless experimental setup and measurement methods should be
used. The experimental set up is same as that was discussed in chapter four, but in or-
der to study the temperature dependent permittivity, test probe along with the sample is
kept inside a temperature controllable wooden chamber (Fig. 2.15). Temperature of the
test sample placed over the SRR is gradually increased using light focused from an Infra
Red (IR) lamp. A schematic digram of the test probe for the present case is shown in Fig.
5.2.

SRR of dimensions r = 2 mm, d = 0.5 mm and c = 0.75 mm is etched on a glass epoxy
board (εr = 3.56) using photochemical etching method as explained in chapter two. Solid
samples used for the analysis like FR boards, plastic and perspex can be directly placed
on the surface of SRR. But, wax samples which melt with the increase in temperature
should have a proper sample holder. Care is taken so that the sample holder does not
disturb the SRR. A thin polymer sheet made into four sided holder is used for this pur-
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Figure 5.2: Schematic representation of the SRR test probe with light incident on it for
temperature dependent perittivity study.

pose. The resonant frequency measurement method in which the SRR is placed between
the transmitting and the receiving probes connected to a VNA is employed here. The ex-
perimental setup for temperature variations and measurements was explained in chapter
2.

5.1.1 Correction to measured resonant frequency

When we measure the resonant frequency of SRR with sample placed on its surface and
temperature is increased from the room temperature, the SRR also heats up with the
whole system which in turn changes its resonant frequency slightly. Hence to obtain
an accurate value of resonant frequency due to the increasing temperature of the sample
a correction must be applied to the measured resonant frequency. For this the resonant
frequency of SRR without the sample is measured and is taken as fr0 at room temperature
and ft0 at different temperatures. The resonant frequency corresponding to different tem-
peratures when sample is placed on the SRR probe is measured and is labeled as ft1. The
shift in resonant frequency (fr0−ft0) is calculated for each temperature and it is subtracted
from the resonant frequency ft1 as a correction.
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5.1.2 Methods of calculation of dielectric constant

Two methods presented in the previous chapter for permittivity measurements are fol-
lowed for the calculation of temperature dependent permittivity of different samples.
The methods are briefly described here.

5.1.2.1 Calculation through analytical equations

The method based on analytical relations derived as detailed as the first method in chap-
ter four is followed [27]. Measurement method involves placing the sample dielectric on
the surface of SRR and finding the resonant frequency using VNA. From the resonant
frequency of SRR without sample placed over it (f1) and with sample placed over it (f2,
the corrected resonant frequency to accommodate the temperature dependent shift of the
SRR probe) and by using the equation below (Eq. 5.1), the real part of permittivity of the
sample (εr2) can be calculated.

εr2 = [(
f1
f2

)2(εr1 + 1)]− εr1 (5.1)

where εr1 is the permittivity of the substrate material.

5.1.2.2 Calculation through calibration curve

The calibration curve drawn between resonant frequency of SRR and relative permittivity
of some standard samples is used to find out the real part of permittivity of different
test samples. Four standard samples selected are plastic, perspex, glass epoxy board and
glass. From the cavity perturbation method [48] we obtain the dielectric constants of these
samples. It is observed that resonant frequency decreases as the dielectric constant of the
material increases. Relative permittivity of any unknown test sample in close contact
with the surface of the SRR can be extracted from this calibration curve if corresponding
resonant frequency of SRR - sample system lies on the curve. The main draw back of
this method is that it is dependent on the environmental conditions and the calibration
should be done during the time of each measurement.
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Table 5.1: Resonant frequency of the test probe for different temperatures along with the
resonant frequency shifts.

Temperature (°C) ft0 (GHz) Resonant frequency shift (∆f = fr0 − ft0)

35 3.5613 0

40 3.5515 0.0098

45 3.54 0.0213

50 3.5199 0.0414

55 3.4911 0.0702

5.2 Polymer samples (Plastic and perspex)

Some commonly available solid samples of polymer having low dielectric constant of

suitable thickness (t > c+
d

2
) are selected for the measurement. To study the temperature

dependence of dielectric constants of polymers we choose two test samples plastic and
perspex.

5.2.1 Temperature dependence of SRR

Initially the temperature dependence of SRR resonant frequency is analyzed. For this,
SRR alone is placed between the transmitting and receiving probes inside the tempera-
ture control chamber. The resonant frequencies are measured at steps of 5◦ C from room
temperature (35◦C). Resonant frequency of SRR obtained without the sample is taken as
ft0 for different temperatures and values are given in Table 5.1. The resonant frequency
decreases as temperature increases. The correction factor ∆f for each temperature is also
shown in the Table 5.1.

5.2.2 Measurements and results

For drawing the calibration graph we have selected the dielectric samples of glass, glass
epoxy board, perspex and plastic. They are then placed on the surface of SRR and their
resonant frequencies in GHz obtained are 2.647, 2.863, 3.118 and 3.254 respectively. In Fig.
5.3, the transmission curves for these four samples are plotted. The dielectric constants
of these samples are measured using cavity perturbation method [48] and the values ob-
tained are 6.07, 3.571, 2.45 and 2.1 respectively and are shown in Table 5.2. In Fig. 5.4
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Table 5.2: Resonant frequency and permittivity values used for drawing calibration
curve.

Sample f0 (GHz) Permittivity εr

Plastic 3.254 2.1

Perspex 3.118 2.45

Glass epoxy 2.863 3.571

Glass 2.647 6.07

we plot these resonant frequencies with their corresponding dielectric constants. It is
observed that resonant frequency decreases as the dielectric constant of the material in-
creases. Relative permittivity of any unknown test sample placed over the SRR can be
extracted using the corresponding resonant frequency from this calibration graph.

The relative permittivities corresponding to the corrected resonant frequencies f for
different temperatures are extracted from the calibration curve for the two samples and
are given in Table 5.3. Figure 5.5 represents the transmission curve of SRR at different
temperatures when perspex sample is placed over it. For calculating the temperature de-
pendent real part of permittivity using the analytical equation (Eqn. 5.1), the following
steps are taken. f1 is the resonant frequency of test probe when no sample placed over it
at room temperature and in this case it is 3.5613 GHz. f2 is the calculated resonant fre-
quency at different temperatures of the probe in the presence of the sample material. The
values of f2 are given as f in Table 5.3 and the calculated values of relative permittivity
εr are also given in the same Table. It can be seen that there is only negligible variation
between the calculated values and values obtained from the calibration curve. Figures
showing comparison between the values by the two methods for the two samples at dif-
ferent temperatures are given as Fig. 5.6 and Fig. 5.7.

5.2.3 Discussions

From the values given in Table 5.3, we can see that as the temperature increases from 35°C
to 55°C, the resonant frequency decreases and the dielectric constant increases accord-
ingly. Analyzing the Table we observe that an increase of temperature by 20°C causes a
small decrease in resonant frequency for both the samples. But the corresponding change
observed in dielectric constant is noticeable. Perspex and plastic, show relatively small
change in dielectric constant which is around 0.025 per degree Celsius.
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Figure 5.3: Transmission curves of SRR when different dielectric materials of known di-
electric constant are placed on its surface.

Figure 5.4: Calibration graph drawn between the resonant frequency and the relative
permittivity of standard samples.
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Figure 5.5: Transmission curves of SRR for different temperatures when sample is placed
on its surface.

Figure 5.6: The comparison of the real part of the permittivity values obtained by calibra-
tion curve and analytical method for perspex sample.
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Table 5.3: Resonant frequency and relative permittivity of various samples corresponding
to different temperatures.

Sa
m

pl
e

Temperature
(°C)

ft1 (GHz) f = ft1 −
(fr0−ft0)
(GHz)

Real part
of per-
mittivity
from
the cali-
bration
graph
(εr)

Real part
of per-
mittivity
from
equation
(εr)

Pe
rs

pe
x

35 3.0920 3.0893 2.7182 2.4998

40 3.0878 3.0753 2.7668 2.5551

45 3.0807 3.0567 2.8732 2.6297

50 3.0607 3.0166 3.0768 2.7954

55 3.0495 2.9766 3.2997 2.9674

Pl
as

ti
c

35 3.2640 3.2613 2.0796 1.8775

40 3.2543 3.2418 2.1188 1.9431

45 3.2006 3.1766 2.2959 2.1713

50 3.1882 3.1441 2.3814 2.2904

55 3.1632 3.0903 2.5124 2.4959
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Figure 5.7: The comparison of the real part of the permittivity values obtained by calibra-
tion curve and analytical method for plastic sample.

5.3 Flame retardent circuit boards

Another set of samples used for the measurement of dielectric constant at different tem-
peratures is Flame Retardant (FR) laminates used for Printed Circuit Boards (PCB) that
have become essential part in any electronic/electromagnetic equipments. Basically they
are dielectric materials with a thin layer of copper foil laminated on one or both sides.
These PCB laminates (dielectrics) are made by using layers of cloth or paper along with
a resin cured under temperature and pressure. Usually these laminates have 3 parts - a
matrix (usually a resin), reinforcement (woven or non-woven glass fiber/paper/cotton)
and a filler (usually ceramics). The materials as well as the procedures employed for
making these FR laminates determines their mechanical and electrical properties. Desir-
able electrical properties of the PCB laminates are low dielectric constant ε (which allow
rapid signal propagation), low dissipation factor tanδ (which enable it for high power
applications) and thermal and frequency stability.

In different electronic circuits, even though they are protected from outer environ-
mental temperature variations, the heat produced during operation of the various com-
ponents in the circuit can affect the performance of the FR board substrate. The variation
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in electrical properties of the substrate can also affect the operation of the circuit as a
whole. Capacitance changes in the circuit may produce some undesirable inter-electrode
capacitances resulting in unwanted noises. In microwave patch antennas these dielectric
changes may even change the operating wave length. Hence, the study of dependence of
temperature on the electrical properties of FR laminates are an area that has to be given
noticeable importance in designing microwave electronic circuits and antennas.

There are only a few attempts done in order to analyze the temperature dependence
of dielectric constant of FR boards except those which are done by their manufacturers
themselves. Kobayashi and Yu have tried to analyze the temperature dependence of nor-
mal and tangential components of complex permittivity of a copper clad laminated sub-
strate using circular disc and circular cavity method [154]. The measurements are taken
between -20°C and 60°C during heating and cooling. Roy et al. analyzed temperature
dependence of substrate parameters of different materials like teflon-glass microwave
laminates, RT duroid 2010 and quartz based composites [155]. Li et al. investigated the
frequency and temperature dependence of dielectric properties of a glass fiber PCB sub-
strate using voltage - capacitance technique [156]. The temperature dependence of dielec-
tric constant and dissipation factor of printed circuit board on which a ring resonator is
etched is studied by Heinola et al. in a temperature range from -30°C to 105°C [157]. A
lengthy iteration method is used for the calculation of the dielectric constant and the dis-
sipation factor. These methods to measure temperature dependence of the complex per-
mittivity of FR boards require extensive sample preparation, bulky experimental setup
and tedious calculations.

In this study, five different types of FR boards are used as samples for measurement
of the temperature dependent permittivity. One each sample of FR2 and FR3 along with
three samples of FR4 (FR4Brown, FR4White and FR4Yellow) are used.

5.3.1 Temperature dependence of SRR

As in the previous section, the temperature dependence of the resonant frequency of SRR
test probe is analyzed initially. The resonance frequency of SRR at room temperature
is denoted as fr0. The resonant frequency at each temperature is noted asft0 and ∆f is
the shift in the resonance frequency of SRR probe, due to temperature variation. The
observations are given in Table 5.4.

96



5.3. FLAME RETARDENT CIRCUIT BOARDS

Table 5.4: Resonant frequency of the test probe for different temperatures along with the
resonant frequeny shifts.

Temperature
(0C)

Resonant
frequency
(GHz) ft0

Resonant
frequency
shift (∆f =
fr0 − ft0)

33 3.60006 0

40 3.60000 0.00006

50 3.57489 0.02516

60 3.5499 0.05015

70 3.5494 0.05066

80 3.5292 0.07083

5.3.2 Measurements and results

The resonant frequencies are measured at different temperatures for the five chosen sam-
ples and the frequency variations and are given in Fig. 5.8 - 5.12. In all cases temperature
is varied from room temperature (330C) to (800C). Fig. 5.8 and 5.9 are for FR2 and FR3
samples having thicknesses 1.6 mm respectively. Fig. 5.10, 5.11 and 5.12 depict resonant
curves for three samples of FR4 which are FR4White (1.6 mm), FR4Brown (0.8 mm) and
FR4Yellow (1.6 mm).

To draw the calibration curve, the resonant frequency of SRR with four standard sam-
ples used before are measured and given in Table 5.5 along with the permittivity values
obtained from cavity perturbation method. Figure 5.13 gives the calibration curve drawn
using these values. The real part of permittivity for different temperatures obtained from
the calibration cure for FR2 and FR3 samples is given in Tables 5.6. The results obtained
for the three FR4 samples are presented in Table 5.7.

The real parts of permittivity of each of the five samples at different temperatures are
calculated using Eqn. 5.1 and are given in Tables 5.6 and 5.7 for comparison.

5.3.3 Discussions

Figures 5.14 - 5.18 show plots of comparison for values obtained from calculation using
equation and from calibration curve for all the five samples. The comparison between
the values obtained by two methods show that here is only negligible variations for the
temperature dependent permittivity values.
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Figure 5.8: Resonant frequency curves of FR2 laminate for different temperatures.

Figure 5.9: Resonant frequency curves of FR3 laminate for different temperatures.
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Figure 5.10: Resonant frequency curves of FR4Brown laminate for different temperatures.

Figure 5.11: Resonant frequency curves of FR4White laminate for different temperatures.
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Figure 5.12: Resonant frequency curves of FR4Yellow laminate for different temperatures.

Table 5.5: Real part of permittivity and resonant frequency of samples for drawing cali-
bration curve.

Sample f0 (GHz) Permittivity εr
Air 3.60 1

Perspex 3.10 2.459

Glass epoxy 2.85 3.583

Glass 2.60 6.073
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Figure 5.13: Calibration curve drawn between resonant frequency and relative permittiv-
ity for standard samples.

Figure 5.14: Comparison of the real part of permittivity values obtained by calibration
curve and by analytical method for FR2 sample.
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Table 5.6: Resonant frequency and real part of permittivity of different FR boards at dif-
ferent temperature.

Sa
m

pl
e

Temperature(0C) ft1(GHz) f = ft1 −
(fr0 −
ft0)(GHz)

Real part
of per-
mittivity
from
the cali-
bration
graph
(εr)

Real part
of per-
mittivity
from
equation
(εr)

FR
2

33 3.0248 3.0248 2.7278 2.8913
40 2.9751 2.9750 2.9323 3.1179
50 2.9494 2.9242 3.2122 3.3514
60 2.92501 2.8748 3.4812 3.5910
70 2.9000 2.8493 3.5458 3.7196
80 2.8743 2.8035 3.8471 3.9594

FR
3

33 3.125 3.125 2.3835 2.4917
40 3.1000 3.0999 2.5503 2.5901
50 3.0504 3.0252 2.7171 2.8976
60 3.0019 2.9517 3.0400 3.2232
70 3.0005 2.9499 3.0507 3.2315
80 2.9751 2.9042 3.2767 3.4469
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Table 5.7: Resonant frequency and real part of permittivity of different FR boards at dif-
ferent temperature.

Sa
m

pl
e

Temperature(0C) ft1(GHz) f = ft1 −
(fr0 −
ft0)(GHz)

Real part
of per-
mittivity
from
the cali-
bration
graph
(εr)

Real part
of per-
mittivity
from
equation
(εr)

FR
4W

hi
te

33 2.8503 2.85037 3.5565 3.7145
40 2.8252 2.82522 3.7503 3.8443
50 2.7752 2.7501 4.3099 4.2542
60 2.7498 2.6996 4.7404 4.5493
70 2.7254 2.6748 5.0848 4.7004
80 2.7251 2.6543 5.2462 4.8254

FR
4B

ro
w

n

33 2.9251 2.9251 3.1691 3.3472
40 2.9246 2.9245 3.1906 3.3500
50 2.8752 2.8500 3.5996 3.7160
60 2.8500 2.7999 3.9225 3.9787
70 2.8246 2.7740 4.0839 4.1201
80 2.7996 2.7288 4.4170 4.3767

FR
4Y

el
lo

w

33 3.0000 3.0000 2.8139 3.0066
40 2.9749 2.9748 2.964 3.1183
50 2.9499 2.9247 3.1583 3.3491
60 2.92525 2.8750 3.4597 3.5930
70 2.92521 2.8750 3.4812 3.5930
80 2.8999 2.8290 3.7503 3.8244
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Figure 5.15: Comparison of the real part of permittivity values obtained by calibration
curve and by analytical method for FR3 sample.

Figure 5.16: Comparison of the real part of permittivity values obtained by calibration
curve and by analytical method for FR4White sample.
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Figure 5.17: Comparison of the real part of permittivity values obtained by calibration
curve and by analytical method for FR4Brown sample.

Figure 5.18: Comparison of the real part of permittivity values obtained by calibration
curve and by analytical method for FR4Yellow sample.
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Figure 5.19: Variation of real part of permittivity with temperature for five different sam-
ples.

Figure 5.19 shows the variation of the real part of permittivity with the increase in
the temperature for the five samples used for the study which show an increase with
increasing temperature. From the figure the variation in the permittivity can be found to
be not very negligible ( 0.2/10◦ C).

In electronic/electromagnetic systems handling relatively high power, there is a very
strong chance for the increase of temperature to not so small changes, which may result
in unwanted noise factors owing to the change of permittivity values.

To verify the experimental results, simulations using HFSS are used. For each temper-
ature, the permittivity values obtained from the experiments for the sample FR4white is
assigned as the material permittivity and simulations are carried out to obtain the reso-
nance curve. The transmission curves obtained for both experiment and simulation are
shown in Fig. 5.20(a) and 5.20(b). The curve clearly show the decrease in the resonant
frequency with the increase in the temperature.
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Figure 5.20: Resonant frequency curves of sample FR4white for different temperatures
obtained by a) experiment and b) simulation.
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Table 5.8: Resonant frequencies at different temperatures for FR4(white) sample from
experiment and numerical simulation.

Temperature
◦C

Resonant
frequency
from Ex-
periment
(GHz)

Resonant
frequency
from sim-
ulation
(GHz)

33 2.850378 2.78

40 2.824603 2.74

50 2.749488 2.69

60 2.699077 2.66

70 2.673912 2.63

80 2.654017 2.63

5.4 Wax samples

Three different waxes are chosen as a third set of sample for study of temperature depen-
dent dielectric constant. Several industrial and household applications like lubricants,
cosmetics, candles etc. utilizes the diverse properties of waxes. Like all dielectrics, struc-
tural and electrical properties of waxes are dependent upon temperature. There are sev-
eral techniques existing for measurement of relative permittivity of dielectric samples at
higher temperatures. Analysis of variations in dielectric constant with temperature of the
material shellac is done by Srivastava et. al. [158]. A study on electric properties such as
dielectric constant and dielectric loss is conducted in the p-band microwave frequencies
for the solid samples of bees wax, paraffin wax and micro crystalline wax using Von Hip-
pel method at room temperatures [159]. The analysis in the above referred work is done
for wax samples after heat treatment also. But a detailed study on permittivity variation
of wax samples under continuous variation of temperature is not found in the literature.
Here the study of temperature dependence of dielectric constant of three wax samples
(bees wax, bran wax and paraffin wax) is carried out by using split ring resonator (SRR).

5.4.1 Temperature dependence of SRR

Since the environmental conditions affect the sensitivity of the test probe, the resonant
frequency data for the calibration need to be taken before performing the permittivity
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Table 5.9: Resonant frequency of the test probe for different temperatures along with the
resonant frequeny shifts.

Temperature
(0C)

Resonant
frequency
(GHz) ft0

Resonant
frequency
shift(∆f =
fr0 − ft0)

30 3.4578 0

35 3.4333 0.0245

40 3.4184 0.0394

45 3.4039 0.0544

50 3.3898 0.0680

55 3.3710 0.0868

60 3.3518 0.1060

measurement. As in the earlier cases, the resonant frequency of SRR test probe alone is
measured at different temperatures and the values are represented as ft0 along with the
shift in resonant frequency (∆f ) and are given in Table 5.9.

5.4.2 Measurements and results

The calibration curve has been drawn between resonant frequency of SRR and relative
permittivity of samples. For this we have selected four samples - glass, glass epoxy board,
perspex and plastic. They are then placed on the surface of SRR (Fig. 5.2) and their res-
onant frequencies in GHz obtained are 2.48, 2.8797, 3.0398 and 3.1199 respectively. From
the cavity perturbation method [48] we obtain the dielectric constants of these samples
as 6.07, 3.58, 2.45 and 2.1 respectively. Fig. 5.21 is the calibration curve thus obtained.
It is observed that resonant frequency decreases as the dielectric constant of the mate-
rial increases. Relative permittivity of any unknown test sample in close contact with
the surface of the SRR can be extracted from this calibration curve if corresponding res-
onant frequency of SRR - sample system lies on the curve. Table 5.10 gives the resonant
frequency and permittivity values used for drawing the calibration curve.

Different test samples of waxes are placed on the SRR and corresponding resonant
frequencies are measured and are represented as ft1. The shift in resonant frequency
(fr0 − ft0) for each temperature is calculated as a correction factor and subtracted it from
ft1. The obtained resonant frequency f is the corrected resonant frequency. The values
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Figure 5.21: Calibration curve between the resonant frequency and the relative permit-
tivity of four standard samples.

Table 5.10: Real part of permittivity and resonant frequency of samples for drawing cali-
bration curve.

Sample f0 (GHz) Permittivity εr
Plastic 3.1199 2.1

Perspex 3.0398 2.45

Glass epoxy 2.8797 3.58

Glass 2.4800 6.07

are presented in Table 5.11.
The permittivity values corresponding to each of the resonant frequencies (f ) is found

out from the calibration curve and are given in the same Table. The real part of permit-
tivity of the three wax samples at different temperatures are calculated using Eqn. 5.1
and are given in Table 5.11 for comparison. Figs. 5.22 and 5.23 show the variation of rel-
ative permittivity of the three wax samples with increasing temperature obtained using
calibration curve and analytical equation respectively.

5.4.3 Discussions

The resonant frequency of SRR decreases as the temperature of the sample in contact with
it increases. This is due to an increase in relative permittivity with increase in tempera-
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Figure 5.22: Relative permittivity variation with temperature for bran wax, paraffin wax
and bees wax samples obtained from calibration curve.

Figure 5.23: Relative permittivity variation with temperature for bran wax, paraffin wax
and bees wax samples obtained from analytical equation.
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Table 5.11: Resonant frequency and relative permittivity of wax samples corresponding
to different temperatures.

Sa
m

pl
e

Temperature(0C) ft1(GHz) f = ft1 −
(fr0 −
ft0))(GHz)

Real part
of per-
mittivity
from
the cali-
bration
graph
(εr)

Real part
of per-
mittivity
from
equation
(εr)

Br
an

W
ax

30 3.044 3.032 2.5298 2.3707

35 2.989 2.953 2.9737 2.6922

40 2.960 2.908 3.3361 2.8872

45 2.950 2.884 3.5582 2.9950

50 2.939 2.859 3.6840 3.1101

55 2.919 2.821 4.0166 3.2910

60 2.889 2.771 4.3496 3.5405

Pa
ra

ffi
n

W
ax

30 3.090 3.077 2.2785 2.1985

35 3.070 3.033 2.4708 2.3667

40 3.06 3.008 2.5859 2.4657

45 3.05 2.984 2.7444 2.5630

50 3.03 2.949 2.9886 2.7092

55 3.03 2.931 3.1218 2.7864

60 3.03 2.911 3.3410 2.8739

Be
es

W
ax

30 3.168 3.156 1.8321 1.9138

35 3.160 3.124 2.0864 2.0265

40 3.146 3.094 2.2192 2.1353

45 3.131 3.065 2.3229 2.2436

50 3.100 3.019 2.5447 2.4218

55 3.099 3.000 2.6779 2.4978

60 3.087 2.968 2.8628 2.6292
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Figure 5.24: Comparison of the real part of permittivity values obtained by calibration
curve and by analytical method for Bran wax.

Figure 5.25: Comparison of the real part of permittivity values obtained by calibration
curve and by analytical method for Paraffin wax.
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Figure 5.26: Comparison of the real part of permittivity values obtained by calibration
curve and by analytical method for Bees wax.

ture. By analyzing Fig. 5.22, Fig. 5.23 and Table 5.11 we can conclude that the relative
permittivity varies almost linearly with temperature for wax samples. For an increase
of 30°C in temperature, the bran wax showed a larger increase in relative permittivity
(1.8198). For the same increase in temperature, bees wax and paraffin wax showed an
increase by 1.0307 and 1.0625 respectively.

Fig. 5.24 -5.26 show plots of comparison for values obtained by calibration curve and
by analytical equation for the three samples of waxes. The figures show a close agreement
in values of real part of permittivity calculated using both the methods.

5.5 Conclusion

The temperature dependence of real part of relative permittivities of the set of samples -
two polymer samples (plastic and perspex), Five Flame Retardant laminates (FR2, FR3,
FR4White, FR4Brown and FR4Yellow) and three wax samples (Bran wax, Bees wax and
Paraffin wax) - are carried out using SRR methods. By using extrapolation method, tem-
perature dependence of dielectric constants of any sample with a planar surface can be
found out provided its resonant frequency is on calibration curve. This method proves to
be a precise and easy measurement technique compared to many other characterization
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methods to find the temperature dependence of dielectric constant. This method may be
extended to a wide range of temperatures by properly modifying the experimental setup.

The results obtained by calibration curve are also verified by the proposed numerical
method and is found to be in quite good agreement.
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Chapter 6

Summary and Scope for Future Works

Investigations on the applications of resonant properties of Split Ring
Resonators show that it can be used as a sensor for dielectric constant mea-
surements. The proposed methods have advantages of simplicity and effi-
ciency over other existing methods. The major findings of the research and
the scope for the future works are discussed in this chapter.



CHAPTER 6. SUMMARY AND SCOPE FOR FUTURE WORKS

In this thesis a novel and efficient complex permittivity measurement techniques based
on metamaterial inspired Split Ring Resonator is presented. The method introduced is
highly effective for precise determination of permittivity of dielectric materials having
low and moderate values of dielectric constant and loss factor. The numerical equations
developed for the effective capacitance and resonant frequency of the SRR and the real
and the imaginary parts of the permittivity are based on a quasi-static approximation in
the assumption that the size of meta-molecule SRR is very much less than the wavelength
of the operating electromagnetic wave. Along with the analytical method for determin-
ing the complex permittivity, a simple and straight forward method for finding the real
part of permittivity based on a calibration curve using the SRR is also introduced. The
temperature dependent permittivity of a variety of samples having importance in electri-
cal, electronic and electromagnetic applications along with those field belonging to food
and cosmetic industries are analyzed here. The measured results are validated using
electromagnetic simulation method showing the accuracy of the proposed equations and
methods.

6.1 Major findings

The thesis presents the following major findings.

• The presence of the electric field distribution is conclusively proved on either side
of the resonator structure which in earlier studies were taken only on one surface,
a result leading to the important modification in the effective capacitance of the Slit
Ring Resonator.

• Based on the modified effective capacitance of the SRR, a new equation for the res-
onant frequency is derived which closely agrees with the values obtained by mea-
surements.

• A novel and efficient SRR based permittivity technique was introduced by deriving
new analytical equation for both real and imaginary parts of complex permittivity
for dielectric samples.

• Another SRR based extrapolation technique is introduced for determining the real
part of the permittivity by drawing a calibration curve in terms of known value of
dielectric constant of some standard samples.
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• The verification of the two proposed methods for determining the permittivity is
done by using electromagnetic simulation software.

• The temperature dependent variation in the value of dielectric constant are ana-
lyzed for different samples having state-of-the-art commercial and industrial im-
portance.

6.2 Scope for future works

The dielectric characterization studies of different materials can be carried out in an easy
and accurate manner by employing proposed techniques and equations. A wide variety
of scanning applications such as biomedical imaging, non-destructive surface imperfec-
tion testing etc. can be carried out by making suitable instrumentation based on the above
methods. The quality analysis of the food samples with a special emphasis on adulter-
ation can be evolved into a standard quality checking procedure. In situations where
high power electronic/electromagnetic circuitry is used, the possibility of unexpected
non-linear noise effects due to temperature changes occurring in circuit board laminates
may be identified which may lead to devices having ultra high accuracy.

6.3 Concluding remarks

After deriving the required analytical equations a novel and efficient complex permit-
tivity measurement technique is introduced along with an easy calibration curve based
method for determining the real part of permittivity. The obtained results are validated
using simulations. The temperature dependent variations occurring in different types
of dielectric materials are carried out in detail. The study may have a wide variety of
potential applications in different quality enhancement tests and accurate measurement
outputs.
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