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ABSTRACT

The background to this study is an effort to exploit a magneto-inductive waveguide (MIW)
for near-field contactless data and power transfer applications. MIWs are almost purely
magnetically coupled metamaterial waveguides whose coupling strengths can never exceed

the limit of conservation of magnetic flux.

This study raises the hypothesis that the coupling strength limit of MIWs can be overcome by
incorporating additional electric coupling into the structures; therefore, more strongly coupled
metamaterial waveguides can be built and serve as contactless near-field communication
channels with wider passbands and lower attenuations. The hypothesis was tested in this
study by investigating a new variant of the metamaterial waveguide: the Capacitor-Connected
Grid (CCQG), in which additional electric coupling is introduced by connecting coupling

capacitors over inter-element gaps between conventional MIW metallic loop resonators.

The study investigates the dispersion and attenuation characteristics of both one- (1-D) and
two-dimensional (2-D) CCG devices, leading to a discussion on their potential uses in ultra-
wideband (UWB) contactless near-field data transfer applications. A mixed coupling model
calculating inter-element mixed coupling coefficients for arbitrarily configured CCG
waveguides is derived based on the state-of-the-art, taking into account the shift of resonant
frequency caused by electric coupling. The study also looks at terminal optimizations for 1-D

CCG with a view to maximizing power transfer efficiency.

A highlight of this study is that a 1-D CCG demonstration device in theory should be able to

achieve 192.4% fractional bandwidth, which exceeds the 20% requirement of a UWB channel

by a factor of 9.6, and is onlyl—l0 of the minimum attenuation of an equivalent-sized MIW



device. Similar communication characteristics have also been found at selected transmission

paths on a 2-D CCG demonstration structure.

The results of this study on CCG waveguides verify the hypothesis that incorporating
additional electric coupling into an almost purely magnetically coupled waveguide can
improve its coupling strength and thereby achieve a communication channel with larger

bandwidths and lower losses.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND TO AND MOTIVATION FOR THE STUDY 11
1.2 OVERVIEW OF THE STUDY 12
1.3 THESIS STRUCTURE 14

1.1 Background to and Motivation for the Study

Electronic devices typically require physical internal electrical connections for power and
data transfer via large numbers of soldered pins and wires. Technology convergence has
continued to increase the number of chips that can be integrated onto printed circuit boards
(PCBs), while reducing the size of electronic devices in each succeeding generation. The
conventional PCB assembly method can no longer meet the growing need for high-density

packaging techniques with large numbers of power and signal lines.

Recently, contactless data and power transfer via an inductive link [1] has been proposed as
an alternative power and communication channel, in which the number of soldered pins can
be greatly reduced, thereby producing more space for other components in the system.
Previous studies have investigated contactless data and power links on both PCB-chip levels
and package levels [2], [3] under similar schemes. Such contactless links are sequences of
relay coils [1] coupled to one another via their mutual inductance so that the power and data
are wirelessly supplied via magnetic field resonance coupling between source and receiver

coils [4].

Stevens [5] offers a new view on relay coil sequences from a metamaterial [6] perspective. It

was shown that relay coil sequences are essentially identical structures to magneto-inductive
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waveguides (MIWs), a novel metamaterial waveguide proposed by Shamonina et al. [7] in
2002. In particular, relay coil sequences transfer data and power via the propagation of
magneto-inductive (MI) waves in the same way as MIWs. Given the knowledge gained about

the physical properties of MIWs, Stevens et al. [5], [8] -~ [11] have exploited the potential of

MIWs as one-dimensional (1-D) and two-dimensional (2-D) contactless near-field data and

power transfer channels.

A strongly coupled MIW structure, by its very nature, offers low loss and wide bandwidth
data transfer, while at the same time being also perfectly prepared for efficient power transfer.
In order to build a more efficient data and power transfer channel, extensive efforts have been
made to enhance magnetic coupling strength in MIWs, including adjusting inter-element
separations and orientations [12], redesigning element shapes [13], introducing positional
shifts between elements [14] and improving fabrication methods [15]. However, the magnetic

coupling strength is limited by magnetic flux conservation.

Given this limit of magnetic coupling, the key research question addressed by this thesis is:
can we make use of the electric coupling to enhance the overall coupling strength of
metamaterial waveguides, overcoming the limit of magnetic coupling? This question could be
answered by introducing additional electric coupling into conventional MIW structures and
observing how the electric coupling interacts with the magnetic coupling and contributes to

the overall coupling strength of metamaterial waveguides.

1.2 Overview of the Study

This study is mainly concerned with the investigation of a new variant of metamaterial
waveguide - the Capacitor-Connected Grid (CCG) - which incorporates both magnetic

coupling and electric coupling. By its very nature, the magnetic coupling strength in a CCG
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waveguide is fixed once the geometry of the resonators is determined, while the electric

coupling can be readily varied by choosing different values of the coupling capacitors.

This study aims to analyse, both theoretically and experimentally, the dispersion properties of
1-D and 2-D CCG metamaterial waveguides, to better understand the coupling mechanisms
of CCGs by describing the interactions between magnetic coupling and electric coupling, and
to explore the potential for CCG metamaterial waveguides to be applied as contactless near-

field data and power transfer channels.

The major challenges of this study are as follows:

1. Characterization of 1-D CCG metamaterial waveguides
It is essential to characterize the dispersion properties of a 1-D CCG structure, both
theoretically and experimentally, as they determine the physical behaviours of such a
waveguide and its transmission properties. Other properties such as geometric
dimensions, propagation loss, group velocity, bandwidth and propagation modes are
also very important when exploring the potential applications of this waveguide, and
therefore they will be carefully investigated in this study.
The characterization of 1-D CCG structures can lead to a discussion on the coupling
mechanism of this waveguide, describing the interactions between magnetic coupling
and electric coupling. The coupling mechanism of CCG waveguides can be
generalized to many different metamaterial waveguides that may be constructed based
on the same principle.

2. Derivation of a mixed coupling model
A CCQG structure is an example of mixed coupling metamaterial waveguides which
incorporate both magnetic and electric coupling. The next step in this study is to find a
method for calculating inter-element mixed coupling coefficients for arbitrarily
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configured CCG waveguides. By separately evaluating the electric and magnetic
contributions to the mixed coupling coefficient, one is able to readily adapt the design
of many mixed coupling waveguides to different requirements.

. Dimensional extension to 2-D CCG metamaterial waveguide surfaces

The dimensional extension from 1-D to 2-D has proven to offer an increased
bandwidth and a reduced loss in the study of conventional MIWs [9], [13]. This study
of CCGs follows the same route to explore the behaviours of a 2-D CCG metamaterial
waveguide surface. The frequency-dependent current distribution over a 2-D CCG
surface will be examined in order to identify the available transmission paths. The
dispersion properties of selected transmission paths on the 2-D surface will be
analysed, both theoretically and experimentally, along with other important features,
including propagation loss, group velocity, bandwidth, and propagation modes.

. Exploration of the potential of CCG waveguides for use in contactless data and
power transfer

The potential for using CCG devices as 1-D or 2-D data transfer channels to link near-
field coupled devices at high bandwidth and low loss will be discussed, along with the
characterization of these structures. This study will also explore the potential of 1-D
CCG waveguides to be used as contactless power transfer channels, focusing on

terminal optimizations with a view to offering maximized power transfer efficiency.

1.3 Thesis Structure

Chapter 2 reviews a brief history of metamaterials and serves as an introduction to the basic

concepts and equations of metamaterial waveguides. An overview of the two types of slow

waves propagating along metamaterial waveguides: magneto-inductive (MI) waves and

electro-inductive (EI) waves is given, followed by a discussion of the potential of
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metamaterial waveguides to be used in contactless near-field data and power transfer

applications.

Chapter 3 proposes the design of 1-D CCG metamaterial waveguides with the aid of a quasi-
static mesh circuit model. The dispersion equation of a 1-D CCG device is derived based on

Kirchhoff” s Voltage Law, followed by an analysis of the dispersion and attenuation

properties calculated for a given demonstration structure. Other properties, including group
velocity, bandwidth and propagation modes, are carefully investigated, along with a
discussion of the potential of this structure for use in contactless near-field data transfer. The
characterization of the 1-D CCG waveguide leads to a discussion on its coupling mechanism,

which describes the interaction between magnetic and electric coupling.

In addition, Chapter 3 reviews the state-of-the-art model [16] which calculates inter-element
mixed coupling coefficient for split-ring resonators. This existing model is adjusted to CCG
structures based on the difference between spilt-ring resonators and CCG structures. The
adjusted coupling model allows separate evaluation of the electric and magnetic contributions
to the mixed coupling coefficient. This adjusted coupling model also allows direct derivation
of the dispersion equations and impedance matrix based on the values of the self-impedance
and mutual impedance of a metamaterial waveguide. When analysing structures with

complex electrical circuits, this model helps to reduce the effort in applying Kirchhoff” s

Voltage Law to mesh circuit models and allows the design of many mixed coupling

waveguides to be readily adapted to different requirements.

Chapter 4 presents a simple experiment conducted to verify the analytical analysis of 1-D

CCG devices. The experimental dispersion characteristics are extracted from the
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measurements by two different methods and the extracted dispersion characteristics are

compared with analytical predictions.

Chapter 5 advances the study of CCG devices to their 2-D extension and the proposed 2-D
CCG waveguide surfaces. The frequency-dependent current distribution over a 2-D CCG
surface is examined in order to identify the available transmission paths. The dispersion
properties of selective transmission paths on the 2-D surface are analysed both theoretically
and experimentally, along with other important features, including propagation loss, group
velocity, bandwidth and propagation modes. This chapter also discusses the potential of a 2-D
CCG waveguide surface to be exploited in a multipath and multi-terminal contactless near-

field data transfer medium.

Chapter 6 investigates the potential of 1-D CCG structures to be used as contactless power
transfer devices, focusing on terminal optimizations with a view to offering maximized power
transfer efficiency. The optimal terminal design is derived under the reflectionless matching
condition, which states that a non-reflective waveguide can be formed by inserting a
terminating impedance that behaves as a semi-infinite line and gives to a finite structure the
input property of an infinite line. A simple experiment is conducted which proves that the
proposed optimal terminal design can successfully absorb all the incident power at the line

end.

Chapter 7 presents the conclusions drawn from the research carried out for this thesis, along
with ideas for future work in the field of metamaterial waveguides, with a view to further

developing their potential in contactless near-field data and power transfer applications.
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CHAPTER 2

LITERATURE REVIEW

2.1 BRIEF INTRODUCTION TO METAMATERIALS 17
2.2 COUPLING MECHANISM BETWEEN METAMATERIAL ELEMENTS 19
2.2.1 MAGNETIC COUPLING AND MUTUAL INDUCTANCE 19
2.2.2  ELECTRIC COUPLING AND MUTUAL CAPACITANCE 21
2.2.3 COUPLING MECHANISM BETWEEN METAMATERIAL ELEMENTS 22
2.3 MAGNETO-INDUCTIVE WAVES 23
2.4 ELECTRO-INDUCTIVE (EI) WAVES 28
2.5 APPLICATIONS OF MAGNETO-INDUCTIVE WAVEGUIDES 32

For the convenience of later discussions on CCG metamaterial waveguides, this chapter
reviews a brief history of metamaterials and serves as an introduction to the basic concepts
and equations of metamaterial waveguides. This chapter also contains an overview of
previous studies exploring the potential of metamaterial waveguides for use in contactless

near-field data and power transfer applications.

2.1 Brief Introduction to Metamaterials

All materials in nature are composites, consisting of atoms and molecules, which determine
the electromagnetic (EM) properties of a material. A number of desirable EM properties
appear to be lacking in natural materials, even though there are no physical laws preventing
the existence of such properties [6]. The exploration of artificial materials, in which atoms
and molecules are replaced by macroscopic, synthetic elements, offers the possibility of
realizing novel EM properties. By tailoring individual elements as well as their interactions,
the propagation of EM waves within a material can be manipulated to allow it to exhibit
exceptional EM properties that have not been readily observed in nature. One can generally

divide artificial materials into two categories: when the wavelength is comparable with
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element dimensions, the Bragg Effect [17] comes into play, giving rise to photonic bandgap

materials [18] - [22]; when the wavelength is much larger than element dimensions, the

effective-medium approximation applies, giving rise to metamaterials [23] - [30].

The most famous example of building metamaterials for non-natural properties refers to ‘left-
handed material’ (LHM), in which both the permittivity (¢) and the permeability («) are
negative. This idea was originally proposed by Viktor G. Veselago [31], namely, that one

may be able to make a substance with ¢ < 0 and x4 < 0 simultaneously, in which the three
vectors, the electric field, the magnetic field and the wave vector (E , H , E) constitute a left-

handed set. Propagation of EM waves described by the wave vector K is contrary to the
direction of energy flux, resulting in backward wave propagation in LHM. This can lead to
various unusual phenomena, such as the reversal of the Doppler Effect, the reversal of Snell’s
Law and the reversal of the Valilov-Cherenkov Effect. In [31], Veselago then proceeded from
the phenomenon of negative refraction to show that a lens with plane parallel boundaries
could bring a diverging beam emitted on one side of the lens to a focus on the other side [32].
Veselago’s work was ignored for a long time, until Pendry designed the first realization of
LHM. Pendry’s initial idea was that metallic wires aligned along the direction of wave
propagation could provide a metamaterial with negative permittivity [33], [34] and that split
ring resonators (SRRs) with their axis similarly aligned could achieve negative permeability
[35]. Smith et al. [36] demonstrated the first experimental evidence for LHM, which
consisted of a bulky combination of metal wires and SRRs disposed in alternating arrows.
The proof of negative refraction came shortly afterwards by Shelby er al. [37], [38].
Meanwhile, Pendry [39] further developed Veselago’s plane parallel lens, showing that it

was capable of subwavelength imaging and calling it ‘the perfect lens’.
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This early pioneering work on LHM opened the floodgates on metamaterial research. Since
then, researchers have achieved a variety of exceptional EM properties by tailoring individual
metamaterial elements as well as the interactions between them [40] - [55]. Possible
applications range from electronics and telecommunications to sensing, biomedical

instrumentation, aerospace and data storage.

2.2 Coupling Mechanism Between Metamaterial Elements

Many metamaterial structures are composed of periodic arrays of identical coupled resonators.
The properties of these structures depend not only on the parameters describing individual

resonators but also on the mutual couplings between them.

There are two types of mutual coupling that exist between metamaterial elements: magnetic
coupling and electric coupling. The definitions of the two types of coupling are introduced in
Sections 2.2.1 and 2.2.2, respectively. Section 2.2.3 reviews the coupling mechanism between

metamaterial elements, describing the interaction between the two types of coupling [56].

2.2.1 Magnetic coupling and mutual inductance

In the case that only magnetic coupling is concerned, an equivalent lumped-element circuit

model as shown in Fig. 2-1 can be used to represent a pair of inductors.

M
+ +
Vl Lseﬁf 1 LS@@}”Z Vg

Fig. 2-1 Circuit representation of magnetic coupling effect
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The interaction between the two inductors is described from the terminal on the left hand side
by Eq. (2.1), where iy, i, and v;, v, are circulating currents and total voltage in the 15¢ and
2% Joops, Lserr1 and Lgg;f » and are self-inductances in the 1°¢ and 2% loops, and M is the

mutual inductance.
V= Lself1ﬂ+M% (2.1
dt dt
The mutual inductance can be defined as follows: A current carrying loop sets up a magnetic
flux in space. A second open circuited loop couples some of the flux and a voltage is
developed across the terminals. This definition of mutual inductance can be expressed as

Eq. (2.2):

(1)2
M=— (2.2)
l1

That is to say it is the magnetic flux coupling the second loop relative to the current that

produced that flux in the original loop.

If the magnetic field generated by one loop is in the same direction at the centre of the other
loop, the mutual inductance is positive, M > 0; if they are in the opposite direction, the mutual

inductance is negative, M< 0.

Assuming the two loops are identical, one can have Lgeir1=Lgerf 2=Lserr. The magnetic

coupling coefficient k,, can be expressed as Eq. (2.3), which is the ratio between mutual

inductance and self-inductance.

2M (2.3)
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2.2.2 Electric coupling and mutual capacitance

In the case that only electric coupling is concerned, an equivalent lumped-element circuit

model as shown in Fig. 2-2 can be used to represent a pair of capacitors.

Cme];?’ ]
Iy I
—', .‘—
+ +
Vl Cseﬁf 1:: ::Csegfz V2

Fig. 2-2 Circuit representation of electric coupling effect

The interaction between the two capacitors is described from the terminal on the left hand
side by Eq. (2.4), where iy, i, and V;, V, are circulating currents and total voltage in the 15¢
and 2% loops, Csetr1 and Csepp» and are self-inductances in the 1%¢ and 2"¢ Joops, and

Ciners is the mutual capacitance.

_ dv, dv,
l1 = Cself 1? + CmeffE

(2.4)

The mutual capacitance can be defined as follows: A voltage across two conductors sets up a
electric field and a corresponding electric flux. A second capacitor consisting again of two
conductors is placed within this electric field. The second capacitor’s two conductors are
short circuited and the amount of electric flux that couples the composite conductor is equal

to the charge that is induced on it. This definition of mutual capacitance can be expressed as

Eq. (2.5):

q:
Crefr = 7 (2.5)
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That is to say the mutual capacitance is the ratio of coupled electric flux relative to the

voltage that produced that flux in the first capacitor.

If the charge generated across one loop has the same sign as the charge across the other loop,

the mutual capacitance is positive, Cperr > 0; if they have the opposite signs, the mutual

capacitance is negative, Cperr < 0.

Assuming the two loops are identical, one can have Cger1=Cserf 2 =Cserr. The electric

coupling coefficient k, can be expressed as Eq. (2.6), which is the ratio between mutual

inductance and self-inductance.

_ 2Cmery

e (2.6)

Cself

2.2.3 Coupling Mechanism between Metamaterial Elements

The coupling mechanism between metamaterial resonators depends on the frequency range
applied, as discussed in [57]. It has been experimentally verified that the coupling between
metamaterial resonators operating at MHz frequencies is nearly purely magnetic [58], and
magnetic coupling is always negative for a coplanar case and positive for a coaxial case. In
the GHz range, the coupling contains a significant electric component [59], [16], [60] and a

strong coupling anisotropy arises [16].

Depending on the relative orientations between resonators in a plane, in the GHz range
magnetic and electric coupling may take either a positive or a negative sign, and therefore the
two may reinforce or counteract each other [59], [16]. This implies that the overall coupling
can be dominated by either magnetic or electric coupling, which then leads to completely
different dispersion relationships, and there can be configurations in which the two

components of the coupling factor compensate for each other to eliminate coupling. A further
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increase in frequency to the THz range gives rise to effects related to the kinetic inductance

[16].

Metamaterial structures can affect not only the propagation of transverse EM waves but can
also support two types of slow longitudinal waves, magneto-inductive (MI) waves [7] and
electro-inductive (EI) waves [61]. Slow waves are those whose phase velocities are much
smaller than the light velocity. The propagation of MI waves comes as a consequence of
magnetic coupling between metamaterial resonators, while EI waves owe their existence to

electric coupling between resonators.

N
N'1 |\ e
3 (A \1," 2 1 2 3 N-1 N
2 i ATy SN NS NI
y r’*\_L—"i'{S"c Z \h/ N d\w/ pL N
X '=~J[-»'"Li:/| J \Y Z
g g
(a) (b)

Fig. 2-3 Schematic representation of (a) a coaxial array; (b) a coplanar array of capacitively loaded loops of
radius 1y placed at distance d from each other. This figure is taken from [62].

2.3 Magneto-inductive Waves

In 2002, Shamonina et al. [7] first proposed the magneto-inductive waveguide (MIW), a
magnetically coupled chain of one-dimensional (1-D) metamaterial resonators, as a medium
for supporting the propagation of MI waves. The dispersion characteristics of MI waves have

been analysed both theoretically and experimentally [62] - [64].

The simplest realization of an MIW element is a capacitively loaded loop [65]. An MIW
could be modelled as a simple series of RLC resonators [66] which are coupled together via

mutual inductance. Schematic presentations of two configurations of MIW are shown in
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Fig. 2-3, where a finite array (N elements) of capacitively loaded loops of radius 1y is placed

(a) coaxially and (b) coplanarly at a distance d from each other [62].

When considering a finite length of 1-D MIW (N elements), its impedance matrix Z can be

described by an NxN square matrix as given by Eq. (2.7).

Zy JjoM 0 0
(jwM Zy JjowM 0 \‘

0 joM Z, joM 0

7 = ) . - : | 2.7)
: 0 joM Z, joM 0
\ ; e 0 joM  Zy joM
0 . 0 joM Z,

where the impedance of a single element, Z,, is positioned along the leading diagonal, and the

coupling term jwM is on the off diagonals.

The magnetic fields threading two neighbouring elements are in the same direction in the

coaxial case (M>0), while they are in the opposite directions in the coplanar case (M<0) [29].

When considering a two-dimensional (2-D) structure, a new coupling term representing the
magnetic coupling between diagonally adjacent elements My, needs to be taken into
account. For an MxN 2-D array (M rows and N columns), one can obtain an MxM impedance

matrix as given by Eq. (2.8):

A B 0 .. 0
B AB 0 . :
1o B oo
Z=1. = « < B 0 @8)
: O B A B
0 0 B A

where matrix 4 describes couplings inside a row and matrix B describes inter-row couplings.
The size of both A and B is NxN. A and B are as defined in Egs. (2.9) and (2.10),

respectively:
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Zy JjowM 0 0
(jwM Zy JjowM 0 \‘

0 joM Z, joM 0

A= . - - : (2.9)
: 0 joM Z, joM 0
\ ; e 0 joM  Zy  jwM
0 . 0 joM Z,
JjoM JoMgiqq 0 0
jdeiag jwM jdeiag 0 : \
0 joMyiay oM joMgg, 0 [
: - - - | (2.10)
I

0 jdeiag jwM jdeiag 0
: 0 JoMgiag JjoM JwMgiqg
0 0 JoMgiqg jwM
The excitation is assumed to be a voltage V of frequency w in the first loop. The dispersion
relationship can be obtained by applying Kirchhoff’s Voltage Law to the n** element and

can be written as Eq. (2.11). The nearest-neighbour coupling approximation, which was

validated in [63], is applied here for simplicity.

2

Wo J wo
k., cosh(yd) = ? -1+ az (2.11)
woLmiw

1 . . .
where wg = TG is the resonant frequency, Q = is the quality factor, Ly,

Curw and Ry are the inductance, capacitance and resistance of a capacitively loaded loop,
respectively, d is the lattice period of the structure, the propagation constant y = a + jf3,
where £ and a are the wave number and attenuation coefficient, respectively. According to
the definition in Eq.(2.3), the magnetic coupling coefficient of the MIW is given by

Eq. (2.12):

(2.12)
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If the frequencies of interest are near enough to w, such that % ~ 1, one can omit the term %

in Eq. (2.11).

If the omhic loss is negligible in which case Q — oo, the dispersion equation of MIWs in

Eq. (2.11) can be simplified to Eq. (2.13).

wo?

2 1 = k,, cosh(yd) (2.13)
Using a similar analysis for a coplanar 2-D array [63], where the lattice period d is the same

for both the x and y directions, one arrives at the dispersion equation for 2-D MIWs, as given

by Eq. (2.14):

2

w
w—oz — 1= ky(cosh(y,d) + cosh(y,d)) (2.14)

where vy, and y,, are propagation constants in the x and y directions, respectively. Using
Egs. (2.13) and (2.14), one can deduce that MI waves only propagate in a narrow passband
centred on the resonant frequency w,, as given by Eq. (2.15). One consequence of this

expression is that a 2-D MIW will have significantly greater bandwidth than a 1-D device.

1 w 1

——————— < — =< YVY/——— (2.15)
\/1+T]x|km| Wo Vl_ 7’]xlkml

2 for a 2-D MIW
where n,, =

1 fora 1-D MIW
The dispersion characteristics of a coaxial 1-D MIW and a coplanar 1-D MIW can be seen by

representing its dispersion equation (Eq. (2.13)) in Fig. 2-4 (a) and (b), respectively.

In Fig. 2-4 (a), the coaxial case, positive magnetic coupling carries forward waves, of which

the group velocity (v, = ?9_(;,:) and phase velocity (v, = %) are in the same direction. In
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Fig. 2-4 (b), the coplanar case, negative magnetic coupling results in the propagation of

backward waves with group velocity and phase velocity in opposite directions.

The magnetic coupling coefficient k,, is limited by flux conservation and can be expressed

as |k,| < 2. It is worth mentioning that infinite bandwidth can be achieved when

o
1 -
0 0.5 1 0 0.5 1
Bd/m pd/m
(a) (b)

Fig. 2-4 Dispersion curve for (a) a coaxial array with k,,>0; and (b) for a coplanar array with k,, <0 under the
lossless assumption, where R = 0, and the nearest-neighbour approximation.

|km| > 1[29]. There would still be a lower cut-off frequency, but the upper boundary of the
passband extends to arbitrarily high frequencies with an asymptote, as in Eq. (2.16). The
infinite bandwidth and the asymptote are illustrated in Fig. 2-5.
pd = arccos™! (— i) (2.16)
Kin

Due to their wave-guiding property, MIWs can be considered as transmission lines. For all
transmission lines, a terminating impedance at the line end absorbs all the incident power.
The terminating impedance Z;_p;y for MIWs was derived in [63] under the nearest-

neighbour approximation, as given by Eq. (2.17):
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Fig. 2-5 Dispersion curve for a coaxial MIW array with k,,= 1.5, which shows an arbitrarily high upper
frequency limit. The limit of i—d goes to 0.73 in this case. This curve is plotted under the lossless assumption,
where R = 0, and the nearest-neighbour approximation.

Zr_yiw = joMe 74 (2.17)
Previous studies have extensively characterized the behaviour and properties of MI waves,
looking at retardation effects [67], coupling mechanisms [59], bi-periodic structures [68],
properties of shifted coupled structures [14] and at approaches for manipulating near-field

guiding properties [12].

24 Electro-inductive (EI) Waves

EI waves propagate on chains of electrically coupled metamaterial resonators. Metamaterial
waveguides that support propagation of EI waves have come to be known as electro-inductive
waveguides (EIWs). Beruete er al. [61] first considered a chain of electrically coupled
complementary split ring resonators (CSRRs) as an EIW structure. A CSRR element [69], as

shown in Fig. 2-6 (a), can be obtained from a conventional SRR (Fig. 2-6 (b)) by inversion of
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constituent materials, with metal being replaced by a dielectric, and vice versa, according to

the Babinet Principle [70].

The equivalent circuit for a unit cell of CSRR is shown in Fig. 2-7, where L. is the CSRR
self-inductance, C; is the capacitance to ground in the chain of CSRRs and C), is the mutual
capacitance between adjacent complementary split-ring resonators. Assuming C, the CSRR
self-capacitance as defined in [69], then one can have C. = 2Cy + C; under the nearest-

neighbour approximation.

(@) (b)

Fig. 2-6 Topologies of (a) CSSR and (b) SRR, in which grey zones represent the metalization. The figure is

taken from [69].
i ]
1]
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Fig. 2-7 Equivalent circuit for a CSRR element. This figure is taken from [61].
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The dispersion relationship can be obtained by applying Kirchhoff voltage analysis to the nt®

element and can be written as Eq. (2.18):

2

)
— 2
a)_oz =14 2w“CyL, cosh(yd) (2.18)
here th t f = —— th ti tant y = a +jB
where the resonant frequency wo = —=————- the propagation constan Yy = jB,

where a and f are the attenuation coefficient and the wave number, respectively. According
to the definition in Eq. (2.6), the electric coupling coefficient of the CSRR can be expressed
in Eq. (2.19):

" 2Cy
=— 2.19
Under the assumption of narrow bandwidth, where w = w,, the dispersion equation for a

lossless EIW can be simplified to Eq. (2.20):

2

)
a)_oz ~ 1+ k, cosh(yd) (2.20)

The width of the passband is proportional to the electric coupling strength, as given by

Eq. (2.21), which is a dual form of Eq. (2.15):

w
J1=1lk,| < —=< V14 kel (2.21)

0

In a similar manner to MIWs, the bandwidth performance of EIWs is limited by the inter-
element electric coupling strength that can be achieved in practice. The electric coupling,
which is determined by the geometric mutual capacitance Cy, is limited by the practical inter-
element spatial proximity and the area size of parallel plates from adjacent resonators, which

is limited by the thickness of the metal tracks.
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Fig. 2-8 Dispersion curve for a chain of electrically coupled CSRRs with k, = 0.22 and f, = 4.5 GHz under the
lossless assumption.

In the experiments described in [61], efforts were made to reduce ohmic losses and to
increase the electric coupling strength for an EIW structure made of a chain of electrically
coupled complementary squared split ring resonators (CSSRRs) [71]. The resulting EIW in
[61] exhibits a passband roughly between 4 and 5 GHz. The dispersion relation of this
CSSRR EIW structure can be reproduced as shown in Fig. 2-8 when k, = 0.22 and f, =
4.5 GHz. It can be seen that a passband centred at w, for EI wave propagation is achieved as

described by Eq. (2.21).

The dispersion relation for MIWs as given by Eq. (2.13) can be further simplified to Eq. (2.22)
under the weak coupling assumption, where k,,, << 1, in order to observe its duality with the

dispersion relation for EIWs given by Eq. (2.20):
(1)2

w_oz ~ 1 — k,, cosh(yd) (2.22)
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The dispersion relations given by Eqgs. (2.20) and (2.22) coincide if the resonant frequencies
w, of the CSRRs and SRRs are the same. It is worth mentioning that w, changes with
varying electric coupling coefficient k., as they are both a function of C,; in CSRRs, while
wy stays the same when varying magnetic coupling coefficient k,, in SRRs. In summary,

EIWs propagate EI waves in the same manner as MIWs propagate MI waves [61].

2.5 Applications of Magneto-inductive Waveguides

Apart from the applicability of designing metamaterials with non-natural properties, there has
been a surge of interest in exploring the magnetic guiding properties of metamaterials.
Experimental studies with a metamaterial made of ‘Swiss rolls’ [72] have shown that the
resulting metamaterial exhibits a high permeability, being capable of guiding magnetic flux,

with potential applications in magnetic resonance imaging (MRI).

MI waves can be equally responsible for such guiding effects [7], [73], and have great
potential in applications mainly on account of their versatility and simplicity of design, also
helped by the ease with which they can be produced, the relatively simple mathematical
description of their operation, and the vast frequency range (from the MHz to the THz region)
in which they can operate [73]. Such waves may exist in one-, two- and three-dimensional
lattices [63], and they exhibit all the relevant wave phenomena, such as refraction, reflection
and diffraction [29]. Therefore, MIWs have the potential to be applied as a variety of near-
field subwavelength manipulating devices, as proposed in [7], [62], [71], [73]-[80], such as
waveguides, mirrors, Fabry-Perot resonators, tapers, reflectors, power dividers, directional

couplers, phase shifters, delay lines and near-field lenses.

Stevens et al. [8], [9] explored the potential of MIWs to be applied as contactless near-field

data transfer channels and subsequently showed that such channels can operate in both 1-D
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MIWs (Fig. 2-9 (a)—(b)) [9] and 2-D MIWs (Fig. 2-9 (c)) [8] with good data capacities. It has
been experimentally demonstrated that the 1-D coplanar MIW data transfer channel [9] can
achieve a data capacity of ~60 Mbps (for an assumed input signal-to-noise ratio (SNR) of
10%), and the 2-D MIW data transfer channel [8] can achieve a data capacity of ~305 Mbps
(for an assumed SNR of 100). It was found that the data exchange within 2-D MIWs is not
limited to the direct signal path [8], which implies that network flexibility and usability could
be further improved by involving multiple terminal connections and allowing multipath data

transfer channels.

Wireless power transfer (WPT) is an old research topic [81] that has generated much current
research interest in the context of metamaterials. The original work described in [1] first
demonstrated long-range power transfer with low radiated losses and 40~50% transfer
efficiency via self-resonant strongly coupled coils. Since then a number of methods have been
employed to extend the range of efficient power transfer, notably the use of passive, resonant
relay coils to increase the oscillating magnetic flux at the receiving coil [82]-[86]. Alongside
this there has been a surge in research interests in applying relay coils in near-field wireless

power transfer applications, particularly for charging small electronic devices [87]-[90].

Stevens et al. [5] offered an insight into relay coil systems by understanding them as MI
metamaterial waveguides and characterizing them by means of the properties of MI waves. A
1-D MIW metamaterial power surface has been proposed for efficient near-field power
transfer, with further work on developing an optimal receiver to increase the transfer
efficiency [10], [11]. Compared with conventional relay coil systems that use high-quality
factors to achieve high power transfer efficiency, MIW metamaterial waveguides exhibit
much higher coupling strengths, which gives them the potential to satisfy the needs of both

efficient near-field power transfer and high data bus speeds at the same time.
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(c)

Fig. 2-9 Configurations of a magneto-inductive wave-based contactless data channel based on (a) a 1-D
coaxially coupled channel with plane-coupled terminals; (b) a 1-D coplanarly coupled channel with axial-
coupled terminals; (c) a planar 2-D array with two terminal devices A and B, where A and B represent two
mobile devices which are using the 2-D array to exchange data. This figure is taken from [81].

Previous work in [9] proposed the idea that a metamaterial waveguide surface has the
potential to be used as track-free data buses in electronic systems with the possibility for
inter-chip communications if the silicon integrated circuits (ICs) in such systems are capable
of launching and detecting MI and EI waves. It could also be applied in body area networking
(BAN) applications, such as linking up patient monitors, saving alarms and headphones,

through clothes embedded with such metamaterial waveguides.
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The objective of this study is to build a more strongly coupled metamaterial waveguide with
the aid of additional electric coupling, overcoming the limit of coupling strength in
conventional, almost purely magnetically coupled, MIWs, and by this means produce more

efficient contactless data and power transfer channels.

Significant effort has been devoted to enhance magnetic coupling strengths in MIWs, via
adjusting inter-element separations and orientations [12], redesigning element shapes [13],
introducing positional shifts between elements [14] and improving fabrication methods [15].
However, the maximum magnetic coupling strength can never exceed the limit of magnetic

flux conservation.

With the attempt to overcome the limit of coupling strength in conventional MIWs, Stevens et
al. [91] considered the ultimate limit of reducing the inter-element separations, in which the
individual resonators have coalesced to form a coplanar 1-D ladder circuit called a CapGrid.
A CapGrid structure does not lead to a large increase in mutual inductance and available

bandwidth, compared with what can be readily achieved with conventional MIWs. However,
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this attempt to use an interlinked continuous structure to enhance coupling strength in

metamaterial waveguides provides the basic inspiration for the following study.

This study considers a new variant of the metamaterial waveguide: the Capacitor-Connected
Grid (CCQG), as shown in Fig. 3-1 (a), which is a continuous circuit mesh formed by
connecting coupling capacitors over the inter-element gaps between capacitively loaded
metallic loops in traditional coplanar MIWs (Fig. 3-1 (b)). The aim of designing CCG
structures is to build a more strongly coupled metamaterial waveguide by introducing

additional electric coupling into conventional, purely magnetically coupled, MIWs.

In Section 3.1, the structure of the 1-D CCG will be investigated, and its equivalent quasi-
static RLC circuit model will be developed. The circuit model will lead to the derivation of its
dispersion equation and passband frequency bounds in Section 3.2. In Section 3.3, the
experimental demonstration structure of a 1-D CCG will be given, along with its dimensional
details. In Section 3.4, the structure’s dispersion characteristics will be analysed, leading to a
discussion of the coupling mechanism of the CCG in Section 3.5. In Section 3.6, a mixed
coupling model will be derived based on the state-of-the-art and presented in comparison with
previous work. This mixed coupling model will be verified and applied in the dispersion

analysis of 1-D CCG structures in Section 3.7.
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Fig. 3-1 Structure of (a) adjacent resonators from 1-D CCGs; (b) adjacent resonators from conventional MIWs,
which are made of metallic loops loaded with gap capacitors. In (a) additional coupling capacitors are
connected over the inter-element gaps, gap capacitors are shared between newly formed minor loops and
adjacent major loops, which are conventional MIW resonators.

3.1 Circuit Model of 1-D CCGs

The structures of 1-D CCG waveguides are illustrated in Fig. 3-1 (a) to compare them with
the structures of conventional MIW devices as shown in Fig. 3-1 (b). In this section, an
analytical equivalent circuit model of the CCG will be built based on quasi-static circuit

analysis.

37



b= ko | —

b= ko | —

il

m—

_L

minp minp

Fig. 3-3 Circuit model of a coplanar 1-D CCG structure.

Fig. 3-2 shows the circuit model of a 1-D MIW structure, which is made of electrically
isolated, purely magnetically coupled, capacitively loaded metallic loops. Assuming that the
resonant frequency of individual elements corresponds to a free-space wavelength much
larger than the element size, the structure can be well described by a quasi-static
approximation [92]. This approximation can also be applied when exploring wave

propagation in CCG structures.

Fig. 3-3 presents the circuit model of a 1-D CCG structure, which can be considered as a
continuous circuit mesh consisting of alternating major loops and minor loops. Major loops

are the same kind of RLC resonant circuits as conventional MIW elements, which are
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interlinked by C;,,, 1.e. coupling capacitors soldered over the inter-element gaps in a parallel
configuration. Between adjacent major loops, there is not only magnetic coupling, in much
the same way as in conventional coplanar 1-D MIWs, but also electric coupling with the aid
of Cip. Each major loop is loaded with two gap capacitors (Cyqp), One over each of the two
gaps on common branches with adjacent, newly formed, smaller RLC resonant circuits,
which are referred to as minor loops. The soldered joints of the coupling capacitors are one
quarter of the way from both the top and the bottom of the shared branches, so approximately
only half of the inductance and resistance associated with one arm of the major loop is

actually included in the minor loop.

Differing from conventional, almost purely magnetically coupled, MIWs, CCG waveguides
incorporate both magnetic and electric coupling. The electric coupling between major loops is
introduced by the coupling capacitance Cp,),. There are two magnetic coupling terms, M and
Mpinp. The first term, M, describes magnetic coupling between adjacent major loops, while
the second term, My,;p,,,, describes magnetic coupling between a pair of adjacent major and

minor loops.

Fig. 3-4 (a) and (b) shows simplified circuit models illustrating the coupling mechanisms
corresponding to M and My, respectively. The two magnetic coupling terms, M and My,
can be calculated independently, as shown in Section 3.3, and they contribute jointly to the
overall magnetic coupling strength based on the principle of superposition. More specifically,

when considering the m + 1¢"

major loop in Fig. 3-4 (a) and (b), the e.m.f. induced by M and
Miyinp can be summed up when applying Kirchhoff’s Voltage Law to this loop, as shown in

Section 3.2.
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Fig.3-4 Simplified circuit model illustrating the coupling mechanism of magnetic coupling between adjacent
major loops in (a); magnetic coupling between adjacent major and minor loops in (b). The simplified model
replaces the illustration of R and L with straight lines, while the parallel coupling capacitors Cp,, and the gap
capacitor Cyqp, are retained. The currents circulating in the major and minor loops are represented by i and j,
respectively.

3.2 Derivation of Dispersion Equation for CCGs

The dispersion equation of 1-D CCG structures can be derived by applying Kirchhoff’s
Voltage Law to the circuit model, as shown in Fig. 3-3. The circuit analysis of 1-D CCGs
begins by considering the current circulating in the m*" major loop and the m*"® minor loop.
The nearest-neighbour approximation [63] is applied here for simplicity, in which only
couplings with nearest neighbours are considered. The total potentials of the two elements are

expressed by Egs. (3.1) and (3.2):

Zmajim +jwM(im—1 + im+1) +jmeinp(im +jm—1)

3.1
- Xshare(im +jm—1) =0
Zminpjm +jmeinp(im + im+1) - Xshare(im + im+1) =0 (3.2)
where Z,,,,; 1s the impedance of a major loop, and is given by Z,,,; = 4R + 4jwL + ot
gap

R and L are the resistance and the inductance, respectively, associated with each side of a
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major loop, w is the angular frequency of wave propagation, X, 1S the impedance of the

common branch shared between adjacent major and minor loops, and is given by Xgpare =

R | jwlL 1 . ) . .
St % + ot Zminp 18 the impedance of a minor loop, and is given by Zpnp, = R +
gap

JwL + - 2 42 , the current in the m*™ major loop is given by i,,, while the current in
JwCgap JwCmp

the m** minor loop is given by j,; Cgaps Cmp> M and My, are as defined in Section 3.1.

In order to explore the response, one now assumes a wavelike current excitation of the form

expressed by Egs. (3.3) and (3.4):

[y = lje~Ymd (3.3)

Jjm = Joe Y™ (3.4)

where [ and ], are the current amplitudes at the first major loop and the first minor loop,
respectively, d is the period of the structure, which is the distance between the centres of a

pair of adjacent major loops; the propagation constant is expressed by Eq. (3.5):

y=a+jp 3.5)

where o and P are, respectively, the attenuation constant and the wave number. Substituting

Egs. (3.3) and (3.4) into Egs. (3.1) and (3.2), one can derive the dispersion equation Eq. (3.6):

. 2
_ Z(Jmeinp - Xshare)
Zminp

. 2
(](‘)Mminp - Xshare) )
Zminp

Zmaj

coshyd = — (3.6)

2(jwM —

which can be transformed into the dispersion equation for conventional 1-D MIWs, which

Zmaj

iscoshyd = 2 ieM [29], by eliminating all extra terms Z,,inp, Mpminp and Xspgre-
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Finally, one can rewrite the dispersion relation Eq. (3.6) as a function of attenuation and wave
number, as expressed by Eq. (3.7):

Z(ja)Mminp B Xshare)2

Zmaj B Zmin
(a+jB)d = cosh™ — G px 7 (3.7)
. JOMminp — Ashare
2(woM —
(]OJ Zminp )

The available bandwidth can be found by assuming a lossless propagation case a = 0,
whereupon a cosh function becomes a cosine function, and one may inspect the limits
where |cos(Bd)| = 1 [91], which gives the upper and lower bounds of the passbands as

Egs. (3.8)—(3.11):

1 \/—b + Vb?% — 4ac

= — (3.8)
7o 2a
1 1 1o
fiz =57 (el = ) 39)
1 [—b— Vb?% —4ac
for = 0 (3.10)
2m 2a
1 2 + 2
= — 3.11
Tuz = o Coapl ~ CrmplL 1D
where the coefficients a, b and ¢ are defined by Egs. (3.12)—(3.14):
a= —(3L% 4 2LM — 4Mpinp” + 4MppinyL) (3.12)
6L 8L 8M,,; 4M  4M
b= + + + (3.13)

Cg ap Cmp Cg ap Cg ap Cmp
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C=——— (3.14)

A 1-D CCG structure is a continuous chain of inter-coupled alternating major and minor
loops, and therefore can essentially be considered as a bi-atomic metamaterial structure [93]
which displays two distinct passbands defined by Eqgs. (3.8)—(3.11) as a direct consequence of

bi-atomicity that is well known in solid-state physics [94].

The two passbands of CCGs, defined in Egs. (3.8)—(3.11), are determined by L and C, which
in turn determine the resonant frequency of CCGs and variables related to couplings,
including M, Mp,np, and Cyp,. Among them, only the parallel coupling capacitance Cp,), can
be readily varied by using capacitors of different values, while factors relating to magnetic
coupling are fixed once the geometry of the loops is determined. Therefore, the dispersion
behaviours and the coupling mechanism of CCG structures can be explored with different

electric coupling strengths by varying the value of Cp,,,.

3.3 Demonstration Structure of 1-D CCGs

In order to characterize the dispersion behaviours of 1-D CCGs (Fig. 3-1 (a)), one can
consider a simple demonstration structure, which is constructed by interlinking a chain of
metallic loops (Fig. 3-1 (b)) by parallel coupling capacitors C,, soldered across inter-

element gaps. The metallic loops are constructed of fixed dimensions, as specified in

Table 3-1.
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Table 3-1 Dimensions of metallic loops used to build the 1-D CCG demonstration structure

Dimensions Length/mm
Inner Width 8.000
Outer Width 9.500
Track Width 0.750
Gap Width 0.800
Inter-Width of Minor Loop 0.900
Copper Layer Thickness 0.035

The 1-D CCG demonstration structure can be well described by parameters calculated based
on the dimensional information given in Table 3-1. A previous study [13] on equivalent-sized
MIWs verified experimentally that the effective resistance and inductance of each metallic
loop were 0.2 Q and 20.48 nH, respectively, so the quarter resistance and inductance
associated with each side of the loop are R = 0.05 Q and L = 5.12 nH. The gap capacitor

Cyap) 18 chosen as 220 pF, while the value of the parallel coupling capacitance (C,,,) is open
gap P

to change.

The mutual inductance, M and My, , can also be calculated independently using the

integral of the vector potential along the closed path of one conductor from a current in

another [92] as Eq. (3.15).

1
M12 = I_ AZ - d]]_ (315)
2 J1

2™% conductor is

where the vector potential A, generated by a current [, flowing in the
integrated along the closed path of the 15¢ conductor, and gives the mutual inductance

between the 15¢ and the 2™¢ conductor M ,.

There is an implicit condition behind the use of Eq. (3.15): the first and second conductors are

not connected. However, as illustrated in Fig. 3-4 (b), there is a shared conductor between
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adjacent major and minor loops. Therefore, when applying this approach to the calculation of
M, inp, One may assume that the contribution from the shared branch between adjacent major
and minor loops can be neglected, in the sense that the circulating currents in the two adjacent
loops cancel each other, so the net circulating current in the shared branch becomes nearly
zero. This assumption was first proposed and verified by Stevens [91] in the case of a similar

structure, the ladder-like CapGrid waveguide.

The calculation result shows that M = —1.19 nH and M, = 0.127 nH. It is worth noting
that My, has a positive sign, which is opposite to the negative sign of M. The reason for

the occurrence of positive magnetic coupling between coalesced loops has been discussed in
[91] and can be attributed to the removal of the major negative contribution to the overall
mutual inductance integral as the net circulating current in the shared branch is assumed to be

nearly zero.

One can see that the value of M, is negligible relative to M. This is as expected from
careful inspection of the geometries of major and minor loops. Therefore, My, is not

considered in the following discussion.

The aforementioned parameters of the demonstration structure are summarized in Table 3-2.

Table 3-2 Inductive, resistive and capacitive parameters of the 1-D CCG demonstration structure

Parameters Values

M —1.19nH

My (negligible) 0.127 nH
R 0.05Q

L 5.12nH

Cyap 220 pF
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3.4 Dispersion Characteristics Analysis

The dispersion characteristics of 1-D CCG structures can be explored by varying the coupling
capacitance Cp,,, from 1 pF up to 1 uF, which explores a large range of electric coupling

strengths.

One can first consider how the frequency bounds of the two passbands defined by Egs. (3.8)—

(3.11) change with varying C,,,, as presented in Fig. 3-5. Among the two passbands, the

D>

lower one has a frequency bound f;, given by Eq. (3.9), which approximately equals the

T

resonant frequency of the major loops fiq; = zi /ﬁ when M is much smaller than L; the
gap

upper passband has a frequency bound fy, given by Eq. (3.11), which approximately equals

2T

the resonant frequency of the minor loops fiin = = /c 2 - when Cp,,, takes a much larger
gap

value than Cygp.

Fig. 3-5 shows the frequency boundaries of the two passbands of the CCG structure defined
in Table 3-2. It shows that the available bandwidth of the lower passband keeps expanding as
Cmp increases after the intersection between f; and f,, while the two frequency bounds of
the upper passband tend to converge towards the resonant frequency f;,;n, and so cannot

reflect much of the change in electric coupling. The largest fractional bandwidth (FBW =

2(fL1— fL2)
frit+ L2

) achieved by the lower passband is up to 192.4% when €, ,,= 1 uF, which closely

approaches the 200% bandwidth limit and exceeds the 20% requirement of an ultra-wideband
(UWB) channel [95] by a factor of 9.6; however, the FBW of the upper passband has never
exceeded the 20% value. Therefore, the following discussion concentrates only on the
performance of the lower passband, exploring how it reacts depending on parallel coupling

capacitance Cp,.
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Before investigating the performance of the lower passband, it is worth having a brief
discussion about the upper passband. The frequency boundaries for the upper passband at

Cpp =1pF is from 3.16 GHz to 3.64 GHz. The free space wavelength (1o =2)

o

corresponding to the upper boundary is 82.4 mm. The lattice period of the demonstration
CCQG structure is 10.4mm (include a major loop and a minor loop) as given in Table 3-1. In
this case, the quasi-static approximation made in the circuit analysis breaks down due to the
retardation effect [67]. The radiation loss of the upper passband is higher than the lower

passband, because the radiation loss increases as frequency increases based on loop antenna

theory [29].
10 . . : : : 200
3 FBW=192 4%
10 i
] % ....... P
=
< & |l 3 F .
. r % L min f
E-U‘:'::':umuu.“.“._ _____ ﬁ?_ ____________ 100 — i
[ . a [} fma,l_.- — — sz
g g = ) FBW,
g 1 § Co
2 g ... B + FBW,
1 Q T ©
10 P 1
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Fig.3-5 Frequency bounds and FBWs of the upper and lower passbands of 1-D CCG structures with
Cinp ranging from I pF to 1 puF, with the resonant frequencies of the major loop and the minor loop marked in the
figure; both axes are plotted on logarithmic scales.

When considering the lower passband, one can see that the ordering between f;; and f;,
changes when C,,,, goes above a critical value, as shown in Fig. 3-5. The value of Gy, at

which f;; and f;, intersect, noted as C...ss, can be found by equating f;; (Eq. (3.8))
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and f;, (Eq. (3.9)), as expressed in Eq.(3.16). For 1-D CCG structures with Cp,,
< C¢ross> fr1 >f12, wWhile for Cp)y > Cerpss, fr1 <f12- For completeness, Eq. (3.16) contains the

term My, Which is proven to be negligible in this study.

c (—8Cyap) (2LM — M?)
= .1
7O 912 + 12L My — 8MpinpM + 4M2 4M2 (3.16)

minp ~

Given that My, is proven to be negligible in Section 3.3, the value of Cgo5s of the

demonstration structure, based on the parameters given in Table 3-2, is found to be Cpp5s =

99.42 pF.

One can now consider how the components of the propagation constant, i.e. the attenuation
constant a and the wave number f, change with the parallel coupling capacitance C;,, under
the lossless propagation assumption, as shown in Fig. 3-6 (a) and (b), respectively. The
frequency bounds of the lower passbands f;; and f;, calculated from Eqgs. (3.8) and (3.9) are

plotted as the blue lines.

In Fig. 3-6, one can see that C,,.,ss delimits the two different propagation regions. In the region
where Gy, < Cposs, the available bandwidth of the lower passband keeps shrinking as
Cinp Increases. At the crossover point, where Cp,y, = Cerogs, there is a no propagation along
the waveguide as the passband reduces to zero when fi; = f},. In the region where Cp,,, >
Ccross » the available bandwidth of the lower passband becomes increasingly wider as

Cmp Increases.
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Fig. 3-6 Dispersion relationship of CCGs with the lossless assumption (R = 0; other parameters are given in

Table 3-2); Cpy, ranges from 1 pF to 1 uF on the logarithmic scale; variation of (a) the wave number 8 and (b)
the attenuation constant o as C,y, increases.
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Fig.3-7 (a) Attenuation constant o. and (b) wave number B calculated with Cypp, = 25 pF, Crp = Ceross =
99.42 pF and C,p, = 250 pF under the lossless assumption R = 0.

To better illustrate the dispersion characteristics in the two distinct propagation regions and at
the intersection under the lossless assumption, Fig.3-7 shows the dispersion curves
corresponding to three different values of Cy,,, among which Cp,,,= 25 pF is taken from the
forward wave propagation mode; Cy,y, = 250 pF is taken from the forward wave propagation
mode; and Cryy = Cerpss = 99.42 pF is taken exactly at the intersection. It shows that the 1-D

CCG waveguide built with Cy,,, = 25 pF supports backward wave propagation, of which the
group velocity (v, = Z—(;) and phase velocity (v, = %) are in opposite directions; the 1-D

CCG waveguide built with Cp,,, = 250 pF supports forward wave propagation, of which

v, and v, are in the same direction, and there is no wave solution at the intersection

where Cp,p, = Ceross = 99.42 pF.

One can now consider how a and f change with the parallel coupling capacitance Cp,;,, when

taking resistance R = 0.2 Q into account, as shown in Fig. 3-8 (a) and (b), respectively.
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Fig. 3-8 Dispersion relationship of CCGs, with parameters R = 0.2 Q and other parameters as given in Table 3-2,

and Cp,, ranging from 1 pF to I uF" on the logarithmic scale; variation in (a) the wave number f and (b) the
attenuation constant o. as Cmp increases
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Fig.3-9 (a) Attenuation constant o. and (b) wave number B calculated with Cry, = 25 pF, Cppp = Ceross =
99.42 pF and Cy,y, = 250 pF when R = 0.2 Q.
Comparing this to the lossless case shown in Fig. 3-6, the values of a and £ plotted in Fig. 3-8

are smoothed around the frequency bounds defined by f;; and f;,. One can see that the

o . d
attenuation in the passband is no longer zero, and the passband presented by 0 < % <

1 spreads outside of the original boundaries of the lower passband in the lossless case.

The corresponding dispersion curves with R = 0.2 Q are plotted in Fig. 3-9 with the same
Cinp values (25 pF, 250 pF and 99.42 pF) as used in Fig. 3-7. Compared with the lossless case
in Fig. 3-7, the attenuation constant a is no longer zero over the passband of both forward
and backward wave propagation, and gradually increases at the edges of the passband, while,
correspondingly, v, gradually decreasing at the edges. At the intersection
where Cp,,= Ciros5, Instead of seeing a constant high-valued a in the lossless case, there is a
spike in the value of a, indicating maximal attenuation is achieved at the frequency where

fi1 = fi,- Instead of seeing no wave propagation in the lossless case, there is a lip-shaped 3
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curve around the frequency where f;; = f;,, presenting a backward wave solution at the
lower lip side and a forward wave solution at the upper lip side. Instead of cancelling each
other out in the lossless situation, the forward wave and backward solutions coexist and
interfere with each other for a restricted range of f. This can be considered as evidence for
competition between positive and negative coupling, with negative coupling marginally
winning at the lower lip side and positive coupling marginally winning at the upper lip side.
Due to the existence of very high attenuation, the propagation around this lip-shaped area is
not very useful for any applications.

When considering CCG waveguides as potential candidates for data-carrying devices it is
important to consider the effects of dispersion on modulated signals. Using the dimensional
parameters as given in Table 3-2, one can calculate the group velocity dispersion for 1-D
CCG waveguides built with four different values of C,, and for an equivalent-sized 1-D
coplanar MIW device of identical period. One can choose Cp,,= 50 pF from the backward
wave propagation mode (Cpp< Ceross), and the other three Cpp,= 1 nF, 10 nF and 1 pF from
the forward wave propagation mode (Cr,p > Ceross). Fig. 3-10 shows the group velocity

dispersion and attenuations of the four 1-D CCG cases in comparison with the equivalent-

sized 1-D coplanar MIWs.
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Fig. 3-10 Comparison of the group velocity dispersion and attenuation for 1-D CCG structures built with four different values

of Cmp (50 pF, 1 nF, 10 nF and 1 uF) and an equivalent-sized coplanar 1-D MIW.

Table 3-3 shows the peak group velocity Vg eqr relative to the speed of light cand the

bandwidth over a less dispersive frequency range defined by 1 >

CCQG cases and the equivalent-sized MIW illustrated in Fig. 3-10.

> 0.9 for the four
Vgpeak

Table 3-3 Comparison of the group velocity dispersion relative to the speed of light ¢ and the bandwidth over a

less dispersive frequency range defined by 1 >

Vgpeak

1 nF, 10 nF and 1 uF and an equivalent-sized MIW as given in Table 3-2

9 >09 for a 1-D CCG waveguide built with Crpp,= 50 pF,

Peak Group Velocity Bandwidth with 1> —¢—> 0.9
Cmp Vgpeak
(Vgpear/c) (MHz)
Cpnp = 50 pF 0.0006 2.4
Cpp =11F 0.0056 14.67
Cmp =10 nF 0.0109 28.89
Cpp =1 pF 0.0138 34.92
Equivalent-sized
MIW 0.0014 4.6
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Table 3-4 Comparison of the minimum attenuation and bandwidth defined by the —3 dB half power point for a 1-
D CCG waveguide built with Cp,= 50 pF, I nF, 10 nF and 1 uF and an equivalent-sized MIW as given in
Table 3-2.

Coup Mi“im“?(; :::;*““aﬁ"“ ~3 dB Bandwidth/MHz
Conp = 50 pF 0.0839 5.7
Conp = 1 nF 0.0103 38.40
Cop = 10 1F 0.0055 66.84
Conp = 1 1F 0.0044 83.22
Equivﬁ‘;&?‘med 0.0400 11.2

Table 3-4 shows the minimum attenuation values oy, and bandwidth defined by the —3 dB
half power points for the four CCG cases and the equivalent-sized MIW illustrated in

Fig. 3-10.

Compared with equivalent-sized MIW devices, a 1-D CCG waveguide with  Cp,), < Cerpss has
a narrower bandwidth, lower peak group velocity and a higher minimum attenuation. When
the value of C,,, exceeds the value at the intersection Ccyos5, the bandwidth and peak group

velocity of the 1-D CCG waveguide increases, and the minimum attenuation becomes lower

as Gy increases. The bandwidth defined over the range 1 = - 9 _>0.9 and the -3 dB
gpeak

bandwidth expands as Cy,, increases. The peak group velocity of the 1-D CCG waveguide
with Gy, = 1 pF is nearly ten times larger than an equivalent-sized MIW device, and the
minimum attenuation of this 1-D CCG waveguide is only one tenth of the loss of the
equivalent-sized MIW. Such dispersion behaviour offers 1-D CCGs significant potential in
terms of data capacity and speed, but at the expense of somewhat greater dispersion and fuller
band group delay. 1-D CCG waveguides have the potential to offer very large bandwidths,

such as that with €, = 1 uF, which gives 192.4% FBW, as shown in Fig. 3-5, implying that
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channelization can be used in order to get several sub-channels with less dispersion and group

delay.

3.5 Coupling Mechanism of 1-D CCGs

There are three different sources of coupling that coexist and interfere with each other in 1-D
CCQG structures: (i) negative magnetic coupling between adjacent major loops in much the
same way as in a purely magnetic MIW, (ii) magnetic coupling between a pair of adjacent
major and minor loops, which has been proved to be positive [91], and (iii) electric coupling

between major loops introduced by Cp,p,.

M,inp 18 proven to be negligible relative to M in Section 3.3; however for completeness, the
role it plays in the coupling mechanism of CCG waveguides will still be addressed in the

following discussion.

A simplified circuit model as shown in Fig. 3-11 is used to illustrate the interaction between
the three types of coupling in 1-D CCG structures. This model interprets 1-D CCG structures
as bi-atomic metamaterials [93], showing two adjacent CCG elements (the m'™ and the m +

1" elements), each of which consists of two distinct atoms — a major loop and a minor loop.

In this model, &;,; represents the e.m.f. induced in the m + 1" major loop through its
negative magnetic coupling with the m®" major loop, and can be expressed as Eq. (3.17),

where i, is the circulating current in the m*® major loop:

Emaj = JOMipn, (3.17)
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Fig. 3-11 The bi-atomic circuit model is simplified from Fig. 3-3 by only showing the m*® and m + 1** CCG
elements: each element consists of a major loop and a minor loop, and R and L are replaced in the illustration
by straight lines. Only the parallel coupling capacitors Cp,, and the gap capacitor Cyqyp are kept to represent the
source of electric coupling. The voltage reference direction of this model is marked in the figure.

The e.m.f. induced in the m + 1** major loop through its positive magnetic coupling with the

m*" minor loop is represented by &,,;,,, and can be expressed as Eq. (3.18), where j,, is the

circulating current in the m** minor loop:

Emin = jmeinpjm (3.18)

1th

Vg 1s the voltage passed to the m + major loop through its electric coupling with the m®"

major loop, and can be expressed as Eq. (3.19):

Jm

ja)Cgap

Vg =— (3.19)

The coupling mechanism of 1-D CCG structures can be expressed as Eqs. (3.20) and (3.21):

Viotar = €m + Vg (3.20)

EM = Emaj + &nin (3.21)
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where the total voltage induced in the m + 1" major loop is denoted by V,p¢q;, Which is
contributed by two components, a magnetic one, &, and an electric one, Vg. The total e.m.f.

induced by magnetic coupling is represented by &), which is the sum of &, and &py;p,.

Assuming that My, is negligible, as verified in Table 3-2, one can simplify the expression

for the total coupling-induced e.m.f. to Eq. (3.22):

A Jm
Vt t l=€M+ VE= <]O)Ml — = >
ota ™ jCyap (3.22)

The magnetic and electric coupling both may take either positive or negative signs, and
therefore the two may reinforce or counteract each other [59], [16]. Section 3.4 discusses the
competition between positive and negative coupling in a 1-D CCG waveguide. The magnetic
coupling of a CCG waveguide was proven to be negative in Section 3.3, so one knows that its

electric coupling is positive.

The coupling mechanism of CCG structures can be described as the competition between the
negative magnetic coupling between adjacent major loops and the positive electric coupling
introduced by the parallel coupling capacitors Cp,,,. The crossover point appears when the

positive and negative coupling contributors exactly cancel each other, which can be expressed

as Eq. (3.23):

‘— T = |joMiy|

ijgap

(3.23)

There are two distinct propagation modes, which result in completely different dispersion
behaviours. A negative magnetic coupling-dominated CCG structure, built with Cppp, < Cerogs»

supports the backward MI wave propagation mode, in much the same way that a purely
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magnetic MIW does. A positive electric coupling-dominated CCG structure, built with Cp,), >
Ceross,» On the other hand supports the forward EI wave propagation mode. Positive electric
and negative magnetic coupling exactly cancel each other when a 1-D CCG structure is built

with coupling capacitors Cpy = Ceross-

'.'.')__

res

=
| -

R

(2) (b)

Fig. 3-12 (a) Single split ring resonator, (b) equivalent circuit model for a single split ring, where L5 and Cyp
are the resonance inductance and capacitance, respectively, and R is the resistance.

3.6 The Mixed coupling model

The next step in this study is to find a method for calculating inter-element mixed coupling
coefficients for arbitrarily configured CCG waveguides. By separately evaluating the electric
and magnetic contributions to the mixed coupling coefficient, one is able to readily adapt the

design of many mixed coupling waveguides to different requirements.

There is a rich literature [16] deriving an analytical model to work out the mixed coupling
coefficient between arbitrarily positioned and oriented split-ring resonators. A brief review of

these prior studies is given here before adjusting this model to CCG structures.
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Fig. 3-13 Equivalent circuit model for a pair of split metal rings with both magnetic and electric coupling, with
mutual capacitance K and mutual inductance M assumed.

The structure of the single split metal ring used in [16] is shown in Fig. 3-12 (a), where R is
the inner radius, w is the wall thickness, h is the wall height, and g is the gap width; its

corresponding equivalent RLC circuit model is shown in Fig. 3-12 (b). The resonant frequency

of a single split ring is wy = N where L,.¢ is the resonance inductance and C,.., is the
res*-res

resonance capacitance.

The equivalent circuit model for a pair of coupled split metal rings with mutual inductance M
and mutual capacitance K is shown in Fig. 3-13, under the lossless assumption where the

resistive term R is eliminated for simplicity.

When applying Kirchhoff’s Voltage Law to the pair of coupled split rings in Fig. 2-12, the

impedance matrix can be derived and expressed as Eq. (3.24):

V1 _ ZO Zm . 11
Vz]_[zm Zo] [12] (3:24)

where Z, is the self-impedance of a single ring as expressed by Eq. (3.25) and Z,,, is the

mutual impedance term as expressed by Eq. (3.26):
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Zy = JwLyes + ,
0 JWLyes (‘)Cres (3.25)
Zm = jJoM + !
m=Jjw oK (3.26)
The total coupling coefficient k;,;,; 1s defined in Eq. (3.27).
g2
kiotar = km — ke ? (3.27)

where the magnetic coupling coefficient k,, and the electric coupling coefficient k, are

defined as Eq. (3.28) and Eq. (3.29).

2M
k,, = (3.28)
Lres
2C.
k, = Kfes (3.29)

If the frequencies of interest are near enough to w, such that % ~ 1, one can omit the term %

in Eq. (3.27) and have a simplified expression of the total coupling coefficient as Eq. (3.30)

kiotar = km — ke
(3.30)

The approximate values of the resonance capacitance C,.s and the resonance inductance L.,
were calculated as Egs. (3.31) and (3.32), for which all geometric variables were given in

Fig. 3-12 (a).

The definition of magnetic coupling in Eq. (3.28) is consistent with the one defined by
Eq. (2.3). The only difference is that the self-inductance Ly, in Eq. (2.3) is renamed as Ly

in Eq. (3.28) in order to keep consistency with the naming convention of Cy;.
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The definition of electric coupling in Eq. (3.29) is consistent with the one defined by Eq. (2.6).

The consistency will be proved by the later discussed adjusted model.

w+g)h+g) 2h+w)

Cres = &of 7 + - ln?] (3.31)
8R 1

Lyes = HoR(In - o) (3.32)
res Mo h +w 2

The values of the mutual capacitance K and the mutual inductance M are mainly determined
by the configuration and the relative orientation of the two split rings. In the absence of
retardation, K and M can be calculated by integrating over the perimeter of the ring, as

Egs. (3.33) and (3.34), respectively:

pnl(rl) Pnz( 2)
4n€0 ff | ds;ds, (3.33)
jj n1(7’1) nZ(rZ) ds, ds, (3.34)
Iy — 75l

where &, is the free-space permittivity, L, is the free-space permeability, p,,; is the normalized
line charges of the I*" ring, I,;; is the normalized filament current of the It" ring, 7, is the

osition vector of the [*" ring, and ds; is the line element along the filament of the [*" ring.
p g l g g

This model calculates the four parameters C.og, Lyes, K and M based on the geometry of the
split rings and therefore allows calculation of the inter-element coupling coefficients k,,, k.

and k¢4 for arbitrarily positioned and oriented split rings.

In order to apply this model to CCG structures, one should first analyse the difference between

split-ring structures and CCG structures:

(1) The resonance capacitance C,.s and the mutual capacitance K are calculated based on

the geometry of split-ring structures in [16]. However, in a CCG structure, these two
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terms are determined by the passive components used in the circuit. This geometry-
based approach can no longer be applied to the study of CCG structures.

(2) The model described in [16] calculates the resonance capacitance C,.q0f split-ring
structures for one isolated split ring. In fact, the value of C,.¢ of a ring changes if this
ring is electrically coupled to another ring, as in CCG structures. The approach used in
[16] is only valid in weakly electrically coupled cases and therefore cannot be directly

applied to CCG structures.

(b)

Fig. 3-14 (a) Illustration of a pair of coupled split metal rings with the four metal plates over the gaps labelled,
under the approximation that only the four metal pieces in close proximity from the two rings are taken into
account; (b) Equivalent circuit for a four-electrode model; Note that the numbers labelled on the four electrodess
in (a) and (b) correspond to each other.
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For the two reasons given above, the aim of the following study is to redefine K and C,..5 used
in the existing analytical model in Fig. 3-13 in order to adjust this model to cases with strong

electric coupling, such as CCG structures.

One can study the electric coupling device with the aid of a four-electrode model, as given in
Fig. 3-14 (b), with the approximation that only the four metal pieces in close proximity to the

two coupled split metal rings are taken into account, as shown in Fig. 3-14 (a).

Each pair of the four electrodes can be linked by a conventional geometric capacitor. Gap
capacitors Cyqyp are formed by a pair of electrodes on the same ring on each side of the gap;
parallel coupling capacitors Cp,;, are formed by a pair of electrodes located on adjacent rings
along the parallel direction; diagonal coupling capacitors C,,; are formed by a pair of
electrodes located on adjacent rings along the diagonal direction. For CCG structures, the

values of C

gap» Cmp and Gy can exceed the limits of geometry-dependent capacitances, by

using capacitive components of arbitrarily large values.

Based on Fig. 3-14 (b), the admittance matrix for the four electrode consists of the self-
capacitance Csor and the effective mutual capacitance Cperr and may be expressed as

Eq. (3.35):

1 jwC jwC. V.
[;1] _ ] self J meff] ] 1] (3.35)
2

.oweff ijself VZ

where V; and V, are the capacitance-induced voltages across the first and second split metal

rings, respectively; the values of Cgir and Cpepr were found as functions of Cyqp, Cryp and
Cina 1n [96] from circuit analysis, as given by Egs. (3.36) and (3.37):
Cnp +C
Csetf = Cyap + —2——— > md (3.36)
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Cmd - Cmp

O > (3.37)

The impedance matrix can easily be found by taking the inverse of the admittance matrix in

Eq. (3.35), as given by Eq. (3.38):

[ Cself Cmeff
[Vl] _ IJw(Cself - Cmeffz) ja)(Cself2 - meff )I [ ] (3.38)
VZ I Cmeff Cself .

: 2 ; 2
l]w(cself - Cmeffz) ]a)(Cself - meff )J
Here one considers a lossless case where the resistive term can be ignored. The impedance
matrix in Eq. (3.35) may then be separated into magnetic and electric parts, as given by

Eq. (3.39):

+[j(‘.)Lres ](‘)M\
](‘)M ]ereS/ (3.39)

(Electric part) (Magnetic part)

Cres and K may be redefined by comparing the impedance matrix in Eq. (3.38) and the
electric part of the impedance matrix in Eq. (3.39). The newly defined C,.5 and K may be

expressed as Egs. (3.40) and (3.41), respectively:

Cszelf - Crzneff
Cros =————— (3.40)

Cself

C2%,, —C?
K =S¢ “meff (3.41)
Crerr

One can therefore define the electric coupling coefficient k., as a ratio between K and C,.., as
expressed by Eq. (3.42). This definition shows consistency with the original definition of

electric coupling coefficient as expressed in Eq. (2.6).
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2 Cres 2 Cmeff
k, = = 3.42
¢ K Cself ( )

One can see from Eq. (3.40) that the resonance capacitance C,..g will vary with the value of

Cinery- It shows that the resonant frequency of a mixed coupling ring w, = \/;— changes

CT@S Lres
when varying electric coupling. This coupling-induced shift of resonant frequency has been

reported in previous work [97].

One can substitute the redefined C,,s and K into the original definitions,
Egs. (3.27) (3.28) (3.29), to find the magnetic coupling coefficient k,,, the electric coupling

coefficient k, and the total coupling coefficient k;y¢q;-

In conclusion, there are two adjustments made in order to apply the existing model proposed
in [16] to CCG structures - (i) the resonance capacitance and the mutual capacitance are no
longer calculated based on the geometry of structures, instead they are expressed as functions
of capacitive component values used in CCG structures; (ii) the calculation of the resonance
capacitance is no longer based on an isolated resonator, instead it considers the fact that the
electric coupling between two resonators will affect the value of the resonance

capacitance C.qs.

The main contribution of the first adjustment is to understand the formation of the resonance
capacitance C,.s and the mutual capacitance K. The respective contribution of parallel and
diagonal coupling capacitances is investigated. Although only parallel capacitance is used in
this study, based on this understanding, future studies could explore various ways to introduce
additional electric couplings into waveguides similar to CCGs, for example, a structure built
with only diagonal coupling capacitances, and a structure built with both diagonal and parallel

coupling capacitances.
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The second adjustment extends the original model to cases where the effect of electric
coupling on the value of resonance capacitance is not negligible. This method is easily
adjustable to metamaterial elements of arbitrary shape, if, instead of relying on component

values, geometry-based values are used.

The dispersion equation for waveguides composed of mixed coupling resonators can be
derived by applying Kirchhoff’s Voltage Law to the circuit model shown in Fig. 3-15. This
circuit model presents the same coupling mechanism as that shown in Fig. 3-13, but includes
an infinite number of elements rather than just two of them in order to derive the dispersion

equation.

AW g M 17 r M \ Vs
. o ron
LN a S
- ‘?'m :. Jf:':'.‘—l
C?'?: C?'?: C?‘?:
|| 1 11
4 " » r A % E

Fig. 3-15 Circuit model for mixed coupling resonators.

The total potentials of the m‘" element are given by Eq. (3.43):

Zoim + Zyp(im-1+ imy1) =0 (3.43)
where Z, and Z,, are the self-impedance and mutual impedance as defined by
Egs. (3.25)(3.26), and i,, is the circulating current in the m!" element as defined by Eq. (3.3).

The dispersion equation can be derived as Eq. (3.44):

Zo
cosh(yd) = o7 (3.44)
m
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The dispersion equation given by Eq. (3.44) directly relates the dispersion characteristics with
self-impedance and mutual impedance, which can easily be evaluated once the configurations
and components used in the CCG structures are decided. This relationship allows the design
to be readily adjusted to suit the conditions and requirements of various dispersion

characteristics.

' YNOVY S —
| |
- iy, mp
| '(f me1 |
l e ~
= N\ L
T L,
3 NG/ —%
| Y ’\

Fig. 3-16 Complete equivalent circuit for 1-D CCG structures.

3.7 Application of the Mixed Coupling Model in CCGs

One can assess this newly derived mixed coupling model by applying it to CCG structures
and comparing the dispersion equation derived from it with the one derived from circuit

analysis.

The dispersion equation of 1-D CCGs with only parallel coupling capacitors Cp,, was derived
via circuit analysis in Eq. (3.6) (see Section 3.2). In order to take all the electric interactions
into account, as shown in Fig. 3-14, both parallel coupling capacitors Cy,,, and diagonal
coupling capacitance C,,4 should be taken into account in circuit analysis, which needs a
complete equivalent circuit for the CCG structure shown in Fig. 3-16. This circuit model is

constructed based on the one in Fig. 3-3 by including an additional diagonal coupling

68



capacitance C,,q4. A lossless case is considered here for simplicity; therefore no resistive

component is included into this circuit model.

This complete circuit model for 1-D CCG structures includes three kinds of loops, namely,
major loops, parallel-configured minor loops formed by C;,, and diagonal-configured minor
loops formed by C,,,4. The circulating current in the m** major loop is represent by iy, ji, is
the current circulating in the m*® parallel-configured minor loop, with Cnp represented by the
black dashed line in Fig. 3-16, and d,, is the current circulating in the m‘" diagonal-

configured minor loop, with C,,,; represented by the blue line.

Based on this complete circuit model, one can derive the dispersion equation of CCG
structures by applying Kirchhoff’s Voltage Law to the three types of loops to get the

expression given by Eq. (3.45).

U1
i

(a) (b)

Fig. 3-17 Illlustration of two adjacent major loops interlinked by parallel low-loss coupling capacitors on two
different positions, with r = 0 in (a) and r = i in (b). The size of the capacitor components is very small, so the
inductance contributed by the components is negligible.

. 2 .
Z(XShaT€ _]meinp) _ 2(Xshare = JOMming)®

Zmaj

Lomi 7
cosh(yd) = — mufp _ mind (3.45)
2(jwM — (XshareZ_]'meinp) n (XShaTeZ_j'meind)z)
minp mind

. . . 2 :
where the impedance of the major loop Zyq; = jwLyes + ot the resonance inductance of
gap

the major loop L,..s = 4L, recalling that L is defined as the inductance associated with each

side of a major loop; Xspqre 1S the impedance of the common branch shared between adjacent
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. . . . . 1
major and minor loops, and is given by X¢pare = JWLghare + ot where Lgpgre = T * Lygs,
gap

the variable r represents how much L, is shared between major and minor loops, with a

range of 0 <r Si, with r = 0 representing the case when there is no common metal branch
between the major and minor loops (Fig. 3-17 (a)) and r Ziindicating that the entire side

branch is shared between the two square-shaped loops (Fig. 3-17 (b)), the value of r is % in the

demonstration structure presented in Fig. 3-1 (a), Zpynp 1s the impedance of the minor loop

2 2
JwCgap JwCmp

formed with Cp,;,, and is given by Zyin, = 2jwlspgre + 5 Zmina 18 the

impedance of the minor loop formed with C,,;, and is given by Zina = 2jwlspare +

2 2 )
+ ; C Cp, C M,M, .. and M,,;. are as defined previously.
jCqap | JCmg’ 9P “MD> md> s Mminp mind p Yy

When looking back at the dispersion equation derived from the mixed coupling model in

Eq. (3.44), one can expand it as Eq. (3.46):

2 (X’share)z _ 2 (X’share)2

Zmind

h(yd) e Zminp
cosnly = - 7 7
2(ja)M _ (X share)2 + (X share)z)

(3.46)

minp Z mind

where the definition of Z;,4;, Ziminp> Zmina and M are unchanged and the shared impedance

1

is X' = —,
share joCgap

The dispersion equation derived from circuit analysis (Eq. (3.45)) would become equivalent
to that derived from the mixed coupling model (Eq.(3.46)) with the following two

approximations:
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(1) The magnetic couplings between the major loop and two kinds of minor loop, My,
and M,,,;nq, are negligible;
(2) There is no inductance included in the electric coupling device (r = 0). In practice,

there must be some inductance included in the electric coupling devices due to the

space taken up by capacitor components and soldering joints.

The first approximation (negligible My, and M,y;,,4) Was quantitatively verified, as given in
Table 3-2. When My, and M4 are taken into account, 1-D CCGs can be considered as
bi-atomic structures, consisting of alternating major and minor loops. With this
approximation, the original minor loops are functioning only as electric coupling devices

interlinking adjacent major loops, making 1-D CCGs mono-atomic structures.

The validity of the second approximation (r = 0) can be assessed with the aid of two extreme
cases, in which Cp4; =0 and G, = 0. Under these two conditions, Eq.(3.45) can be

expressed as Eqs (3.47) and (3.48), respectively:

Conp
2(Cgap +—55)

JoL + - >
W(Céap + CoanC.
If Cpa =0, coshyd = — JOCgap Cgap mp) (3.47)
— mp
: 2
wLy, + =
JEIm T 50 (Cap + CganComp)
Cima
jol + et 2 )
0] +
If Cp =0, coshyd = — JoCgap - gapCma) (3.48)
—md
jowLy, + 2

jw(cjap + Cgap Cmd)

Based on the dispersion equations derived from the mixed coupling model (Egs. (3.47) and

(3.48) (r = 0)), the frequency bounds f;; and f;, of the available bandwidth can be found in
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the same way as was used to derive Egs. (3.8)—~(3.11). The frequency bounds f;; and f;, of
the passband and its FBW were calculated with C;,,, and C;,4 both ranging from 1 pF to 1 puF,
as shown by the red lines in Fig. 3-18. These variables were also calculated for cases

1
where r =

1 . . . . .
=3 and the extreme case where r = o> using the dispersion equation derived from

circuit analysis (Eq. (3.45)) and presented for comparison with the black and blue lines,

respectively, in Fig. 3-18.
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Fig. 3-18 The upper part of the diagram shows the frequency bounds of the passband and its FBW of 1-D CCG
structures with Cp,, and Cpgq both ranging from 1 pF up to I uF when r = 0, 1/8 or 1/4; the bottom part shows
the FBW difference between the case where r = 0 and the case where r = 1/4 or 1/8.

The upper part of Fig. 3-18 shows that the frequency bounds f;; and f;, calculated from
circuit analysis and the mixed coupling model display the same variation trends when C,,,4

and Cp,,, change. For convenience, the two study regions in Fig. 3-18 are named as the Cp,,
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region, where Cp,q = 0 and 1 pF <Cp,;, < 1 pF on the right-hand side, and the G, region,
where Cy,, = 0 and Cp,q has the same range on the left-hand side. One recalls from the
analysis of the Cy,, region in Section 3.4 that the ordering between fj; and f}, changes
when Cp,,, goes above the intersection at which f; and f;, intersect and the passband
disappears. When Cy,), < Ceross, 1-D CCGs support backward wave propagation as fi1 >f,,
while for Cr,p, > Ceross, 1-D CCGs support forward wave propagation as f; <f7,. One can

find that 1-D CCGs support backward wave propagation as f;; > f;, over the entire C,,4

region.

A 1-D CCG structure with electric coupling devices made of Gy, only can be considered as
the symmetric twist of the one made of C,,,; of the same value. The electric coupling devices
made of C,,4 provide negative electric coupling, which reinforces negative coplanar magnetic
coupling. One can see that the passband keeps expanding as C,,, increases over the entire
Cnmq region. As the counterpart of G4, electric coupling devices made of C,, provide
positive electric coupling, which offsets negative coplanar magnetic coupling. Positive
coupling exactly cancels negative coupling at the intersection where Cp,, = Cerogs, and results
in the disappearance of the passband. Negative coupling wins in the region where Cp,), <
Ceross, SO that the waveguide supports backward wave propagation, while positive coupling
wins in the region where Gy, > Ceross, S0 that the waveguide supports forward wave
propagation.

The bottom part of Fig. 3-18 presents the values of AFBW, which is the difference between
FBW calculated with % (black line) or i (blue line) based on the circuit analysis model of

Eq. (3.45) and FBW calculated with the mixed coupling model under the r =0 approximation

using Egs. (3.47) and (3.48). One can see that the approximation error reaches its maximum
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value around the value of 1 nF in both the Cy,, and Gy, regions, and tends to converge
when Cp,), or G keeps increasing after the maximum point. Here, 10% of the circuit

analysis results would be considered an acceptable level of error in the approximation in the
mixed coupling model. In the case where r = i, the acceptable level of approximation error
can only be achieved when Cy,, > 30 nF or (4 > 10 nF. When the shared inductance is
reduced tor = %, the acceptable error threshold comes down to Cp,p, > 3 nF or G,y > 1.5 nF.

As this study is aimed at expanding the available bandwidth with high values of either C;,,, or

Cna, 1t 1s perfectly reasonable to apply the mixed coupling model to predict the dispersion

behaviour of 1-D CCG structures.

One can now explore the values of Cy,;, and C,q required to obtain a certain amount of

available bandwidth by 1-D CCGs with varying values of 7. Here, one takes FBW = 150% as

an example to illustrate how the required G, and Cp,4 change over the full range 0 <7 <

N

as shown in Fig. 3-19. One finds that a certain value of FBW can be achieved with the

penalty of increasing Cy,y, and Cp,q When the value of r increases.
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Fig. 3-19 Required values of Cpy, and Cpg to achieve FBW = 150% over the full range of 0 < r <

NI

3.8 Impedance Matrix Derived from the Mixed Coupling Model

In the mixed coupling model a 1-D CCG structure can be considered as a ladder circuit of
major loops interlinked by electric coupling devices which were originally named minor loops.
This model essentially allows a bi-atomic CCG structure to be considered as a mono-atomic

structure, just like MIWs.

When considering a finite 1-D CCG consisting of N major loops, its impedance matrix Z can

be described by an NxN square matrix, as given by Eq. (3.49):
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Z= (3.49)
: .. 0 Zn Zy Zm O
\ P o 0 Zy Zy Zn
0 . 0 Zn, Zo

where the self-impedance Z, and the coupling impedance Z,, are defined by the mixed

coupling model as given by Eq. (3.39).

When expanding to a 2-D structure, a new coupling term, the magnetic coupling between
diagonally adjacent elements My;q,, needs to be taken into account. Recall the matrix
transformation applied to derive the impedance matrix of the 2-D MIW (see Section 2.3).
Following the same method, one can obtain an MxM impedance matrix for an MxN 2-D

CCQG array (M rows and N columns), as given by Eq. (3.50):

A B 0 . 0
/BABO... \
10 B -~ SR
Z = : . B 0 (3.50)
: 0 B A B
0 0 B A

where matrix A describes couplings inside a row and matrix B describes inter-row couplings.

A and B are both NxN matrices and are defined by Egs. (3.51) and (3.52):

Zo Zm O oo e a0

Zm Zo Zm O o

0 Znm Zo Zm 0 ..
A=| : -~ - (3.51)
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]deiag Zm jdeiag 0

/Zm joMaiqg 0 0 \
l 0 jdeiag Zm jdeiag 0

B = ‘ (3.52)

: 0 joMaiag  Zm  joMaiag 0
: 0 jdeiag Zm jdeiag
0 0 JoMgiqg Zm

Knowing V, the MXN matrix representing the voltage applied to each element, and the
impedance matrix Z, it is possible to calculate currents circulating in each element of a finite

1-D or 2-D CCQG array as expressed by Eq. (3.53):

I=7271.v (3.53)

3.9 Conclusions

In this chapter a new variant of the metamaterial waveguide, the CCG, has been proposed,
which incorporates additional electric coupling into traditional purely magnetically coupled
MIWs, and hence could improve coupling performance, reduce loss and increase bandwidths
compared to conventional MIWs. 1-D CCG structures are made by connecting coupling
capacitors over the inter-element gaps between traditional MIW loops, and can be
characterized as a continuous circuit mesh consisting of alternating major loops and minor

loops.

The coupling mechanism of CCG structures can be described as the competition between the
negative magnetic coupling between adjacent major loops and the positive electric coupling

introduced by coupling capacitors.

CCG waveguides have a negative magnetic coupling-dominated region and a positive electric

coupling-dominated region, depending on the relative significance of the two types of
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coupling. In the negative magnetic coupling-dominated region, CCG waveguides support
backward MI wave propagation in much the same way that purely magnetically coupled
waveguides do. In the positive electric coupling-dominated region, CCG waveguides support

forward EI wave propagation.

In the positive electric coupling dominated region, the pass-band keeps broadening with
increased electric coupling strength. The analytical dispersion analysis predicts that a 1-D
CCG waveguide built with parallel coupling capacitance C,,=1uF can achieve the fractional
bandwidth achieved of 192.4%, which has closely approximates 200% limit of an UWB

channel.

On the boundary between the two propagation modes, a no-propagation point was found
where the positive and negative coupling exactly cancels each other. At this point, CCG
waveguides still exhibit magnetic resonances without permitting end-to-end energy
propagation. This property of CCGs could be exploited in super lens imaging applications in

the future.

An existing analytical model from previous study [16] is adjusted and then applied to 1-D
CCG waveguides. The adjustment made in order to apply this model to CCG waveguides
includes: (i) the resonance capacitance and the mutual capacitance are no longer calculated
based on the geometry of structures, instead they are expressed as functions of capacitive
component values used in CCG structures; (i1) the calculation of the resonance capacitance is
no longer based on an isolated resonator, instead it considers the fact that the electric coupling

between two resonators will affect the value of the resonance capacitance.
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The first adjustment is made based on the very nature of CCG waveguide in which electric
coupling is determined by capacitive components used in CCG structures. The main
contribution of this adjustment is to understand the formation of the resonance capacitance
Cres and the mutual capacitance K. The electric coupling is analysed with the aid of a four-
electrode model, including coupling capacitance included in both parallel and diagonal
configurations. It is shown that the parallel coupling capacitance contributes to positive
electric coupling; while the diagonal coupling capacitance contributes to negative electric
coupling. Although only parallel capacitance is used in this study, based on this understanding,
future studies could explore various ways to introduce additional electric couplings into
waveguides similar to CCGs, for example a structure built with diagonal capacitances only

and a structure includes both diagonal and parallel capacitances.

The second adjustment extends the original model to cases where the effect of electric

coupling on the value of resonance capacitance is not negligible.

This adjusted analytical model is verified by comparing to the dispersion equation derived
from circuit analysis. It shows that parallel coupling capacitance introduces positive electric
coupling which carries forward EI waves; while diagonal coupling capacitance introduces

negative electric coupling which carries backward EI waves.

When applying this adjusted model to 1-D CCGs, one can simplify the bi-atomic model to a
monoatomic model, in which the original minor loops are only considered as electric
coupling devices interlinking adjacent major loops. After being simplified to a monoatomic
model, the derivation process of dispersion equations, impedance matrix, as well as the

dimension extension to 2-D structures can be much simplified.
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This adjusted model helps to evaluate the respective contributions of the magnetic and
electric couplings. Therefore, it allows the design of many mixed coupling waveguides, like
I-D CCGs, to be readily adjusted to suit the conditions and requirements of various
dispersion characteristics. This adjusted model is easily adjustable to metamaterial elements of

arbitrary shape, if, instead of relying on component values, geometry-based values are used.
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In the previous chapter, the dispersion characteristics and coupling mechanism of 1-D CCG
waveguides were studied. Their dispersion characteristics from analytical predictions show
two different regimes: a negative magnetic coupling-dominated regime, supporting backward
MI wave propagation, and a positive electric coupling-dominated regime, supporting forward

EI wave propagation.

In this chapter, these analytical dispersion characteristics will be verified experimentally with
the demonstrational structures previously introduced in Section 3.3. In Section 4.1, the
experimental setup will be described. Section 4.2 will show the measured forward scattering
parameter mapping against locations along the demonstrational structure. In Section 4.3,
dispersion curves will be extracted from the measured standing wave amplitude pattern by

two different methods and compared with analytical predictions.

4.1 Experimental Setup

A simple experiment has been conducted to verify the analytical dispersion characteristics

described in the previous chapter. Four 10-element 1-D CCG demonstration structures were
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T mu)

Fig. 4-1 Sketch of a 10-element 1-D CCG waveguide demonstration structure.

constructed using commercial printed circuit board (PCB) fabrication techniques. A sketch of

a demonstration structure is shown in Fig. 4-1 and a photograph of it can be found in Fig. 4-2.

1-D CCG arrays consisting of ten square copper loops of dimensions given in Table 3-1 were
fabricated by PWCircuits Ltd [98] on an FR4 substrate using photolithography. Each square
copper loop had an outer dimension of 9.5%9.5 mm with a 0.9 mm gap between loops, as
previously illustrated in Fig. 3-1 (a). Surface-mounted ceramic multilayer chip capacitors
were soldered across the two gaps in each square track to complete a major loop (noted
as Cyqp) and soldered across the inter-element gaps to form a minor loop (noted as Cp).
The value of Cyqp, was set at 220 pF. To explore the dispersion characteristics of 1-D CCGs
with different electric coupling strengths, four demonstration waveguides were built: one 1-D
MIW and three 1-D CCGs with Cy,,,0f 100 pF, 2 nF and 1 puF, respectively. The specifications
of the capacitor components Cgqp, and Cpy;, used in the experiment are given in Table 4-1.

Table 4-1 Component specifications of capacitors Cyqp and Cpy, used in the experiments

Component Specifications
Capacitance
Tolerance Size Dielectric Brand
Cyap (220 pF) +10% 0603 X5R KEMET
Cmp (100 pF) +10% 0603 X5R YAGEO
Cinp (210F) +10% 0603 X5R KEMET
Cinp (1 pF) +10% 0603 X5R TDK
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As predicted in Fig. 3-6 (see Section 3.4), the passband given by the demonstration structure
is bounded by upper frequency bounds never exceeding 120 MHz, which gives a minimal
free-space wavelength of 2.5 m. The 10-element demonstration structures constructed in this
experiment had a total length of 104 mm, which is much smaller than the relevant free-space
wavelength. Therefore, the quasi-static approximation used to derive the circuit-based model

and the mixed coupling model (see Section 3.7) is still valid for this demonstration structure.

As shown in Fig. 4-2, the measurement was made by non-resonant loop antennas, transmitter
antenna T, and receiver antenna R,,, to provide the source signal and receive the structure’s
response. T, and R, were simple, non-resonant loop probes of identical geometries, made
from 9.2 cm lengths of RG402/U semi-rigid cable with an 8 mm outer diameter loop made
from its 1 mm-thick inner wire. The probes were placed 6 mm away from the surface of the
element’s copper track, and this also took into account the 1.6 mm thickness of the PCB
board. The two probes were both held in place by Perspex clamps and polytetrafluoroethylene
(PTFE) rods. The R, side was screwed into a Perspex backboard, while the T, side was

flexible and moveable as it was attached to the arm of a computer-controlled translation stage.

During the measurement, the transmitter loop antenna T, was positioned under the PCB board,
with its centre vertically aligned with the centre of the first major loop. Meanwhile, the
receiver loop antenna R, was scanned over the top with the aid of the computer-controlled
translation stage mover, starting at the edge of the first major loop and then scanning 91

uniformly distributed points along the structure, until reaching the edge of the last major loop.
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Fig. 4-2 Photograph of the two loop probes T, and R, held in place by Perspex clamps and PTFE rods which
were screwed into a Perspex backboard. The PCB board printed with 10-element 1-D CCGs was placed
between the two probes, with the centre of the first major loop vertically aligned with the centres of both T, and
R,.

A schematic diagram of the experimental apparatus is presented in Fig. 4-3 with an onsite
photograph shown in Fig. 4-4. The two non-resonant probe antennas, transmitter probe
antenna T, and receiver probe antenna R,, were connected to Ports 1 and 2, respectively, on
a HP 8753ES vector network analyser (VNA) via 50 Q coaxial cables, to record the forward
scattering parameter S,; — representing the complex magnitude ratio between wave received
by the R, antenna and the incident wave from the T, antenna. The real and imaginary
components of S,; were taken as the average of 16 scans of 1601 points in the frequency
range 50 kHz—150 MHz. The VNA was controlled by a computer via a general purpose

interface bus (GPIB) to universal serial bus (USB) interface.
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Fig. 4-3 Experimental apparatus with the loop probes T, and R,, connected to a vector network analyser (VNA)
for measurements of the forward scattering parameter S,,. During the measurement, T, was positioned below
the PCB, while R, scanned along the structure. The movement was controlled by a computer-controlled
translation stage mover.

Fig. 4-4 Photograph of the computer-controlled translation stage, configured to move in two axes at a time with
a HP 8753ES VNA connected to two non-resonant probe antennas — transmitter probe antenna T, and receiver
probe antenna R, — via 50 Q coaxial cables.
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4.2 Experimental Results

Fig. 4-5 (a)—(d) shows the log-magnitudes of forward scattering parameters S,; measured
across the VNA ports along the four demonstration structures with the same scale of —90 to —
20 dB. The results for the 1-D MIW structure (without C,,) and the 1-D CCG structures
with a Cp,;, of 100 pF are presented over the frequency range 80-120 MHz, while the other
two 1-D CCG structures with a Gy, of 2 nF and 1 uF are presented over the frequency range

50 kHz to 120 MHz.

One can see that a broadband beginning with a strong signal occurring around the first
element due to the strong direct coupling between R, and T,, as one of them is positioned
just above the other. For all later cells, a clear passband emerges. The transmission spectra
show very clear minima whose positions vary with frequency. They are caused by the
standing waves appearing in the structures, because of the strong reflection at the end. Note
that the S,; spectra of the 1-D CCG with Cy,,,= 100 pF stops at the eighth element position
because of damage to this PCB during the experimental process, though it did not affect the

analysis based on this result.

For some frequencies, one can see that the spatial period of the standing wave varies along
the structure. For example, in the spectra measured with C,,;, = 2 nF at 60 MHz, the spatial
period of the last standing wave pattern is larger than the first two; in the spectra measured
with €, = 2 nF around 87 MHz, the spatial periods of the first and the third wave patterns

are apparently larger than the spatial periods of the second and the fourth wave patterns.

Two reasons might account for this phenomenon:
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(i)

Reflection impedance: the four demonstration structures are constructed with 10
major loops and 9 minor loops in between. The first 9 CCG elements include one
major loop and one minor loop; however, the last CCG element only has one
major loop. The incomplete period at the end of the waveguide may introduce a
phase shift to the reflection coefficient. A positive phase shift means that the wave
is effectively reflected back from a further point than the real terminus of the line,
and makes the last standing wave pattern shorter than the others. A negative phase
shift means that the wave is effectively reflected back from a nearer point than the
real terminus of the line, and makes the last standing wave pattern longer than the
others.

This reason may account for the last standing wave pattern appearing larger as in
the first example aforementioned (Cy,, = 2 nF at 60 MHz).

Capacitance tolerance: The standard value of the gap capacitance Cyqy, is 220 pF
and gives the resonant frequency of a major loop as 106.04 MHz. The capacitor
component used in the four demonstration structures has a 10% tolerance and
could range between 198 pF to 242 pF. This tolerance leads a variation in the
resonant frequency of the major loop, ranging from 101.10 MHz - 111.77 MHz.
When waves are propagating along this non-uniform waveguide, reflections not
only happen at the terminus of the waveguide, but also can happen between
different CCG elements [63]. The superposition between the incident wave and
the waves reflected back from different elements can cause unpredictable
variations of standing wave patterns.

This reason may account for the varying spatial period as in the second example

aforementioned (Cr,p, = 2 nF around 87 MHz).
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Fig. 4-5 Log-magnitude of S,; (dB scale) measured along the four demonstration structures: (a) a 10-element
MIW structure without Cpp,; and three 10-element CCG structures with (b) Cpp= 100 pF; (c) Cpppy= 2 nF; (d)
Comp= 1 uF, respectively. S, scanning results of the CCG with Cpp= 100 pF stops at the eighth element

position because of damage to this PCB board during the experimental process, though it did not affect the
analysis based on this result.
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4.3 Dispersion Analysis

In this section, the dispersion characteristics o and P are extracted from the experimental
measurements by two different methods. The first method finds the best fit between the
measured and analytical waveforms, which will later be referred to as the ‘waveform fitting
method’; the second method established in [68] explicitly derives a and B as a function of the
phase and amplitude measurements at three consecutive resonant loops, which will later be

referred to as the ‘explicit derivation method’.

4.3.1 Waveform Fitting Method

To extract the dispersion characteristics a and B, the magnitude and phase of the induced
current in the receiver antenna probe R, were fitted against a range of analytical test currents.

The best fit found on y? criteria gave the sought-after experimental dispersion characteristics.

The magnitude and phase of the induced current in R, was measured at 91 scan points. The
first 9 scan points were excluded due to the strong direct coupling between T, and R,, and
only the remaining 82 scan points were used as measured data. The reason for this is that
there was strong direct coupling between the transmitter antenna 7, and the receiver antenna

R, when the two were placed facing each other at the beginning of the scan.

This measured induced current is assumed to be proportional to the magnetic flux coupled to
the receiver antenna probe R, from its nearest major loop, and therefore proportional to the

current circulating in this nearer major loop.

To better represent this measured induced current, these analytical test currents take into
account two factors: (i) the wavelike current function and (ii) the probe-to-loop coupling.

These two factors will be discussed in detail in the following sections.
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(i) The wavelike current function

A 1-D CCG structure can essentially be considered as a bi-atomic metamaterial structure, as
discussed in Section 3.2, so there are two different wavelike currents circulating in the major
and minor loops, respectively. When applying the mixed coupling model derived in
Section 3.7, a bi-atomic structure can be simplified to a mono-atomic model, in which only

the circulating current in the major loops needs to be considered.

The analytical test current circulating in the major loops is a function of the incident wave, as
well as of the reflected wave when considering that the demonstration structure has a finite

length. The current circulating in the n** major loop can expressed as Eq. (4.1):
in= lpe ™% + [e~(N-m)vd (4.1)

where [ is the current amplitude at the first major loop, I, is the current amplitude at the last
major loop at which the reflected wave starts to propagate, N is the total element number (N =
10 in the demonstration structures), d represents the spatial period of the structure, which is
the distance between the centres of a pair of adjacent major loops, and the propagation
constant is Yy = a + jf3, where a and 8 are the attenuation constant and the wave number,

respectively.
(ii) The probe-to-loop coupling effect

How much current can be induced in the receiver antenna probe R, not only depends on the
current circulating in its nearest major loop, but also on the coupling strength between R, and
this major loop. More specifically, this coupling strength reaches its maximum when R, is
positioned immediately above this major loop, and reaches its minimum when the R, probe is

positioned over the middle of two adjacent major loops. This periodic variation in the
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coupling strength between the receiver antenna probe R, and its nearest major loop is later

referred as the ‘probe-to-loop coupling effect’.

The probe-to-loop coupling parameter I;,rope—100p Can be represented by Eq. (4.2):

Iprobe-100p (n) = 1 — bcos(2nm) (4.2)

where 7 is the position of the probe as in Eq. (4.1) expressed as the number of loops, n being
an integer when between two loops, and 6 is a value to be fitted, representing the ratio
between the variation amplitude of the probe-to-loop strength and the spatial average

coupling strength.

The analytical current can be expressed as a superposition of these two factors by multiplying
the probe-to-loop coupling parameter Irope—-100p (EQ. (4.2)) by the travelling wave-like
current expression (Eq. (4.1)). This analytical current form i’,can be expressed as Eq. (4.3):

i'y= (I,e ™%+ Le~ =My (1 — § cos(2nm)) 4.3)

This superposition of the two factors can be illustrated in Fig. 4-6, where the green curve
represents the probe-to-loop coupling parameter I;rope—100p from Eq. (4.2), the blue curve is
the wave-like current from Eq. (4.1) and the red curve is the resulting test analytical

waveform.

For each frequency, one can extract the dispersion characteristics o and B by fitting the
measured current pattern against a range of analytical patterns. The best fit is found by
applying x? criteria to all useful data points (85 data points in this case, as discussed at the

start of Section 4.3.1) and results in the experimentally extracted dispersion characteristics.
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Fig. 4-6 Construction of test function (bottom red) by the multiplication of a current waveform (blue curve)
amplitude and a probe to loop coupling function (green).

One example is given here to illustrate the use of this fitting method at one frequency.

Fig. 4-7 illustrates the induced current measured with a 1-D CCG (Cp,p= 1 uF) at 75.02 MHz

fitted against the current pattern derived from Eq. (4.3). The best fit was found to be C:T—d =3 X

1073 and %z 0.48. It is worth noting again that the fitting was only applied to the last 85

data points. (The first 20 points were not used in order to eliminate the effect of the direct

coupling between R, and Ty.)

This fitting method can be applied to every frequency by following the above procedure.
However, the method suffers from very slow computational speed: the calculation at 10

frequencies requires more than 2 hours. The reason for this is that this method is based on y?
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criteria which require one to find the error between the analytical and the measured values at
every single data point (85 in total in this study). Therefore, in this study, this fitting

procedure is only applied at frequencies where strong standing wave patterns appeared.

Fig. 4-8 shows the comparison between the predicted and measured dispersion curves of the
four structures used as a demonstration in the experiment — three 1-D CCG waveguides with
Cmp = 100 pF, 1 nF and 1 pF, respectively, and an equivalent-sized MIW structure. The
results for the MIW structure and the CCG with C;,,, = 100 pF are presented in the frequency
range 80-120 MHz, while the results for the other two CCG structures with Cp,;, = 1 nF and
1 uF, respectively, are presented in the frequency range 50 kHz—120 MHz.

One should recall that the dispersion curve is predicted by the analytical circuit model as
expressed in Eq. (3.7). The passband of the 1-D CCG waveguide shrinks to zero when Cp,;, =
Ccross» and the value of C.,ss Was predicted to be 99.42 pF for the demonstration structures.
Among the three values of Cp,p, Cpp = 1 nF and 1 pF were taken from the predicted forward
wave propagation mode where Cpp, > Cerpss, and Cryy, = 100 pF was taken around the value
of Ceross-

One can notice that the measured dispersion curves of the 1-D CCG with Gy, = 100 pF do
not show obvious matching with the analytical curves shown in Fig. 4-8 (b). The mismatch
can be attributed to two possible reasons: (1) capacitance tolerance and (i1) background noise.
(i) Capacitance tolerance

There is a 10% tolerance of the 100 pF coupling capacitor ( C,,;) component used in the
experiment as given in Table 4-1, resulting the capacitance might vary from 90 pF to 110 pF.

The dispersion curves change largely with varying Cp,,, when Cp,, is very close to the value
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Fig. 4-7 Best fit wave pattern ( % =3e-03 and ﬁn—d = 048) for the measured standing wave amplitude pattern in

the 1-D CCG Cppp= 1 uF case at 75.02 MHz. The first element is represented by dashed lines in order to
distinguish it from the elements (second to tenth) that are taken into account.

of C¢ross- The measured dispersion curve is found to match more closely with the analytical
results produced with Gy, = 110 pF, which falls into the variation range.

(ii) Background noise

The 1-D CCG structure built with Cp,;, = 100 pF is very close to the no propagation case so
the signal-to-noise ratio can be significantly lower than other cases. When analysing the
experimental data, it is hard to distinguish between the wave propagation and the background

noise and extract dispersion characteristics precisely.

The other three groups of measured dispersion curves show good agreement with the
analytical curves derived from Eq. (3.6). The 1-D CCG waveguide without Cp,,, shows
backward wave propagation, while the 1-D CCG waveguide with Gy, = 1 nF and 1 pF shows
forward wave propagation. One can see that this fitting method provides a satisfactory

understanding of the dispersion characteristics of 1-D CCG waveguides.

This method may be rather useful when the measurement set-up is rather coarse, for instance
when the receiver probe is not placed above the centre of loops to be measured. This method

may be less sensitive to measurement misalignments because the calculation uses all the
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available measured current along the line and find the best fit based on a y? criteria.The
disadvantage of this fitting method is that dispersion characteristics at only a limited number

of frequencies can be extracted from experiments due to the constraints of computational

speed.
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Fig. 4-8 Comparisons between analytical and measured dispersion curves of an MIW in (a); and a 1-D CCG
waveguide with Cpy, = 100pF, 2nF and 1uF in (b), (c) and (d), respectively. The predicted ad/T is
represented by the red dotted lines and the predicted Bd /T is represented by the blue dashed-dotted lines. The
dispersions extracted from the measurements are represented by dots in the corresponding colours.
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4.3.2 Explicit Derivation Method

In order to overcome the constraint of the fitting method discussed in Section 4.3.1, a
different method, referred to as the ‘explicit derivation method’, is applied to extract

dispersion characteristics from experimental data.

This explicit derivation method, established in [68], is based on an explicit relationship
between the dispersion characteristics a and  and any three neighbouring currents of the 1-D

waveguide. Eq. (4.4) gives a simple expression illustrating the principle of this method:

lnt1 1 ln—1

cosh((a + jB )d) = - (4.4)
2i,
where i,,, the current circulating in the n*" major loop, can be expressed as Eq. (4.5):
i, = l,eT™d + [ e~(N-m)vd (4.5)

Compared with the fitting method described in Section 4.3.1, this explicit derivation method
offers the benefits of fast computation speed since only three data points are required to get a
pair of a and B at one frequency. Therefore, the dispersion characteristics o and B may be
readily extracted for every frequency — there are 1601 frequency points measured in the range

50 kHz—150 MHz.

This explicit derivation method is applied to the four demonstration CCG structures — three 1-
D CCG waveguides with Cp,,, = 100 pF, 1 nF and 1 pF, respectively, and an equivalent-sized
MIW structure. Fig. 4-9 shows the comparison between the extracted dispersion
characteristics and the analytical dispersion curves. The results for the MIW structure and the

CCG with Cp,;, = 100 pF are presented in the frequency range 80-120 MHz, and the results
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for the remaining two CCG structures with Cp,, = 1 nF and 1 puF are presented in the

frequency range 50 kHz—120 MHz.

The extracted dispersion characteristics from the first method — the fitting method — are also
shown in this figure for comparison.

The explicit derivation method offers the advantage of fast computation speed, so it is applied
to extract a and [ at every frequency measured in the experiment. This method allows a more
detailed observation on the dispersion behaviours in the passband comparing to the fitting
method. The values of o and [ extracted by the two methods are plotted together for

comparison in Fig. 4-9.

In Fig. 4-9 (a), one can notice that the passband extracted by the explicit derivation method
shift down compared to the predicted curve, while the results from the fitting method shift up.
The frequency shift toward either direction is only about 1 MHz, which is negligible
comparing to the resonant frequency of 106.04 MHz. Therefore, the results from both
methods can be considered correct. The difference might come from the fact that the fitting
method considers an extra fact — the probe-to-loop coupling effect comparing to the explicit
derivation method. There are random data points outside the passband due to low signal-to-

noise ratio.

Fig. 4-9 (b) shows that both methods are not able to extract the dispersion characteristics. The
two possible reasons for such a mismatch between the extracted data and the analytical
prediction are given in Section 4.3.1. The dominant reason can be the low signal-to-noise

ratio when no-propagation point is about to be achieved.
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Fig. 4-9 Comparisons between dispersion curves from the explicit derivation method, the waveform fitting
method and the analytical value for an MIW in (a); and for a 1-D CCG waveguide with Cp,,= 100 pF, 2 nF
and I uF in (b), (c) and (d), respectively. The predicted ad /T is represented by the black dotted lines and the
predicted fd /T is represented by the black dashed-dotted lines. The results of the explicit derivation method
for ad/m and Bd/m are represented by magenta circles and cyan circles, respectively, and the dispersion

values extracted from the waveform fitting method are represented by the red diamonds and blue spheres for
ad/m and Bd/m, respectively.
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There is an important phenomenon which the fitting method fails to present but clearly
presented by the explicit derivation method. In Fig. 4-9 (c¢) and (d), the values of o and 8
extracted by the explicit derivaition method does not show evidence of wave propagation in
the lower parts of the predicted passbands. More specifically, for a CCG built with
Cmp=2nF and 1 pF, the predicted lower edge of their passbands are 32 MHz and 2 MHz
respectively; however, the experimentally extracted values of o and 3 show that the lower
cut-off frequencies are roughly 45 MHz and 40 MHz respectively in the two cases. There are

only random data points below these lower cut-off frequencies.

Why the measured passbands is narrower comparing to the analytical values? In order to
answer this question, one shall examine the different between the experimental set-up and the
analytical model. In the experiment, the power is injected into a CCG waveguide via
magnetic coupling between the non-resonant transmitter probe T, and the structure. The non-
resonant T, probe is connected to a VNA whose characteristic resitance is 50 Q. The
analytical model derives the dispersion equation based on the circuit model of the waveguide

itself, which does not consider the T, probe and the 50 € resistance it connected with.

Fig. 4-10 (a) and (b) shows the reflection coefficient between the T, probe and CCG
waveguides built with Cp,,= 2 nF and 1 uF respectively. The reflection coefficient is the ratio

between the complex magnitude of the reflected wave to that of the incident wave.

One can see from Fig. 4-10 (a) and (b) that the reflected power ratio rapidly increases as

frequency decreases in the passband in both cases.

For the CCG built with Cy,,,= 2 nF, its measured lower cut-off frequency is around 45 MHz,

and this frequency is about where the lowest resonance happen. One can read from
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Fig. 4-10 (b) that the reflection coefficient at the lowest resonance peak is -0.05 dB. This

means that 99.43% of the power is reflected back to the source.

For the CCG built with C,,,,= 1 pF, its measured lower cut-off frequency is around 40 MHz,
and this frequency is about where the second lowest resonance happen. One can read from
Fig. 4-10 (a) that the return loss at the lowest resonance peak is -0.2 dB. This means that

97.72% of the power is reflected back to the source.

For frequencies lower than these measured lower cut-off frequencies, one can see that the
reflection coefficient is approaching to zero as frequency decreases, so there is nearly no
power injected into the waveguide due to the mismatch between the source and the
waveguide. This explains why the measured passband is actually narrower than the analytical

one.

The measured fractional bandwidth of the CCG waveguide built with Cy,,,= 1 uF is 85.7%.
This value is much smaller than the fractional bandwidth of the analytical passband 192.4%;

however it still largely exceeds the 20% requirement of UWB channels.

Fig. 4-11 (a) and (b) shows the input impedance calculated for the two CCG cases
respectively. When frequency is below the measured lower cut-off frequencies, one can
notice that the imaginary part of the input impedance diverge rapidly, while the real part of
the input impedance stays very close to zero. The non-resonant T, connected to a 50 Q
characteristics resistance from the VNA can only provide purely real impedance, and hence
cannot achieve impedance matching with the input impedance of the waveguide, under the

maximum power transfer theorem.
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Fig. 4-10 Return loss between the Tx probe and CCG waveguides when (a) Crppy= 2 nF and (b) I pF.

The rapid divergence of the imaginary impedance makes it difficult to design a transmitter
whose impedance matches to the waveguide input impedance in the entire passband.
Therefore, channelization can be applied to get multiple sub-channels and impedance

matching can be achieved in each sub-channel.

This study focuses on the characterization of CCG waveguides, so there is no further
discussion on the matching condition between the transmitter and the waveguide. This topic
is very essential when applying CCG waveguides for contactless data transfer applications

and should be addressed in future studies.
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Fig. 4-11 Input impedance of CCG waveguide when (a) Cp,= 2 nF and (b) 1 pF.

4.4 Conclusions

In this chapter, four demonstration structures were constructed and a simple experiment was
conducted to verify the analytical model. The dispersion characteristics, both a and f, are
extracted from measured wave patterns by two different methods — the fitting method and the

explicit derivation method.

The fitting method is proposed in this study, which considers the analytical waveform as a
superposition between the spatial variation of probe-to-loop coupling and the wave-like
current along the structure. This fitting method suffers from slow computational speed.
However, this method may be rather useful when the measurement set-up is coarse, for
instance when the receiver probe is not placed exactly above the centre of loops to be

measured. This method may be less sensitive to measurement misalignments because the
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calculation uses all the available measured current along the line and find the best fit based on

a y? criteria.

The explicit derivation method is originally proposed in [68] and offers the benefits of
explicit relation between current and dispersion characteristics, and fast computation speed.
This method is applied to CCG demonstration structures in order to observe their dispersion
behaviours in more detail. This method shows that the measured passbands is narrower than
the analytical ones. This phenomenon is analysed with the aid of reflection coefficient. It is
shown that almost all the power is reflected back to the source at these frequencies. This
mismatch between the source and the waveguide results that the power cannot be efficiently

injected into the waveguide.

The analytical passband predicted for the demonstration structure built with 1uF is 192.4%;
however, due to this inefficient power injection, the measured passband is only around 87.5%.

This value has already largely exceeded the requirement of UWB channels.

There is a brief discussion about how to achieve efficient power injection in the passband by
matching the transmitter with the waveguide. It is shown that the input impedance of a CCG
waveguide has a rapidly diverging imaginary part. Connecting a non-resonant transmitter to a
standard source can only offer resistance, so the impedance of the transmitter is purely real.
Therefore, resonant transmitter should be investigated under the maximum power transfer

theorem in future studies.

The rapid divergence of the imaginary impedance makes it difficult to design a transmitter
whose impedance matches to the waveguide input impedance in the entire passband.
Therefore, channelization can be applied to get multiple sub-channels and impedance

matching can be achieved in each sub-channel.
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Following the discussion of 1-D CCGs in previous chapters, it would be logical to proceed to
two-dimensional CCG structures. A 2-D CCG waveguide would provide a multipath
communication channel and allow it to be shared between multiple terminals. One would also
expect that a 2-D CCG structure gives a greater bandwidth performance compared to its 1-D

counterpart, in a similar fashion to MIW structures, as given by Eq. (2.15).

In Section 5.1, the structure of a 2-D CCG waveguide surface will be investigated, and its
dispersion equation will be derived in Section 5.2; a 2-D demonstration structure will be
introduced in Section 5.3; the dispersion characteristics on selected transmission paths along
the 2-D surface will be discussed in Section 5.4; Section 5.5 presents a simple experimental
setup, which will be used for experimental verification of dispersion characteristics as
described in Section 5.6; and Section 5.7 presents the analytical prediction and measurement
of the current distribution over a 2-D surface with the aid of the impedance matrix derived in

Section 3.8.
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Fig. 5-1 The structure of (a) a 2C metallic loop, which is only expandable in the x direction, and forms a 1-D
CCG waveguide; (b) a 4C metallic loop, which is expandable in both the x and y directions and can be used
to form a 2-D CCG waveguide surface.

5.1 2-D Capacitor-Connected Grids

One is reminded that a 1-D CCG structure (Fig. 3-1 (a)) is a ladder circuit made of metallic
loops interlinked by electric coupling devices. A metallic loop in a 1-D CCG is as given in
Fig. 5-1 (a), which is loaded with two gap capacitors, one on each of its two vertical sides.
Current circulation in such a metallic loop can generate a potential difference across the two
gap capacitors, and the potential difference can be passed on to adjacent metallic loops via

electric coupling devices in between.

In order to build a 2-D CCG waveguide surface, a small change has to be made to the
structure of the metallic loop, enabling it to be expandable in both the x and y directions.
The new structure of the metallic loop is as shown in Fig. 5-1 (b), which is loaded with gap
capacitors on all four branches — two vertical ones and two horizontal ones. For convenience,
one will name the previously reported metallic loop as the ‘2C metallic loop’, as each
contains two gap capacitors, and refer to the newly constructed metallic loop as the ‘4C

metallic loop’, as each one contains four gap capacitors.

Fig. 5-2 (a) shows the 4x4 array of a 2-D CCG waveguide surface, in which the 4C metallic
loops are interlinked by coupling capacitors in both the x and y directions, and its 1-D

counterpart is presented in Fig. 5-2 (b).
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Fig.5-2 (a) Surface of the 2-D CCG waveguide; (b) surface of the 1-D counterpart; both are built with 4C
metallic loops of the same dimensions as given in Table 3-1.

For the purposes of differentiation, one can name the 1-D array built with 2C metallic loops

(Fig. 3-1 (a)) as a 1-D 2C CCG, while the one made with 4C metallic loops (Fig. 5-2 (b)) is

referred to as a 1-D 4C CCG.
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5.2 Derivation of Dispersion Equation for 2-D CCG Structures

2-D CCG waveguide surfaces support the propagation of two types of wave: one is the
surface wave travelling along the edge, the other is the MI and EI waves propagating inside

the surface in a similar fashion to 1-D CCG structures.

In order to derive the dispersion equation for 2-D CCG structures, one must first understand
the different coupling mechanisms supporting the propagation of the two types of wave.
Fig. 5-3 shows the different coupling mechanisms for elements positioned either along the
edge or inside the surface, where M describes magnetic coupling between adjacent major
loops, Myin, describes magnetic coupling between a pair of adjacent major and minor loops,
and Mg;q, describes magnetic coupling between diagonally adjacent major loops. The
nearest-neighbour approximation, verified in [63], is applied here for simplicity. The
magnetic coupling between coalesced major and minor loops My, is neglected as justified
in Section 3.3. A major loop positioned along the edge is coupled to three adjacent major
loops, two diagonally adjacent major loops and three coalesced minor loops, while a major
loop positioned inside the surface is coupled to four adjacent major loops, four diagonally

adjacent major loops and four coalesced minor loops.

One can recall that the dispersion equation of 1-D CCG structures was derived by circuit
analysis under the quasi-static approximation [92]. Using a similar analysis for a 2-D array
(Fig. 5-2 (a)), one arrives at the relationship for a 2-D CCG waveguide surface, as expressed

by Eq. (5.1):
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Fig. 5-3 Illustration of coupling mechanism for elements positioned either along the edge or inside the surface

Zminp[Zmaj + M(AcelVx% + A_, e~ A ey + A_ e TVyd)]
+ Myiqg|(AxelV=% + A_ e71Vx%%) (A, e/ + A_ e /vdy))
(5.1)
— (Xsnare)*(Ay + Ay + Ayl + A_ e~ /v%)

+ (A + Ay + Ayed?x% + A e7I¥xdx) =

where d, and d,, are the periods of the structure in the x and y directions, respectively, as
shown in Fig. 3-3 (a), which are the distances between the centres of pairs of adjacent major
loops (a symmetric 2-D structure is considered here, in which the array periods in the two
directions are the same (dy =d, )); yx and y, are the propagation constants along
the x and y directions (the propagation constant y = a + jf3, where B and a are the wave
number and attenuation constant, respectively); some variables share the same definitions as
the ones in the dispersion equation of 1-D 2C CCGs, as presented in Section 3.1, including

the magnetic coupling between adjacent major loops M; the minor loop impedance Zy,;n, =
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R+ jwl +— 2

, , the shared impedance between adjacent major and minor
JwCgap JwCmp

loops Xspare = g + % + ot however, the major loop impedance has to be redefined
gap

as Zmaj = 4R + 4jwl + jw: , as each 4C metallic loop contains four gap capacitors rather
gap

than two. Here, one can recall from Section 3.2 that R and L are the resistance and inductance,
respectively, associated with each side of a major loop, w is the angular frequency of wave

propagation, Cyq), is the gap capacitance, and Cyy,, is the parallel coupling capacitance.

The four parameters A, A_,, A, and A_, equate to either zero or one and are used to
distinguish wave types and travelling paths. To describe MI and EI waves travelling inside
the waveguide surface, A, =A_, = A, = A_, = 1; to describe surface waves travelling
along one of the four edges, one among the four parameters is set to zero as the missing
neighbouring coupling on one side. For example, A, = 0and A_, = A, = A_, =1 when
describing the surface wave propagating along the leftmost edge path, while 4, = 0 and
Ay =A_y = Ay, =1 when describing the surface wave propagating along the uppermost

edge path.

One can generate dispersion equations for a 2-D CCG waveguide surface from Eq. 4-1 by

substituting a proper value of Ay, A_,, A, and A_,, for different wave paths.

5.3 Demonstration Structure

In order to characterize the dispersion behaviours of 2-D CCGs (Fig. 5-2 (a)), a simple
demonstration structure was constructed by interlinking a chain of 4C metallic loops (Fig. 5-1
(b)) with coupling capacitors Cy,, soldered across inter-element gaps in both the x and y

directions. A 4C metallic loop shares the same dimensions as a 2C metallic loop, as given in
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Table 3-1, but has gaps not only on the two perpendicular arms but also on the two horizontal

arms of each loop.

For the 2-D demonstration structure, My;q4, was predicted to be —0.256 nH by FastHenry

simulation [95], Cyq, Was chosen as 220 pF and C,y,,, was chosen as 1 uF.

The structural parameters of the 2-D CCG demonstration structure are summarized in

Table 5-1.

Table 5-1 Inductive, resistive and capacitive parameters of the 2-D CCG demonstration structure

Parameters Values
M —1.19 nH
M giag —0.256 nH
R 0.05 Q
L 5.12nH
Conp 1pF
Cyap 220 pF

5.4 Dispersion Characteristics Analysis

Based on the dispersion relationships given by Eq. (5.1), one can explore the dispersion
characteristics of the two types of waves propagating in 2-D CCG structures — surface waves
travelling along the edges and MI and EI slow waves propagating inside the waveguide
surface. The latter type of wave can propagate in a 2-D CCG structure along multiple paths,
among which, two special cases are considered here: (1) waves propagating along the
diagonal of a 2-D waveguide surface where y,a, =y, a,, and (2) waves propagating along a
straight line along either x or y axial direction across a 2-D waveguide surface where y,a,
or yya, = 0. For convenience, the three wave paths are named as ‘edge path’, ‘diagonal <I1>

path’ and ‘axial <01/10> path’, respectively.
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Fig. 5-4 Fractional bandwidth of a 2-D CCG structure with Cy,y, ranging from 1 pF to I uF, along with results
for an equivalent-sized 1-D 2C CCG and 1-D 4C CCG for comparison.

In a similar fashion to the study on 1-D CCGs, one can explore how the available bandwidth
of a 2-D CCQG structure changes with electric coupling strengths by virtue of varying coupling
capacitance Cy,,. Fig. 5-4 shows the fractional bandwidths achieved by waves travelling
along the three above-mentioned paths in the 2-D CCG demonstration structure built with
Cmp varying from 1 pF to I uF. The results for the 2-D CCG have been presented in

comparison with its 1-D counterpart, the 1-D 4C CCG, and a previously studied 1-D 2C CCG.

The metallic loops of the two 1-D devices were built with the same dimensions as the 2-D
CCQG structure, and shares the same inductive, resistive and capacitive parameters as given in
Table 5-1. It is worth noting that the 1-D 4C CCG and the 1-D 2C CCG use the same
coupling capacitance (Cy,p, = 1 puF) as the 2-D demonstration structure; however, the gap

capacitance Cyqyp is 110 pF in the 1-D 2C CCG, which is half of that used in the 1-D 4C CCG
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Table 5-2 No-propagation points (Cpy, = Ceross) found for the three 2-D paths, respectively, in comparison with
results for the 1-D 4C CCG and the 1-D 2C CCG

Propagation Paths NO_PI}%&?{iﬁ;;;; Point
Edge Path 874.98
Axial <01/10> Path 657.66
Diagonal <11> Path 657.66
1-D 2C CCG 52.48
1-D 4C CCG 1273.50

and 2-D structures in order to ensure that they share the same major loop resonant frequency

(fmaj = 150 MHz).

One important feature of the 1-D CCG is the appearance of a no-propagation point where the
positive and negative coupling exactly cancel each other. Fig. 5-4 shows that the 2-D CCG
structure exhibits the same behaviour: when Cp,, increases, the passbands of the three 2-D
paths decrease until they shrink to zero at the no-propagation point and keep expanding

once Cp, goes above the no-propagation point.

Table 5-2 shows the no-propagation points (noted as Cp,;, = Ccross) found for the three 2-D
paths, respectively, in comparison with results for the 1-D 4C CCG and the 1-D 2C CCG. The
axial <01/10> path and the diagonal <11> path share the same no-propagation point (Cyoss=

657.66 pF), which can be attributed to the same coupling condition of the two paths.

Previous studies of the MIW show that a 2-D MIW structure will have significantly greater
bandwidth than a 1-D device [63]. One can expect to see such bandwidth improvement from
dimension expansions on CCG structures. Table 5-3 presents the fractional bandwidths

achieved by the three 2-D paths when G, = 1 uF, in comparison with results calculated for

the 1-D 4C CCG and the 1-D 2C CCG.
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Table 5-3 Fractional bandwidth calculated at Crpy, = I pF for the three 2-D paths, in comparison with results
for the 1-D 4C CCG and the 1-D 2C CCG

Propagation Paths FBW (Cpp =1 pF)/ %
Edge Path 18.19
Axial <01/10> Path 186.4
Diagonal <11> Path 187.6
1-D 2C CCG 194.5
1-D 4C CCG 6.168

As shown in Table 5-3, the axial <01/10> path and the diagonal <I11> path in the 2-D CCG
demonstration structure provide much wider bandwidth than its 1-D counterpart, the 1-D 4C
CCQG. The edge path in a 2-D structure can essentially be considered as a 1-D CCG array, as
it carries surface waves confined only to surface edges. This explains why the edge path in

the 2-D CCG demonstration structure offers similar bandwidth performance to a 1-D 4C CCG.

One interesting finding is that the 1-D 2C CCG provides even better bandwidth performance
compared with any of the propagation paths in the 2-D CCG, and this makes it a better
solution for achieving high bandwidth. As shown in Table 5-3, the 1-D 2C CCG
with Cppy= 1 uF gives FBW = 194.2%, while a 1-D 4C CCG built with the same Cp,;, only
gives FBW = 6.168%. The two 1-D devices have identical magnetic coupling strengths as
they were built with the same dimensions. It is logical to consider the difference in electric
coupling strengths in the two 1-D cases to explain why including two or four capacitors in

each major loop makes such a significant difference in bandwidth performance.

One can consider electric couplings in the 1-D 2C CCG and 1-D 4C CCG with the aid of a
four-electrode model. Table 5-4 presents the two cases with the four-electrode model,

calculating their electric coupling coefficient k, (Eq. (3.42)).
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One can simplify the expression for k, 4. to K, . multiplied by a factor of (2 Cogap + Cmp) /
(6Cgap + 5Cp). This factor is always smaller than one and keeps decreasing when Cpyy,
increases. This factor approaches to 0.2 when Cp,;, > Cyqp. Therefore, one can easily tell that

electric coupling strength in a 2C case is always greater than that of the 4C case, which
explains the difference in available bandwidth provided by the two becomes greater when

Cmp increases.

The comparison between 2C and 4C CCG structure can also be understood from a waveguide
point of view. A 1-D 2C CCG waveguide with Cp,;, > Cyqp, can be considered as a
transmission line which has extremely large bandwidth. Based on this understanding, the two
extra gap capacitors Cgqp, in @ 1-D 4C CCG can be considered as filters added in a

transmission line, and therefore result in reduced passband.

The 2-D CCG waveguide surface is considered as a potential candidate for multipath data-
carrying devices, so it is important to consider the effects of dispersion on signals propagating

along various paths.

Fig. 5-5 shows a comparison of the group velocity dispersion and attenuation of the diagonal
<11> path, axial <01/10> path and edge path in the 2-D CCG demonstration structure with

results for its 1-D counterparts, the 1-D 4C CCG and the 1-D 2C CCG.
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Table 5-4 Comparison of the circuit model and impedance matrix between the 1-D 4C CCG

and the 1-D 2C CCG

Structure

1-D 4C CCG

1-D 2C CCG

Four-Electrode

ﬂa p mp ﬂap
i m V.

Model ﬂp gap I ”“p & I
_| = | n 3
gap Cm‘p gap mp
(Cself Ciners > (Cyap> Csetr = Cmeyy
Cself 2 Cres 2c =
Cres ac = Cself
Cself Cmeff + (Cgap)
self 2
cZ Ck
C2 C? K = __melf
K = self meff Cmeff
Impedance Matrix Crne fr
C
C Cself Cgap + 727119
mp
Coets = Coap + 5
C
c —Cmp Cimerf = zmp
meff — 2
_ ZCres_4c
ke_4c - K
Electric Coupling
Coefficient . (2C4ap + Cmp) K, 5o = 2lresac
_ res = Ke 2 e K
ke = —— %€ (6Cyqp + 5Cmp)

2~ 0.2 Ke 5c when Gy, > Cygp
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Fig. 5-5 Comparison of the group velocity dispersion and attenuation of the axial <01/10>
path, diagonal <11> path and edge path in the 2-D CCG demonstration structure with results
for its 1-D counterparts, the 1-D 4C CCG and the 1-D 2C CCG.

Table 5-5 shows the peak group velocity vgpeqx and bandwidth over a less dispersive

frequency range defined by 1 > 9> 0.9 for the three 2-D paths and the two 1-D

Vgpeak

structures for comparison.

Table 5-6 shows the minimum attenuation values a,,;, and bandwidth defined by the -3 dB

half power points for the three 2-D paths and the two 1-D structures for comparison.

In comparison with the edge path, which carries surface waves, the two inside paths — the
axial <01/10> path and the diagonal <11> path — provide a less dispersive and ‘lossy’
propagation channel with significantly greater bandwidth performance. This can be attributed
to the fact that an edge path carries surface waves confined only to surface edges, and
therefore can essentially be considered as a 1-D CCG array. The two inside paths exhibit
comparable dispersion and attenuation performance to a 1-D 2C CCG and provide reasonably

good bandwidth performance that largely exceeds the 20% requirement of a UWB channel
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[95] and closely approximates to the 200% extreme value. However, neither of the two

exceeds the available bandwidth provided by a 1-D 2C CCG.

Table 5-5 Comparison of group velocity dispersion and bandwidth over a less dispersive frequency range defined

byl=> ” % - > 0.9 for the three 2-D paths and the 1-D 4C CCG and 2C CCG structures
gpea
Path and Waveguide Peak Group Velocity Bandwidth with 1 > —2— > 0.9 (MHz)
(Vgpeak/C) Vgpeak

Axial <01/10> Path 0.02125 34.40

Diagonal <11> Path 0.03011 37.57

Edge Path 0.0028 8.60

1-D 2C CCG 0.02012 43.21

1-D 4C CCG 0.0010 2.80

Table 5-6 Comparison of minimum attenuation and bandwidth defined by the —3 dB half power point for the three
2-D paths and the 1-D 4C CCG and 2C CCG structures

Conp Mi“imuz‘;{:s)e““aﬁm ~3 dB Bandwidth/MHz
Axial <01/10> Path 0.0047 96.5
Diagonal <11> Path 0.0033 103.5
Edge Path 0.0235 19.2
1-D 2C CCG 0.0032 115.8
1-D 4C CCG 0.0572 7.9

When comparing the two 1-D cases, the 1-D 2C CCG shows improved performance in terms
of attenuation, dispersion and bandwidth, and offers great potential to be used as a 1-D

contactless data transfer channel.

The 2-D CCG waveguide surface offers the possibility of developing a contactless data
transfer channel offering a robust multipath environment for multiple terminal connections.
The two inside paths provide good examples of data channels in 2-D CCGs with low loss and
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dispersion but high data capacity and speed. Channelization could be used to get several sub-

channels with less dispersion and group delay, in a similar fashion to the 1-D CCG device.

5.5 Experimental Setup

A simple experimental verification was conducted to verify the analytical dispersion
characteristics of the 2-D CCG waveguide surface and to explore frequency-dependent

current distributions over the 2-D surface.

A 19x19 2-D CCG waveguide surface of dimensions given in Table 5-1 was fabricated by
Quassia Electronics Ltd [99] on an FR4 substrate using photolithography. Each copper loop
shared the same track size as the previously reported 1-D demonstration device described in
Table 3-1, but included four gaps not only on the two perpendicular arms but also on the two
horizontal ones. Surface-mounted ceramic multilayer chip capacitors were soldered across the

four track gaps as Cyqp, and across inter-element gaps as Cpy, . The values of Cyqp
and Cp,, were chosen to be 220 pF and 1 pF, respectively. This 2-D device used the same

components as the 1-D demonstration structure given in Table 4-1.

Measurements of the 2-D CCG were carried out in a similar manner to that for the 1-D
devices. Some repetitious details are omitted here (refer to the introduction given in Chapter
4). A simple illustration of the experimental setup is presented in Fig. 5-6 (a). Fig. 5-6 (b)
shows a photograph taken of a corner area of this demonstration structure. Two loop antennas,
source antenna T, and receiving antenna R,, were employed to provide the source signal and
receive the structure’s response. Two experimental runs were conducted, in which T, was

placed above the PCB board but on different locations: one with T, centred
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Fig.5-6 (a) Illustration of experimental setup for 2-D; (b) Photography of a corner of the I-D CCG
demonstration structure with the T, probe positioned above the corner of the surface.

on the major loop positioned in the middle of the surface and the other with T, centred on a
corner of the surface. For convenience, the two experimental runs were named as ‘Centre
T, Measurement’ and ‘Corner Ty Measurement’, respectively. The photograph shown in
Fig. 5-6 (b) illustrates the latter case, showing a corner area of the waveguide surface with T,
centred on the corner major loop. During the experiments, R, was placed under the PCB
board and scanned over the entire surface using the computer-controlled translation stage
mover. The receiver antenna R, started from one corner, following a Raster scan pattern
ending at the diagonally opposite corner covering a measuremnet grid at a resolution of I mm.
The probes were placed 4 mm away from the surface of the element’s copper track, and this
also took into account the 1.6 mm thickness of the PCB board. The two probes T, and R,

were connected to a HP 8753ES vector network analyser (VNA) via 50 Q coaxial cables to
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record the S,; scattering parameter. The real and imaginary components of S,; were taken

as the average of 16 scans of 1601 points in the range 50 kHz to 150 MHz.

5.6 Experimental Analysis — Dispersion Characteristics

Fig. 5-7 (a)—~(c) shows the log-magnitudes of S,; measured along the three paths with the
same scale of —80 to —30 dB. Results for the axial <01/10> path and the diagonal <11> path
were taken from the centre T, measurement, in which the wave propagation was symmetric
around the central point. Hence, one can extract dispersion characteristics from halfway along
the two paths, as the element number in Fig. 5-7 (a) and (b) ranges from the central major
loop (IOth) to the end major loop (19th). Results for the edge path were taken from the corner
T, measurement, and the element number in Fig. 5-7 (¢) ranges over the entire edge path (19
major loops). Surface waves propagating along the edge path exhibit a much narrower
bandwidth than those along the two inside paths, therefore it is presented over the frequency
range 90—-150 MHz, while the two inside paths are presented over the frequency range 50 kHz

to 150 MHz.

One can notice that there is no wave propagation under the frequency of the lowest resonance
in Fig. 5-7 (a) (b) and (c). This is due to inefficient power injection at the lower part of the
predicted passbands caused by the impedance mismatch between the source and the
waveguide. This behaviour has been analysed in the study of 1-D structure in Section 4.3.2.
The analytical fractional bandwidth of the diagonal <11> path and the axial <01/10> path are
187.6% and 186.4% respectively; however the measured ones are reduced to 83% and 81%
respectively. However, these values still largely exceeds the 20% requirement of UWB

channels.
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One can see that a broadband beginning with a strong signal occurring around the starting
element due to the strong direct coupling between R, and T,, as one of them is positioned
just above the other. For all later loops, a clear passband emerges. Standing wave patterns
appear in a similar fashion to the 1-D experimental results, which are caused by reflection at

the ends of the paths.

The spatial period of a standing wave is half of its free-space wavelength (%), which equals
the distance between minima in the transmission spectra shown in Fig. 5-7 (a)—(c). The wave

) 2 .
number B can be expressed as a function of 1 as f = 7” Therefore, one can establish a

relationship between the required % and g, as given by Eq. (5.2):

d
T A (5.2)
2

where d is the period of the CCG structure, which equals the distance between the centres of a

pair of adjacent major loops (10.4 mm).

Eq. (5.2) allows a simple -calculation for extracting the experimental dispersion
characteristics %. For example, one can read from Fig. 5-7 (a) that the half-wavelength of the
standing wave pattern at f = 64.22 MHz equals the length of 4.25 structure periods. One can

then calculate % by finding the ratio between d and this half-wavelength, which equals 4—125

in this case. Fig. 5-7 (d)—(f) presents comparisons between predicted and measured B—: for the

three above-mentioned paths. Dispersion curves extracted from the experimental results show
good agreement with the analytical results derived from the dispersion equation of the 2-D

CCQG as given by Eq. (5.1).
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Fig.5-7 (a)—(c) Log-magnitudes of S,1 measured along the three paths with the same scale of =80 to —30 dB;

(d)— (f)comparisons between predicted and measured pd/z for the three paths.

122



When considering attenuation in a 1-D device, its attenuation is attributed mainly to resistive

loss as its path loss is zero. For 2-D devices, one should also consider that planar expansion
for wave-fronts leads to a % path loss, where 7 is the distance between terminals. No attempt

was made to extract a 2-D experimental attenuation performance in this study; however, it
can be done by fitting the measured standing wave amplitude pattern with analytical wave

patterns in a similar fashion to the 1-D study, with special consideration for path loss.

5.7 Experimental Analysis — Current Distributions

During the experiment, the R, probe was put in close proximity to the waveguide, coupled to
the magnetic flux set up by nearby waveguide elements. One can assume that magnetic field
probe values are proportional to currents circulating in each waveguide element. The
measurement scan over the entire surface can provide current distribution maps at the 1601

frequency sampling points between 50 kHz and 150 MHz.

In Section 3.8, the impedance matrix for the 2-D CCG was derived based on the mixed
coupling model, which allows analytical predictions of the current distribution over the finite
2-D CCG array. The current in each element can be simply calculated by inverting the
impedance matrix and multiplying it by the voltage vector (Eq. (3.53)). One can qualitatively
predict current distributions for the 19x19 2-D demonstration device in the two measurement
cases by assuming a 1 V perfect voltage source to be applied to either the centre element or to
a corner element. Fig. 5-8 and Fig. 5-9 show a comparison between the predicted and
measured current distribution maps over the 2-D demonstration structure. Six frequencies, 10,
62, 82, 104, 123 and 138 MHz, were chosen to show various frequency-dependent wave
propagation behaviours over the passbands. Results for the corner T, measurement and the

center T,, measurement are presented below in sections (a) and (b), respectively.
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(a) Corner T, Measurement

Fig. 5-8 (a)—(f) shows analytical predictions of current distributions on a base 10 logarithmic

and Fig. 5-8 (g)—(1) shows log-magnitudes of the forward scattering

scale

parameters S,; measured with T, aligned above a corner major loop while R, scans over the

entire surface at the six exemplary frequencies.

15

Element Number

Element Number

Element Number

10

Freq= 10 MHZ

7=

o)

5 10 15
Element Number

(a)
62 MHZ

Freq =

5 10 15
Element Number

(b)
Freq= 82 MHZ

‘®‘<> - =_—

Element Number

(©

Currrent / IogoA Currrent / IogoA

Currrent / IogOA

Element Number

Element Number

Element Number

124

10 MHZ

Freq =

Element Number

(2
Freq = 62 MHZ

Element Number

(h)

Freq= 82 MHZ

5 10 15
Element Number

(1)

-40

-60

IS, (dB)

-80

-100



Freq = 104 MHZ

Freq = 104 MHZ

— — U‘Y Z;;S%/V&@ jii"
=1 o S o
Z = 2 10K o
5 5 & | g
£ = £ | - (2]
© =] o 5 g S
L @) L 6 b g
» e -100
5 10 15 5 10 15
Element Number
(d)
Freq = 123 MHZ
3 < 3
£ or =
S o S
prd = 2
5 5§ 5
£ = e
o 5 °
w (&) T}
5 10 15 5 10 15
Element Number Element Number
(© (k)
Freq = 138 MHZ Freq = 138 MHZ
_ 0 _ T Ly L, s, -40
[} o) o . o’;ﬁ" ‘ -
£ 15 4 Sasn LT
= g E s 60 @
Z = pd RN )
= 10 -quc—)' = 10‘,}7 Vo -~
£ £ g [ -80 o
S 5¢ -3 5 & 50
LIJ O LU o 2.
-4 - -100

5 10 15
Element Number

®

5

Element Number

M

Fig.5-8 The analytical current distributions on a base 10 logarithmic scale ((a)—(f)) derived from matrix
analysis, and (g)—(1) log-magnitude of forward scattering parameters Sy, measured in the corner T, measurement
taken at six frequencies, 10, 62, 82, 104, 123 and 138 MHz.

Fig. 5-8 presents the qualitative matching between the analytical current distribution and the

measured S,; when the transmitter antenna T, is placed in the corner. The analytical model

predicts the current circulating in each discrete loop (major loop and minor loop). The

measured S,; represents the magnetic flux received by the receiver antenna loop R,, which is

assumed to be proportional to the current circulating in the nearest loops.
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One can see that the current distribution over 2-D CCG waveguide surface is very sensitive to
frequency variation. The attenuation at the edges of pass-band is so high that no standing wave
patterns are present at 10 MHz and 138 MHz. When the frequency f = 62 MHz and 82 MHz,
one can see well-distributed standing wave patterns over the entire 2-D surface. One can see
that wave propagation is mainly along the diagonal <11> path when f =104MHz. When

f = 123 MHz, it shows more intensive current distribution along the edge paths.

One can find discrepancies between the experimental and the analytical results at f =
82 MHz (Fig. 5-8 (¢) and (1)) and at f = 123 MHz (Fig. 5-8 (e) and (k)). At f = 82 MHz, the
analytical result in (¢) shows one standing wave pattern missing in the upper left corner,
and its standing wave patterns in the lower left corner and upper right corner split into two
as compared with the experimental result in (c). At f = 123 MHz, the analytical result in (e)
predicts the appearance of a surface wave pattern travelling along the edges; however, the

experimental result in (k) does not show this.
Three factors might account for such discrepancies:

(i) Capacitance tolerance: The analytical model assumes that the CCG waveguide
consists of symmetric resonators which all share the same resonance frequency.
However, this assumption is very difficult to achieve in the experimental set-up
due to the tolerance of capacitance components. The gap capacitance Cyqp 18
designed to be 220 pF and gives the resonant frequency of a 4C metallic loop as
150 MHz. In the experiment, as given in Table 4-1, the capacitance used for Cgyy,

had a 10% tolerance and could range between 198 pF and 242 pF. This capacitance

tolerance leads to a variation in the resonance frequency of 4C metallic loops,

ranging between 143 and 158 MHz. The previous work [63] shows that the

transmission coefficient decreases as the capacitance tolerance increases. The
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decreasing transmission coefficient corresponds to the increasing reflection loss.
This is because the reflection not only happens at the terminus of the waveguide,
but also can happen between different CCG elements in such a non-uniform

waveguide.

(i1) Resistance of solder joints: In the study of the 1-D CCG structure, sufficient
matching was achieved between the analytical and the experimental dispersion
curves under the approximation that the resistance of solder joints is negligible. This
approximation is applied here in the analytical calculation of 2-D CCG structures.
However, a 4C metallic loop used in a 2-D structure requires solder joints on all four
branches and results in a larger resistance than a 2C metallic loop used in a 1-D

structure.

(iii) Frequency resolution: The current distribution is measured at 1601 frequencies
between 50 kHz and 150 MHz, so the frequency resolution is 94 kHz. One might not

be able to obtain experimental results exactly at the simulated frequencies.

(b) Centre T, Measurement
Fig. 5-9 (a)—(f) shows analytical predictions of current distributions on a base 10 logarithmic
scale and Fig.5-9 (g)(I) shows log-magnitudes of the forward scattering
parameters S,; measured with T, positioned just above the central major loop while R, scans

over the entire surface at the six exemplary frequencies.
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Fig.5-9 The analytical current distributions on a base 10 logarithmic scale ((a)—(f)) derived from matrix
analysis, and (g)—(1) log-magnitude of forward scattering parameters S, measured in the corner T, measurement
taken at six frequencies, 10, 62, 82, 104, 123 and 138 MHz.

Fig. 5-9 shows qualitative matching between the analytical current distribution and the
measured S,; when the transmitter antenna T, is placed in the center of the surface. Similar to
Fig. 5-8, the analytical model predicts the current circulating in each discrete loop (major
loop and minor loop). The measured S, represents the magnetic flux received by the receiver
antenna loop R, which is assumed to be proportional to the current circulating in the nearest

loops.

The current distribution over 2-D CCG waveguide surface is very sensitive to frequency
variation. The attenuation at the edges of pass-band is so high that no standing wave patterns
are present at 10 MHz and 138 MHz. When the frequency f = 62 MHz and 82 MHz, one can
see well-distributed standing wave patterns over the entire 2-D surface. One can see that

wave propagation is mainly along the diagonal <11> path in both cases when f =104 MHz.
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When f =123 MHz, the analytical result shows more intensive current distribution along

axial <01/10> path.

One can find discrepancies between the experimental and the analytical results at f =
123 MHz (Fig. 5-9 (e) and (k)). The analytical result in Fig. 5-9 (e) predicts that there
should be standing wave patterns along the axial <01/10> path. The experimental result in
Fig. 5-9 (k) shows more intensive current distribution along this path; however, it does not
present standing wave patterns. Possible reasons to explain this discrepancy are similar to

those used in the discussion of Fig. 5-9.

The frequency-dependent current distribution behaviour of the 2-D CCG gives it the potential
to be used as a 2-D contactless data transfer channel offering a robust multipath environment
for multiple terminal connections. Frequency channelization can be applied in the 2-D CCG
waveguide surface, allowing waves of different frequency ranges to propagate along various

paths and to be excited and picked up by terminals at different locations.

5.8 Conclusions

This chapter takes the 1-D CCG study to its 2-D expansion and explores the 2-D CCG
waveguide surface from two perspectives: dispersion characteristics and current distributions
over the surface. The 2-D CCG was studied in comparison with its 1-D counterpart — the 1-D

4C CCQG and its previously reported 1-D structure, the 1-D 2C CCG.

There are two types of waves propagating in 2-D CCG structures: surface waves travelling
along edge paths and MI and EI waves propagating inside the waveguide surface. The latter
type of wave can propagate in a 2-D CCG structure along multiple paths, among which, two

special cases are considered here — the diagonal <11> path and the axial <01/10> path.
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The 2-D CCG exhibits the same important feature of the 1-D CCG: the appearance of a no-
propagation point where the positive and negative couplings exactly cancel each other. These
no-propagation points were found at different capacitance values for the three paths studied

here.

Considering both bandwidth and dispersion performance, the two inside paths — the diagonal
<11> path and the axial <01/10> path — provide a less dispersive and ‘lossy’ propagation
channel, with significantly greater bandwidth performance, in comparison with the edge path
carrying surface waves. The two inside paths exhibit comparable dispersion and attenuation
performance to the 1-D 2C CCG and provide reasonably good bandwidth performance. The
analytical fractional bandwidth of the diagonal <11> path and the axial <01/10> path are
187.6% and 186.4% respectively; however the measured ones are reduced to 83% and 81%
respectively. This is due to the inefficient power injection at the lower part of the predicted
passbands caused by the impedance mismatch between the source and the waveguide.
However, these values still largely exceeds the 20% requirement of UWB channels. The two
inside paths provide good examples of data channels in a 2-D CCG with low loss and
dispersion but high data capacity and speed. Channelization can be used to get several sub-

channels with less dispersion and group delay in a similar fashion to the 1-D CCG device.

When comparing the two 1-D cases, the 1-D 2C CCG shows improved performance in terms
of attenuation, dispersion and bandwidth, and offers great potential to be used as a 1-D

contactless data transfer channel.

Current distributions over the 2-D CCG waveguide surface were studied, both numerically
and experimentally, and found to be very sensitive to frequency variation. Such frequency-
dependent current distribution behaviour of the 2-D CCG gives it the potential to be used as a

2-D contactless data transfer channel offering a robust multipath environment for multiple
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terminal connections. Frequency channelization can be applied in the 2-D CCG waveguide
surface, allowing waves of different frequency ranges to propagate along various paths and to

be excited and picked up by terminals at different locations.

The 2-D CCG waveguide surface has the potential to be used as a track-free data bus in
electronic systems with possibilities for inter-chip communications if the ICs in such systems
are capable of launching and detecting MI and EI waves. The 2-D CCG waveguide surface
also sees potential in body area networking, such as linking up patient monitors, saving

alarms and headphones through clothes embedded with 2-D waveguide surfaces.
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In previous chapters, CCG structures have been considered as potential candidates for
distributed broadband data transfer channels, where bandwidth is significant in determining
overall data capacity. This contrasts strongly with the requirements for a power transfer
system. The minimum requirement of an efficient power transfer system is to transfer power

at one single frequency, but high power transfer efficiency is required.

This chapter investigates the potential for the 1-D CCG structure to be used as a contactless
power transfer device, capable of carrying power along a 1-D array between suitably prepared
T, and R, terminals. The study focuses on terminal optimizations with a view to maximizing
power transfer efficiency for a CCG-based power transfer system. Section 6.1 describes a
simple 1-D CCG-based contactless power transfer system; Section 6.2 describes the theory of
the reflectionless matching condition which enables optimum terminals offering maximized
power transfer efficiency; Section 6.3 determines the terminating impedance for semi-infinite
CCG-based power transfer structures; Section 6.4 considers a finite length structure and the
impact of standing waves on input impedance; Section 6.5 describes a simple experimental
setup to measure power transfer efficiency; and Section 6.6 compares the experimental results

to the predictions of the analytical model.
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6.1 1-D CCG-based Power Transfer System

A review of previous work described in [50], [84], [85] and [97] gives a complete view of
terminal optimizations for a MIW-based power transfer system. These studies introduced an
analytical method for modelling an MIW-based power transfer line with T, and R, terminals
coupled to resonators located at points anywhere along the line. This model allows the
prediction of power transfer efficiency and for obtaining optimal terminal designs for MIW-
based power transfer systems. Both T, and R, terminals were investigated with two different
configurations: the source or the load connected in series with other RLC components along

the loop or in parallel across the capacitance of the loop.

One can now investigate terminal optimizations for a CCG-based power transfer system in a
similar fashion to the MIW-based study. This study only considers one simple case, in which
a parallel-connected T, terminal and a series-connected R, terminal are coupled to the first
and the last major loop, respectively. Only the optimum R, terminal will be proposed here, as

the T, terminal can be analysed following a similar procedure.

Fig. 6-1 presents a sketch of a 1-D CCG-based power transfer system, including an N-element

CCQG array with a parallel-connected T, terminal and a series-connected R, terminal.
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Fig. 6-1 (a) Sketch of a 1-D CCG-based contactless power transfer system: a CCG line consisting of N pairs of
major and minor loops; T, and R, are aligned to the first and last major loops, respectively; (b) illustration of
an equivalent circuit consisting of a pair of adjacent cells (large white cell and small grey cell) which represent
the major and minor loops, respectively. Parameters used in this figure follow the naming conventions used in
previous chapters.

The N-element CCG array discussed here consists of N major loops and N — 1 minor loops as
it both starts and ends with major loops. M represents the mutual inductance between nearest-
neighbour major loops, My, represents the mutual inductance between a pair of adjacent
major and minor loops with a common branch shared between them (proven to be negligible
as shown in Table 3-2, so it would not be considered in the following discussion), and M;a:
represents the mutual inductance which couples T, and R, terminals to its nearest-neighbour

major loop.

6.2 Reflectionless Matching Condition

Fig. 6-2 (a) illustrates a 1-D CCG waveguide with real termination — a series-connected
R, terminal coupled to the last major loop — while Fig. 6-2 (b) shows equivalent termination,
where Z;,,4 represents the load impedance effectively introduced by the R, terminal into the

last major loop via the mutual inductance M;q;-
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Fig. 6-2 Schematic diagram of a 1-D CCG-based waveguide with (a) real termination — R, terminal; (b)
equivalent termination.

Given that the series-connected R, terminal has a total impedance Zg, + Rjyqq, Where Zg, =

Rpy + jwLg, + jco%’ and is coupled to the last major loop with a mutual inductance M4,
Rx

the load impedance Z;,,4 effectively introduced into the last major loop can be calculated via

a circuit analysis [100] and can be expressed as Eq. (6.1):

2
Maxlal

_— (6.1)
ZRx + Rload

Zioad =

A non-reflective CCG-based waveguide can be formed by inserting an extra terminating
impedance Z;_cc into the last major loop. The terminating impedance Z;_--; acts as a
semi-infinite CCG line connected to the last major loop, which absorbs all the incident power
and gives to a finite structure the property of an infinite line. The concept of forming a non-
waveguide by inserting a terminating impedance was originally studied for MIW-based
waveguides in [63], as reviewed in Section 2.3, and the corresponding terminating
impedance Zr_pm Was given by Eq. (2.17).
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In a power transfer system, absorbing terminations are most undesirable as they will lead to
large fixed losses and seriously degrade overall efficiency unless they are themselves the
loads to which power is being provided [10]. However, an R, terminal, whose load
impedance Z;,,4 1s equalized to impedance of a non-reflective termination Zr_ ., makes the
optimal terminal as it stops reflection and offers the maximum power transfer efficiency to

the load. This reflectionless matching condition can be expressed by Eq. (6.2):

Zioaa = Zr-cce (6.2)

6.3 Terminating Impedance

Fig. 6-3 presents an equivalent circuit model corresponding to a non-reflective 1-D CCG

waveguide formed by including a terminating impedance Z;_cc; in its last major loop.

One can derive Z_cc¢ for 1-D CCG waveguides with the aid of the dispersion equation and

Kirchhoff’s Voltage Law applied to the last major loop.

We shall now return to Eq. (3.1) which describes the total potential of the m‘* major loop.

The relation described in Eq. (3.1) can be applied to every loop in a 1-D CCG array except at

the first and last major loops. When assuming that a CCG waveguide ends with the m‘"

major loop, this last major loop can see both major and minor neighbours at the m — 1" site,

1th

but the m*™ minor loop and the m + major loop are both missing. Eq. (6.3) results from

applying Kirchhoff’s Voltage Law to the m*" major loop when neglecting Mopinp:
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Fig. 6-3 Use of a terminating impedance Zr_ccg to allow calculation for an infinite 1-D CCG waveguide; Z
is the impedance of a major loop in the CCG; Z iy, is the impedance of a minor loop; Xspare 1S the impedance of
one shared branch between a pair of adjacent major and minor loops.

(Zmaj + ZT—CCG)im + joMip_q + jm-1(—Xsnare) =0 (6.3)

where the current in the m®™ major loop is given by i,,, while the current in the m — 1t"

minor loop is given by j,,_;. Recall that the expression for travelling waves is i,, = I,e~Y™¢
and j,, = Joe”"™¢, where I, and ], are the current amplitudes at the first major and first
minor loops, respectively.

h 1th

One can substitute the impedance for the missing m‘"* minor and m + major loops by

inserting Zy_ccq into the m™ major loop. Therefore, Zy_ccq can be found by equating

Egs. (6.3) and (3.1), as expressed by Eq. (6.4):

-X 2(1+ e
Zroc = jarMe-1d = Sh“ri ( ) (64)
min

Fig. 6-4 shows the results of Z;_ccec = Rr—_cce + jX7—ccc calculated for a demonstration
structure built with the same dimensions as the one introduced in Table 3-1. This device
therefore shares all the geometry-dependent inductive and resistive parameters with the
previously constructed one given in Table 3-2, but uses different gap capacitances
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Fig. 6-4 Results of Zr_ccc = Rr—cce + JXr—ccc calculated for a 1-D CCG demonstration structure with
Cgap = 2200 pF.

(Cgap= 2200 pF). The resonant frequency of a major loop is thus now tuned to fpq;

33.53 MHz.

In practice, building an R, terminal satisfying the reflectionless matching condition (Z;,,q4 =
Zr_cce) can be rather difficult over a large bandwidth, as both the real component Ry_cc¢
and the imaginary component X;_ccs are very sensitive to frequency variation. For the -3 dB
bandwidth, Ry_c; varies by 35% about 1.36 Q, while X;_.c; varies by nearly 100% about

—-30.3 H and approaches infinity when the frequency tends to zero.

The minimum requirement for an efficient power transfer system is to transfer power at a
single frequency, but with high transfer efficiency. Therefore, Zr_-c; can be used to design
an optimal R, terminal for a predetermined frequency based on Eqgs. (6.1) and (6.2). The

impedance of a series-connected R, terminal has a real component (R;,q,q + Rgyx) and an

1
JwCRy

imaginary component (jwLg, + ). The geometry-dependent components Ry, and Ly,

are fixed once the dimension of an R, terminal loop is determined, while R;,,4 and Cy, are

adjustable to achieve the reflectionless matching condition. The R, terminal loop shares the
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Fig. 6-5 Results of Ryoqq and Cpy required to design an optimal R terminal, where fiqiching is the matching
frequency using the reflectionless matching condition.

same track size as previously reported in the 1-D demonstration device described in Table 3-1,
so Lp,= 20.48 nH and Rgi,= 0.2 Q. Fig. 6-5 shows the values of R;,,4 and Cg, required to
design optimal R, terminals. For example, the R, terminal built with R;,,4=0.5 Q and

Crx= 1500 pF is the optimal terminal for fi4¢cning = 25.9 MHz.

6.4 Input Impedance and Standing Waves

The previous section shows that the optimal R, terminal can be achieved under the
reflectionless matching condition where Z;,,4 = Z7_cce- In order to further explore this
condition, this section compares the input impedance calculated for an infinite CCG array and

a finite 10-element CCG array with Z_ .. included in the last major loop.
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When considering a semi-infinite CCG array connected to a source-driven major loop, as
shown in Fig. 6-6, one can simply derive the effective input impedance (Zinput = Rin + jXin)

presented to the source, as expressed by Eq. (6.5):

Fig. 6-6 Circuit diagram for Zy_ccq, which is the impedance of a semi-infinite line connected to a source-driven
major loop. Zippye s the input impedance of the whole system as illustrated.

Zinput = (Zmaj + ZT—CCG) (6.5)

Fig. 6-7 shows the input impedance for a semi-infinite line, which is a smooth function, but
for a finite line there will be strong reflection of power back along the line towards the source,
resulting in standing waves being formed. The effects of standing waves are expected to
modulate the input impedance about the infinite model result, and therefore have an impact
on the performance for most applications. However, if a terminating impedance Zr_ccq,
suitably prepared for a chosen frequency, is included in the last major loop of the line, this

finite line should behave the same as an infinite line at this specific frequency.
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Fig. 6-7 Input impedance Zinpy: = Rin + jXin calculated for an infinite 1-D CCG waveguide.

To calculate the input impedance of a finite N-element CCG waveguide, one can obtain an
NxN impedance matrix (Z), as expressed by Eq. (3.53) (see Section 3.8), which can be used
to compute the current (I) circulating in each loop of a line driven by a source voltage
connected to the first major loop, as expressed by Eq. (3.53). The input impedance is the ratio
of the potential generated across the input of the waveguide and the current drawn from the

source.

Fig. 6-8 shows the comparisons between the input impedance of an infinite line and the
results calculated for a finite 10-element CCG waveguide. Four cases are presented here,
among which, Fig. 6-8 (a) shows a finite line without any load and Fig. 6-8 (b)—(d) shows
finite lines with an extra Z;,,4 included in the last major loop, whose value is designed to be
equalized to Z7_c¢¢ at three different matching frequencies fqtching: 10, 15 and 20 MHz.
Fig. 6-8 (a) shows that the effects of standing waves modulate the input impedance
components about the infinite model results. Fig. 6-8 (b)—(d) shows that the input impedances
of the three loaded waveguides are in fact quite close to the result for an infinite line around
these matching frequencies frqtching at which Zjoqq = Zy_cce - These optimal loads

suppress standing waves around the corresponding frequencies, removing the strong
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frequency variation in input impedance generated in the unloaded finite line at their operating

frequencies.
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Fig. 6-8 Input impedance calculated for an infinite CCG line in comparison with (a) a finite line without any
load; a 10-element finite line with load impedance Z,,,q prepared to be equal to terminating impedance
Zr_cce at three different frequencies: (b) 10 MHz, (c) 15 MHz,; and (d) 20 MHz.
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Fig. 6-9 Description of the parallel-connected T, terminal loop built for the experiment: (a) sketch of the T,
terminal tracks with the two gap capacitances Cyqyp labelled; (b) photograph taken of the Ty terminal with the
two gap capacitances Cyqy clearly displayed; (c) photograph of the whole terminal structure, showing the
attachment of the resonant loop to an 8 mm long semi-rigid cable terminated by a SMA male connector.

6.5  Experimental Setup

In previous sections, analytical models were derived which allowed the design and
construction of an optimal R, terminal under reflectionless matching conditions. A simple
experimental verification was conducted and will be presented in this section. A 10-element
1-D CCG waveguide, a parallel-connected T, terminal and a series-connected R, terminal

were constructed as a demonstration system.

A 10-element waveguide was built with the same geometric dimensions as the one described

in Table 3-1 (see Section 3.3). A sketch of the demonstration waveguide can be found in
Fig. 4-1 (see Section 4.1). This device uses a coupling capacitance Cp,, =1 uF and a gap

capacitance €., = 2200 pF (f,,,;=33.59 MHz).

maj

The parallel-connected T, terminal shown in Fig. 6-9 was composed of a square resonator
with very small pads on either side of one of the two capacitor gaps to provide space for holes
to accommodate wires that connect the terminal to an 8§ mm length of RG402/U semi-rigid
coaxial cable, terminated by a male SMA connector. Through one hole was threaded the
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Fig. 6-10 Description of the series-connected R, terminal loop built for the experiment: (a) sketch of the R,
terminal with Cg, and R,44 labelled; (b) photograph taken of the R, terminal with the two gap capacitances
Cyap clearly displayed.

central conductor of the semi-rigid cable, and through the other hole was threaded a wire of
the same diameter as the central conductor, soldered onto the outer jacket of the semi-rigid

cable. The T, terminal used the equivalent-sized copper track as used in the waveguide and
the same gap capacitance Cyqp, = 2200 pF, and so was tuned to the same resonant frequency

of a major loop in the waveguide.

The series-connected R, terminal shown in Fig. 6-10 was composed of an equivalent-sized
square resonator to the one used in the T, terminal, with the load resistance R,;,,4 placed
over the gap connected to the two small pads and the receiver capacitance Cg, placed over
the other gap. The R, terminal was also attached to an 8 mm length of RG402/U semi-rigid

coaxial cable terminated by a male SMA connector.

There is an example of an optimal R, terminal configuration being given in Section 6.3,
which states that a square resonator with R;,,4 = 0.5 Q and Cg, = 1500 pF over the two gaps

creates the optimal R, terminal offering maximum power efficiency at f =25.9 MHz.

matching
In order to verify this analytical prediction, the experiment compared the power transfer
efficiency achieved by R, terminals built with a 0.5 Q load resistance and seven different
receiver capacitors: Cg, = 1200 pF, 1390 pF, 1470 pF, 1520 pF, 1760 pF, 1820 pF and

2000 pF.
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Fig. 6-11 Experimental apparatus with a demonstration power transfer system, composed of a 10-element CCG
waveguide and T, and R, terminals connected to VNA for measurements of scattering parameters Sy, and S;,.

The experimental apparatus is shown in Fig. 6-11. The terminals were placed 1.6 mm away
from the surface of the elements’ copper tracks, and therefore gave M4 = 7.2 nH. During
the experiment, the two terminals T, and R, were both held in place by Perspex clamps and
PTFE rods; T, was fixed so as to align with the first major loop in the demonstration
waveguide and R, was fixed so as to align with the last major loop. The T, and R, terminals
were connected to Ports 1 and 2, respectively, on a HP 8753ES VNA by means of 50 Q
coaxial cables to record the forward (S,; ) and backward (S;; ) scattering parameters which
represent the transmission of power from one antenna to the other. The real and imaginary

components of S,; and S;; were taken as the average of 16 scans of 1601 points between

50 kHz and 50 MHz.

6.6  Experimental Analysis

Fig. 6-12 shows the effective power transfer efficiency achieved with R, terminals built with
the seven different Cg,, as calculated based on Eq. (6.6). It is worth noting that, in a realistic

implementation, there will be some source losses reducing the overall system efficiency.

When analysing data obtained using a VNA, one must consider the mismatch between the

impedance of the VNA and the actual load resistance. Eq. (6.6) combines the forward and
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backward scattering parameters, S,; and S;, in order to convert the measured S, to effective

power transfer efficiency.

15212 50 O
= 1+
= T saD

(6.6)
Rload)

where 50 Q is the characteristic resistance of the VNA and the load resistance R;,,4 is chosen
as 0.5 Q. Due to this substantial mismatch, the effective power efficiency is 100 times the
measured value of S,;. The resistor component used for R;,,4 = 0.5 Q was a surface-mounted
chip resistor manufactured by Bourns with a +5% resistance tolerance, which can result in a
+5.2% error bar on the results, i.e. the effective efficiency 7n can vary between 32.34% and
35.88%, as labelled in Fig. 6-12. This result, however, does not include any source losses as
the measured data have effectively been corrected by this process. In a realistic
implementation, there will be some source losses which reduce the overall system efficiency

below these values.

The R, terminals used in this experiment were constructed with a fixed value of load
resistance R;,,q = 0.5 Q and seven different receiver capacitors Cg,. The insert in Fig. 6-12
shows a satisfactory match between the predicted frqatcning and the experimental data,
showing frequencies at which a peak efficiency was achieved for each Cr,. Among these

R, terminals, the one built with Cg, = 1520 pF gives the maximum power efficiency

=34.11% at fraeching=25.9 MHz.

nmax
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Fig. 6-12 Power transfer efficiency measured with R, terminals built with a 0.5 Q load resistance and seven
different receiver capacitors; the insert shows the frequencies at which maximum efficiency can be achieved
using R, terminals with various receiver capacitors; the red dots are experimental results and the blue line is
the analytical prediction.

One can calculate the analytical power transfer efficiency using similar circuit analysis as [89]
for a CCG waveguide using this optimal Rx terminal design. The result is
Nnon-refiect =34.5%, which corresponds to the experimental result 7, = 34.11% at
fmatching=25.9MHz. It shows that reflectionless matching condition has been successfully
achieved in the experiment with the optimal R, terminal design proposed above. This study
assumes a perfect voltage source which has no resistive loss. When calculating the power
transfer efficiency for a realistic waveguide system, the loss from the source resistance should

be considered.

In order to further improve the power transfer efficiency of this system, future work could
focus on reducing the return loss by matching the T, terminal under the maximum power
transfer theorem. One should first find the source impedance effectively introduced by the T,

terminal into the first major loop via the mutual inductance M,,;,; according to Eq. (6.1).
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The maximum power transfer theorem states that maximum power transfer occurs when the
source impedance Zg ¢ 1s equal to the complex conjugate of the input impedance Z;ypy¢, as

calculated from Eq. (6.5).

The calculation of the optimum T, design can follow the same procedure as used to find the
optimum R, design. A brief discussion is made here about the challenge of finding the
optimum T, design. As shown in Fig. 6-5, a relatively low resistance value (< 2 Q) is required
for both of the optimum R, design and T, design. This is not a problem for the design of R,
because the resistance from a metal loop is originally quite small (0.2 Q), and the margin can
be made up by using resistive components. However, this requirement of low resistance
remains as a challenge for the design of T,.. The T, terminal needs to be connected to a source
which provides extra resistance. In this study, the characteristic resistance from the VNA is
50 Q. This extra resistance, if larger than the resistance value required for matching, affects
the efficiency of power injections. This constraint in finding the optimum T, design could be
further investigated in future work. A possible solution might be using transformer or

connecting the power source directly to the first major loop.

One can also increase the efficiency when targeting at a lower frequency in the passband as
the attenuation is lower; however, as shown in Fig. 6-5, the required R,,,4 1s negative when
the target finarching decreases below 20.2 MHz. This can constrain terminal optimization

seeking to offer maximum power efficiency.

6.7 Conclusions

This chapter has investigated the potential of 1-D CCG structures to be used as contactless
power transfer devices and has focused on terminal optimizations under reflectionless

matching conditions.
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The concept of reflectionless matching was originally studied for MIW-based waveguides,
which states that a non-reflective waveguide can be formed by inserting a terminating
impedance that behaves as a semi-infinite line connected to the line end, absorbs all the
incident power and gives to a finite structure the input property of an infinite line. In a general
power transfer system, absorbing terminations are most undesirable, as they will lead to large
fixed losses and seriously degrade overall efficiency unless they are themselves the loads to
which power is being provided. However, a terminal whose load impedance is equalized to

the terminating impedance offers the maximized power transfer efficiency.

The reflectionless matching condition has been studied analytically and verified
experimentally in this study. The optimal terminal tested in these experiments has
successfully stopped the reflection at the line end, as all the losses come from reflection at the
T, terminal and resistive loss along the line. The demonstration system gives the maximum

power transfer efficiency of 34.11% at fruatching= 25.9 MHz.

In order to further improve the power transfer efficiency of this system, future work could
focus on reducing the return loss by matching the T, terminal under the maximum power
transfer theorem. The calculation of the optimum T, design can follow the same procedure as
used to find the optimum R, design. A brief discussion is made here about the constraint in

finding the optimum T, design and could be further investigated in future work.

The efficiency can also be increased when targeting a lower frequency in the passband as the
attenuation is lower; however, the required load resistance turns negative when the target
fmatching decreases below a certain value. This can constrain terminal optimization seeking

to offer maximum power efficiency.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 CONCLUSIONS 151
7.2 FUTURE WORK 157

7.1 Conclusions

In the Introduction, the objective of this study is to build a more strongly coupled
metamaterial waveguide, overcoming the limit of coupling strength in conventional almost
purely magnetically coupled MIWs, and as such achieve more efficient contactless data and
power transfer channels. Four challenges proposed in the Introduction with a view to

achieving this objective, and the following conclusions will give answers to these four topics:

(i) Characterization of 1-D CCG metamaterial waveguides

In chapter 3, the dispersion characteristics and coupling mechanism of 1-D CCG waveguides
were analysed via an equivalent circuit model derived in Section 3.1. The coupling
mechanism of CCG waveguides can be explained as a competition between positive and
negative coupling, and therefore generates two different propagation modes that were studied
in Sections 3.4 and 3.5. When negative magnetic coupling dominates, CCG waveguides
support MI backward wave propagation in much the same way that purely magnetically
coupled waveguides do. When electric coupling dominates, CCG waveguides support EI
forward wave propagation. When the two couplings cancel each other, CCG waveguides

exhibit magnetic resonance without, however, permitting end-to-end energy propagation.
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In the positive electric coupling dominated region, the pass-band keeps broadening with
increased electric coupling strength. The analytical dispersion analysis predicts that a 1-D
CCG waveguide built with parallel coupling capacitance C,,,=1pF can achieve the fractional
bandwidth achieved of 192.4%. However, in the experiment as shown in Chapter 4, due to
inefficient power injection from the source to the waveguide, the measured fractional
bandwidth is only around 87.5%. This value has already largely exceeded the requirement of
UWRB channels. This clearly shows the potential of 1-D CCG waveguides to be used as UWB

data transfer channels with low loss.

In Chapter 4, the dispersion characteristics are extracted from measured wave patterns by two

different methods — the fitting method and the explicit derivation method.

The fitting method is proposed in this study, which considers the analytical waveform as a
superposition between the spatial variation of probe-to-loop coupling and the wave-like
current along the structure. This fitting method suffers from slow computational speed.
However, this method may be rather useful when the measurement set-up is coarse, for
instance when the receiver probe is not placed exactly above the centre of loops to be
measured. This method may be less sensitive to measurement misalignments because the
calculation uses all the available measured current along the line and find the best fit based on

a y? criteria.

The explicit derivation method is originally proposed in [68] and offers the benefits of

explicit relation between current and dispersion characteristics, and fast computation speed.

(ii) Derivation of a mixed coupling model

In Section 3.6, an existing analytical model from previous study [68] is adjusted and then

applied to 1-D CCG waveguides. The adjustment made in order to apply this model to CCG
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waveguides includes: (i) the resonance capacitance and the mutual capacitance are no longer
calculated based on the geometry of structures, instead they are expressed as functions of
capacitive component values used in CCG structures; (ii) the calculation of the resonance
capacitance is no longer based on an isolated resonator, instead it considers the fact that the

electric coupling between two resonators will affect the value of the resonance capacitance.

The first adjustment is made based on the very nature of CCG waveguide in which electric
coupling is determined by capacitive components used in CCG structures. The main
contribution of this adjustment is to understand the formation of the resonance capacitance
Cres and the mutual capacitance K. The electric coupling is analysed with the aid of a four-
electrode model, including coupling capacitance included in both parallel and diagonal
configurations. It is shown that the parallel coupling capacitance contributes to positive
electric coupling; while the diagonal coupling capacitance contributes to negative electric
coupling. Although only parallel capacitance is used in this study, based on this understanding,
future studies could explore various ways to introduce additional electric couplings into
waveguides similar to CCGs, for example a structure built with diagonal capacitances only

and a structure includes both diagonal and parallel capacitances.

The second adjustment extends the original model to cases where the effect of electric

coupling on the value of resonance capacitance is not negligible.

This adjusted analytical model is verified by comparing to the dispersion equation derived
from circuit analysis. It shows that parallel coupling capacitance introduces positive electric
coupling which carries forward EI waves; while diagonal coupling capacitance introduces

negative electric coupling which carries backward EI waves.
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When applying this adjusted model to 1-D CCGs, one can simplify the bi-atomic model to a
monoatomic model, in which the original minor loops are only considered as electric
coupling devices interlinking adjacent major loops. After being simplified to a monoatomic
model, the derivation process of dispersion equations, impedance matrix, as well as the

dimension extension to 2-D structures can be much simplified as shown in Section 3.7.

This adjusted model helps to evaluate the respective contributions of the magnetic and
electric couplings. Therefore, it allows the design of many mixed coupling waveguides, like
1-D CCGs, to be readily adjusted to suit the conditions and requirements of various
dispersion characteristics. This adjusted model is easily adjustable to metamaterial elements of

arbitrary shape, if, instead of relying on component values, geometry-based values are used.

(iii) Dimensional extension to 2-D CCG waveguide surfaces

In chapter 5, the study of the 1-D CCG waveguide proceeded to its 2-D expansion — the 2-D
CCG waveguide surface. Sections 5.4 and 5.5 explored, both analytically and experimentally,
the dispersion characteristics of waves propagating along three different paths in a 2-D CCG
waveguide: the ‘edge path’, the ‘diagonal <11> path’ and the ‘axial <01/10> path’. The 2-D
CCG exhibited similar dispersion features to the 1-D device, which demonstrates that all
three paths can support either backward MI or forward EI wave propagation when negative
magnetic coupling or positive electric coupling dominates and can display no-propagation

points when the two types of coupling cancel out.

Considering both bandwidth and dispersion performance, the two inside paths — the diagonal
<11> path and the axial <01/10> path — provide a less dispersive and ‘lossy’ propagation
channel, with significantly greater bandwidth performance, in comparison with the edge path

carrying surface waves. The two inside paths exhibit comparable dispersion and attenuation
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performance to the 1-D 2C CCG and provide reasonably good bandwidth performance. The
analytical fractional bandwidth of the diagonal <11> path and the axial <01/10> path are
187.6% and 186.4% respectively; however the measured ones are reduced to 83% and 81%
respectively. This is due to the inefficient power injection at the lower part of the predicted
passbands caused by the impedance mismatch between the source and the waveguide.
However, these values still exceeds the 20% requirement of UWB channels. The two inside
paths provide good examples of data channels in a 2-D CCG with low loss and dispersion but
high data capacity and speed. Channelization can be used to get several sub-channels with

less dispersion and group delay in a similar fashion to the 1-D CCG device.

When comparing the two 1-D cases, the 1-D 2C CCG shows improved performance in terms
of attenuation, dispersion and bandwidth, and offers great potential to be used as a 1-D

contactless data transfer channel.

In Section 5.7, the current distributions over the 2-D CCG waveguide surface were studied
both analytically and experimentally and found to be very sensitive to frequency variation.
Such frequency-dependent current distribution behaviour of the 2-D CCG gives it the
potential to be used as a 2-D contactless data transfer channel offering a robust multipath
environment for multiple terminal connections. Frequency channelization can be applied in
the 2-D CCG waveguide surface, allowing waves of different frequency range to propagate

along various paths and to be excited and picked up by terminals at different locations.

(iv) Explore the potential of CCG in contactless data and power transfer

This study has explored the potential for using CCG devices as 1-D or 2-D data transfer
channels which offer a realistic potential to link near-field coupled devices at high bandwidth

and low loss. For example, a 1-D CCG waveguide can replace wired connections between
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electronic devices; a 2-D CCG waveguide surface provides a multipath environment allowing
multi-terminal access to electronics devices and can be readily embedded into fabrics to
enhance body area networking [13]. Furthermore, such contactless metamaterial waveguides
may also serve as track-free data buses for inter-chip, and perhaps intra-chip, communications
[9], replacing the PCB in electronics systems if the ICs in such systems are capable of
launching and detecting MI and EI waves. Devices must remain sufficiently small in order to
be incorporated into these applications. As elements made of smaller metallic loops have
limited inductance, eventually relatively larger-value capacitors are needed to keep the
resonance frequency within the frequency range of interests and greater resistive loss is
encountered as the dissipation factor of a capacitive component is proportional to its
capacitance [101]. One might consider building the capacitors with prototype cables of
copper-clad polyimide, as originally proposed in [100]; however, the use of geometric
capacitance compromises the applicability of metamaterial waveguides for two reasons: (i) it
takes up much more space than chip capacitors (a 20 pF capacitor fabricated via this method
can be up to 2 m in length) and (ii) it makes waveguides very susceptible to external dielectric
objects. Therefore, there will perhaps always be a trade-off between physical size and

performance loss for this type of waveguide.

Chapter 6 investigated the potential of 1-D CCG structures to be used as contactless power
transfer devices, focusing on terminal optimizations with a view to offering maximized power

transfer efficiency.

Section 6.2 proposed that the optimal terminal can be achieved under the reflectionless
matching condition, which states that a non-reflective waveguide can be formed by inserting a
terminating impedance that behaves as a semi-infinite line and gives to a finite structure the

input property of an infinite line. Section 6.4 showed that optimal terminals suppress standing
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waves around the matching frequencies, removing the strong frequency variation in input

impedance generated in the unloaded finite line at their operating frequencies.

In contrast to data transfer applications which demand wide passbands, an efficient power
transfer system only needs to transfer power at a single frequency, but with high power
transfer efficiency. The study of terminal optimization allows for deducing the specific
resistive and capacitive components required for each matching frequency. When choosing
the matching frequency, one can see that targeting at a lower frequency in the passband gives
lower attenuation, and therefore higher power transfer efficiency. However, the required load
resistance can turn negative, and therefore becomes impossible to realize when the targeting
matching frequency decreases below a certain value. This can constrain terminal optimization

seeking to offer maximum power efficiency.

In Section 6.5, a simple experiment was conducted which proved that an R, terminal built
according to the analytical model can successfully absorb all the incident power at the line
end. The demonstration system used in this study included a 10-element CCG-based
waveguide, an unmatched parallel-connected T, terminal and a well-loaded series-connected
R, terminal. The demonstration system gives the maximum power transfer efficiency of

34.11% at finarching= 25.9 MHz.

7.2 Future Work

This study proposes a mixed coupling model for structures incorporating both magnetic and
electric coupling. According to the predictions of this model, electric coupling can be either
positive or negative depending on whether parallel or diagonal coupling capacitors are in use.
Having analysed CCGs built with parallel coupling capacitors and offering positive electric

coupling, a natural step for future study is to design a new variant of the CCG using diagonal
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coupling capacitors and offering negative electric coupling. This new variant would increase

the flexibility of CCG designs suiting different requirements.

An important feature of CCG devices is the appearance of a no-propagation point when
positive electric and negative magnetic coupling exactly cancel each other; however, this is
rather difficult to achieve. The fabrication tolerances of capacitive components would
introduce uncertainties in the electric coupling strength. According to the mixed coupling
model, the parallel and diagonal coupling capacitances contribute to positive and negative
electric coupling, respectively, so the two compensate each other when both exist in a circuit.
Therefore, one may be able to design a structure in which both the sign and the strength of the
electric coupling are flexible so as to be altered by carefully adjusting the parallel and
diagonal coupling capacitances. This structure increases the chances of achieving the no-
propagation point. At this point, CCG waveguides still exhibit magnetic resonances without
permitting end-to-end energy propagation. This property of CCGs could be exploited in super

lens imaging applications in the future.

There is an important phenomenon observed in both 1-D and 2-D CCG structures - the
measured passband is actually narrower than the predictions. This is due to the inefficient
power injection caused by the impedance mismatch between the transmitter probe which
directly connected to the source and the waveguide. Future work should explore on how to
inject power efficiently into the waveguide by designing a transmitter matching with the input
impedance of the waveguide under maximum power transfer theorem. It can be difficult to
use one transmitter to match to the waveguide across the entire passband; therefore frequency

channelization can be explored in order to increase power injection efficiency in sub-channels.

In this study, an optimal terminal configuration was derived and was proved to work

experimentally, which required a load resistance of 0.5 Q. Such low resistance can be
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difficult to get when considering the availability and fabrication tolerance of resistive
components. If one can design a structure where a matching load is exactly 50 €, the optimal
terminal might be much easier to achieve, as it can be simply achieved by connecting to a

50 Q coaxial cable and load.

When choosing the matching frequency, targeting at a lower frequency in the passband gives
lower attenuation and therefore higher power transfer efficiency. However, the required load
resistance turns negative below a certain frequency, and therefore becomes difficult to realize.
One possible solution to achieving negative resistance might be the use of an impedance
inverter circuit [102]; however, the use of active components such as amplifiers in such a
circuit would introduce constraints on the applicable frequency range for CCG-based power
transfer systems. It would be very helpful if this critical frequency could be described
mathematically, so that one might explore the reasons for the negative resistance and be able
to push it below the frequency at which minimum attenuation, and therefore maximum power

transfer efficiency, can be achieved.
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Table of Key Symbols

1 Permeability

€ Permittivity

Q Quality factor

q Charge induced by electric coupling

Lyiw, Cyiw, Runw,  Inductance, capacitance, and resistance of a MIW resonator

L¢, Ce, Inductance and capacitance of a CSSR resonator
Cu, Cg, Mutual-inductance and capacitance to ground of a CSSR resonator
Ao Free space wavelength
% Propagation constant
Yo Vy Propagation constant in x axis (subscript x) and y axis (subscript y)
a Attenuation coefficient
B Wave number
Zmaj Impedance of a major loop (subscript maj)
Zminp» Zmind Impedance of a parallel-configured minor loop (subscript minp), and a

diagonal-configured minor loop (subscript mind)

Xshare Impedance of the common branch shared between adjacent major and

minor loops

M Mutual inductance between nearest neighbouring MIW resonators/

between nearest neighbouring CCG major loops

Minp, Miina Mutual inductance between adjacent major and parallel-configured

minor loop (subscript minp); between adjacent major and diagonal-
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configured minor loop (subscript mind)
Resistance associated with each side of a major loop
Inductance associated with each side of a major loop

Gap capacitance

Parallel coupling capacitance (subscript mp) and diagonal coupling

capacitance (subscript md)

Current circulating in the m™ major loop

Analytical current form from the waveform fitting method
Current circulating in the m™ parallel-configured minor loop
Current circulating in the m™ diagonal-configured minor loop
Current amplitudes at the first major loop

Current amplitudes at the last major loop at which the reflected wave

starts to propagate

Current amplitudes at the first parallel-configured minor loop
Frequency bounds of the lower passband

Frequency bounds of the higher passband

Resonant frequency of a major loop (subscript maj) and a minor loop

(subscript min)

Crossing-over capacitance at which there is no propagation along

CCG waveguides

Group velocity (subscript g) and phase velocity (subscript p)
Peak group velocity

Minimum attenuation
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emajJ Emin

Vtotal

ko, ke

ktotal

ke_4c: ke_Zc

Lself

LTES

CT'@S

K
Cmeff

Cself

Electromotive force induced in a major loop through magnetic
coupling between neighbouring major loops (subscript maj) and
through magnetic coupling between adjacent major and minor loop

(subscript min)

The total electromotive force induced by magnetic coupling in a major

loop
The voltage passed to a major loop through electric coupling

The total voltage passed to a major loop via overall effect of electric

coupling and magnetic coupling

Magnetic coupling coefficient (subscript m) and electric coupling

coefficient (subscript )
Mixed coupling coefficient

Electric coupling coefficient for 1-D 4C CCG (subscript e 4c) and 1-
D 2C CCG (subscript e 2c)

Self-inductance of a resonator

Resonance inductance of a resonator
Resonance capacitance of a resonator
Mutual capacitance of a resonator
Effective mutual capacitance of a resonator

Self-capacitance of a coupled resonator used in mixed coupling model

and purely capacitive model
Impedance matrix
voltage matrix

Current matrix

163



Zo
Zm
I

probe—loop

Maxial

Mdiag

ZT—MIW
Zr—cce
RT—CCG
XT—CCG
Zinput
Zload

Rload

ZRxa CRxa LRx> RRx

f matching

Self-impedance of a single element in metamaterial waveguide
Mutual-impedance of a single element in metamaterial waveguide
Probe-to-loop coupling parameter

Mutual inductance between transmitter/ receiver probe and the major

loop coupled to the probe

Mutual inductance between diagonally adjacent major loops/

resonators in two dimensional waveguide surface

The ratio between the shared inductance to the total inductance of a

major loop

Terminating Impedance for one dimensional MIW structure
Terminating Impedance for one dimensional CCG structure

The real part of CCG terminating impedance

The imaginary part of CCG terminating impedance

Input impedance of the waveguide

Effective load impedance inserted by the receiver to the waveguide
Resistive (real) part of Z;,44

Impedance, capacitance, inductance and resistance required to build a

receiver which matches to the waveguide input impedance

The matching frequency at which the reflectionless matching

condition can be achieved
Power transfer efficiency
Maximum power transfer efficiency

Forward scattering parameter

164



S11 Backward scattering parameter
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Table of Abbreviations

PCB

MIW

MI wave

1-D

CCG

EI wave

EM

LHM

SRR

EIW

CSRR

CSSRR

MRI

SNR

WPT

Printed circuit board

Magneto-inductive waveguide

Magneto-inductive wave

One dimensional

Two dimensional

Capacitor-connected Grid

Electro-inductive wave

Electromagnetic

Left-handed material

Split ring resonator

Electro-inductive waveguide

Complementary split ring resonator

Complementary square split ring resonator

Magnetic resonance imaging

Signal-to-noise ratio

Wireless power transfer
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IC

BAN

FBW

UWB

PTFE

VNA

GPIB

USB

Integrated Circuit

Body-area networking

Fractional Bandwidth

Ultra-Wideband

Polytetrafluoroethylene

Vector network analyser

General purpose interface bus
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