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Abstract

While dual-band devices and filters are used for different applications, they each rely
on a resonance mechanism. At high frequencies, where discrete lumped elements
becomes unreliable, these resonances are introduced through electrical long trans-
mission line (TL) segments. Metamaterials (MTMs), such as the negative-refractive-
index transmission line (NRI-TL), can realize the same behavior while being directly
embedded in a microstrip (MS) TL, thereby offering a high degree of miniaturiza-
tion. A recently proposed MTM-based structure, known as the metamaterial-based
electromagnetic bandgap structure (MTM-EBG), can realize many of the same dual-
band and filtering properties, while being realized in a fully planar, fully printable
and highly compact manner. The MTM-EBG relies on the interaction between
a conventional right-handed MS-like mode and a left-handed coplanar waveguide
(CPW)-like mode to realize a strong bandgap. This bandgap is predictable using
multi-conductor transmission line (MTL) theory, and has consistent results with
full-wave simulations. Here the MTM-EBG is analyzed for use in a fully embedded
manner; this means that it can be directly inserted into an existing trace of MS, with-
out occupying substantially more, if any, area. This fully embedded, uniplanar and
printed device is used to develop a host of dual-band devices, including impedance
transformers and power dividers. These are extended into the development of a
dual-band corporate feed network, which can be easily augmented with dual-band
radiating elements for a full dual-band antenna array. While developing these dual-
band devices, it was identified that the MTM-EBG displayed a substantial amount
of rejection given its diminutive footprint. These properties led to the development
of a fully planar MTM-EBG-based MS bandstop filter, and the development of a
new tuning mechanism perfectly suited to the MTM-EBG. By varying the position
of a dielectric plate placed flush to the interdigitated capacitors of a fully printed
MTM-EBG, the rejection band may be shifted by an amount proportional to the

permittivity of the plate.
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Preface

Parts of Chapter 3 have been published as Stuart Barth, Braden P. Smyth, Ja-
cob A. Brown and Ashwin K. Iyer, “Theory and Design of Dual-Band Microstrip
Networks Using Embedded Metamaterial-Based Electromagnetic Bandgap Struc-
tures (MTM-EBGs),” in press for the Special Issue on Recent Advancements in
Metamaterials and Metasurfaces, IEEE Trans. Antennas Propag., 2020 and Jacob
A. Brown, Stuart Barth, Braden P. Smyth and Ashwin K. Iyer, “Dual-Band Mi-
crostrip Corporate Feed Network Using an Embedded Metamaterial-Based EBG,”
IEEE Trans. Antennas Propag., vol. 67, no. 11, pp. 7031-7039, 2019. In the
former, the concept of using the MTM-EBG as an impedance transformer was sug-
gested by my supervisor, Dr. Ashwin K. Iyer, while I was responsible for the design,
simulation and fabrication of the dual-band impedance transformer. In the latter,
the concept of using the MTM-EBG as a constituent element of an N:1 corporate
feed network was suggested by my supervisor, Dr. Ashwin K. Iyer, my co-authors
acted in a purely supervisory role and I was responsible for all the design, simula-
tion and fabrication discussed in the paper. Parts of Chapter 4 are currently under

review in the IEFE Trans. Microw. Theory Techn..
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Chapter 1

Introduction

1.1 Motivation

Dual-band devices and filters rely on resonant features to realize their properties. With
the exception of discrete lumped-element designs, these resonances are typically introduced
through electrically large features, such as quarter-wavelength segments. As necessary com-
ponents for these devices, they increase the footprint and make them difficult to integrate
into devices demanding compactness. Metamaterials (MTMs) are periodic arrangements of
reactive elements that have properties not easily found in natural materials. While these
are not always characterized on the basis of resonances, the dispersive properties they ex-
hibit may be engineered for both dual-band and filtering applications. Additionally, due
to their particular operating mechanism, they may be directly embedded within the host
transmission line (TL) offering additional compactness [1]. These do have a drawback in
that many TL MTM implementations require multiple layers or vias, which necessitate a

more complicated fabrication procedure.

The metamaterial-based electromagnetic bandgap structure (MTM-EBG) is a device that
was recently proposed as a uni-planar technology to suppress parallel-plate noise introduced

by vias in multi-layer circuits [2,3]. Modelled as a multi-conductor transmission line (MTL),

1



this device combines the compact nature of TL MTM with the ability of electromagnetic
bandgap structures (EBGs) to create predictable bandgaps. Since the initial development
of the MTM-EBG it was identified that the MTM-EBG has certain properties well suited
for dual-/multi-band operation and has been used in the development of a host of dual-band
devices. One method exploits the presence of the bandgap to suppress signal flow on a given
path, while permitting it to flow on another [4-8]. This technique has been demonstrated to
be both flexible, reliable and relatively easy to implement; devices employing this mechanism

require additional area to incorporate these additional paths and require a larger footprint.

It was demonstrated in [8,9] that the phase properties of the MTM-EBG could also be
exploited when embedded within a microstrip (MS) TL, effectively rendering the MS dual-
band with highly predictable properties. This application was expanded to incorporate
the embedded MTM-EBG into a standard impedance transformer allowing compact dual-
band operation with performance comparable to conventional single frequency transformers.
Further investigation revealed that the embedded MTM-EBG has a highly predictable and
flexible rejection band, suggesting it is well suited to compact bandstop filtering applications

10].

This thesis represents a contribution to the development of dual-band MTM devices and
compact MTM filters through the analysis and application of embedded MTM-EBG, which
occupies no more area than a conventional MS TL. These components are modelled with
relative ease by employing a combination of MTL theory and periodic analysis, and display
behavior that is well captured with only a single unit cell in full-wave simulations. Due
to impedance and coupling effects between individual connected cells, additional unit cells
can be employed to improve the bandstop rejection and modified to enhance the passband
performance. These components can then be made tunable through a novel mechanical

planar tuning system, which is only possible due to the planar and fully printed nature of



the MTM-EBG.

1.2 Background

1.2.1 Theory

Conventional TL theory is limited in that it can only model the propagation of a single trans-
verse electromagnetic (TEM) mode confined between two conductors. When an additional
conductor is in close proximity, this model begins to break down as the field distribution is
disturbed from that of the assumed propagating mode [11]. MTL theory bridges this gap
by permitting a wide spectrum of modes to exist within a system with an arbitrary number
of conductors. This extension shares a number of similarities with conventional TL theory:
first, only TEM modes are modelled; second, the propagation can again be modelled as
discretized per-unit-length resistance-inductance-conductance-capacitance (RLGC) compo-
nents. In a MTL these RLGC components are incorporated in the model as matrices instead

of scalar values [12].

This distinction introduces a number of complications related to MTL devices, the most
prominent of which is the necessity for two transformation matrices. These matrices are intro-
duced due to the general non-commutability and non-diagonality of the per-unit impedance
([Z]) and admittance ([Y]) matrices; this is shown in (1.1) and (1.2), which are the MTL

voltage and current forms of the well known telegrapher’s equation.
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These equations can be solved simultaneously by applying diagonalization matrices to each
of (1.1) and (1.2). This transforms [Z][Y] and [Y][Z] into an identical and diagonal matrix
7?; alternatively, this may be viewed as transforming (1.1) and (1.2) from the terminal
domain, where the voltage and current vectors are defined for each unique conductor, to the
modal domain, where the voltage and current vectors are instead defined for each unique
propagating mode. It is a widely accepted fact that all of the terminal domain properties are
unique while only the modal domain propagation constant is accepted as unique. The modal
characteristic impedance, on the other hand, is generally considered to be non-unique [13].
This arises from the requirement of these diagonalization matrices, which differ in (1.1) and
(1.2). These diagonalization matrices cancel out when solving for the propagation matrix,
but carry over when solving for the characteristic impedance of the MTL. Due to an arbitrary
scale factor that may be incorporated in these transformation matrices, it will generally result
in a modal characteristic impedance that is not unique. In spite of the challenges associated
with characterizing the modal domain characteristics of MTLs, they remain a helpful tool

to characterize and analyze more complicated TL devices.

Similar to the transmission matrix of a two-conductor TL circuit element, the chain matrix
exists for MTL circuits with two ports but an arbitrary number of conductors. For an

arbitrary length [ of MTL, the corresponding chain matrix is provided in (1.3) [12].

cosh ([7))  sinh (4] (2]
2] tsinh ([)1) 2] cosh ([7]0) [



An alternate form of this matrix may be found in [12], but depends on the current trans-
formation matrix, instead of the voltage transformation matrix. This chain matrix shares a
number of the same properties as the transmission matrix. For starters, it can be used to eas-
ily model a cascade of arbitrary circuit elements through multiplication of their constituent

chain matrices.

Periodic Structures

The analysis of periodic structures is critical to modern understanding of both MTMs and
EBGs. Some early research and applications into periodic structures focused on miniaturizing
antennas, or enhancing other antenna properties with periodic dielectric arrangements [14—
16]. The host media in these designs were filled with periodic arrangements of holes or
metallic regions, allowing for precise control over the effective permittivity and permeability,
and to suppress the propagation of certain modes. This extends itself naturally to TL

structures as they are more easily modelled and realized on conventional substrates [1].

The properties of an infinitely periodic structure can be determined from the properties of
a single period, or unit cell. This is known as Bloch (or Floguet) analysis, and is critical in
the understanding and analysis of periodic structures. The Bloch analysis technique relies
on applying a periodic boundary condition to the terminals of the constituent unit cell; this
is provided in (1.4) where n is terminal reference number, v is the propagation constant of

the relevant Bloch mode and d is the period (or length) of the individual unit cells.

= e e (1.4)



This condition restricts the change in voltage and current across an individual unit cell to
a scaled version of the input voltage and current. It is apparent in (1.4) that this condition
preserves the voltage and current distribution associated with a given Bloch mode of the
system, which suggests that e™7? is an eigenmode of the unit cell. By modelling the unit cell
of this structure as a transmission matrix, which directly relates the voltage and currents of
the input port to the output by definition, the corresponding Bloch modes can be derived
with relative ease. For a two conductor TL the dispersion diagram defining the Bloch modes
can then be solved using (1.5); the solutions of which can be found with the quadratic

equation:

A B e
det — =0
C D 0 e

e+ (A—D)e "+ AD — BC =0 (1.5)

The periodic boundary conditions from (1.4) are relatively easy to derive for a MTL by
replacing the scalar voltages and currents with column vectors representing terminal voltages
and currents. This has been demonstrated in previous works, such as [2,3,17-19]. While
it is simple to derive the periodic boundary conditions, it is often not practical to derive a
closed form solution. In [17,18], a shielded sievenpiper mushroom was modelled as a MTL
supporting multiple parallel plate waveguide (PPW) modes. Since these modes may be
modeled as isolated PPW modes, closed form solutions could be derived for the X- (8d = )
and I'- (5d = 0) points. More complicated structures, such as the UC-EBG [20], are not so

easily modelled.

The Bloch modes supported by periodic structures have a characteristic impedance, known



as a Bloch impedance, that typically differs from that of the host media; this is particularly
true when the periodic structure has forbidden propagating bands [21-23]. Outside of these
bands, the Bloch impedance is usually real and closely approximated by the characteristic
impedance of the host, but can vary due the dispersiveness of these passbands and additional
loss. Within these stopbands, however, the Bloch impedance becomes large and imaginary

as propagation is forbidden.

1.2.2 Technology

Metamaterials

By periodically arranging discrete features, such as electrically thin wires [24], or open-
looped resonators [25], the Bloch modes of the structure can display properties that differ
substantially from that of the host media. Under the assumption that the period of these
arrangements is highly sub-wavelength, these structures can be viewed as an effective mate-
rial. This distinction makes it appropriate to refer to these periodic structures as MTMs, or
artifical materials. One example was discussed previously [16], but MTMs can be designed
with more extreme properties such as large permeabilities (u) without ferrites [25], negative

values of p [26] and negative permittivities (e) [24].

Combining these effects can similarly yield interesting and useful properties; for example,
simultaneously negative € and p are one of the requirements for a left-handed medium, as
proposed by Veselago [27]. Such a medium supports a backwards wave propagation in which
the group and phase velocities are contra-directed from one another. For RF and microwave
frequencies this effective medium can be realized with sufficiently sub-wavelength periodic

arrangements of reactive elements; a periodicity of less than A/10 is sufficient to treat the



structure as a microwave material. MTMs have been designed to interact with a variety
of 3D structures, such as waveguides and plane waves, which is critical for applications in
sub-diffraction imaging [28,29] or electromagnetic cloaking [30]. Example MTM devices are
shown in Figs. 1.1(a) and 1.1(b).

(a)

Figure 1.1: Example MTM realizations: a) Isotropic magnetic material and b) 2D MTM
cloak. Taken from [26] and [30] respectively.

MTM concepts can similarly be applied to TL structures, and result in similar properties.
One such structure is known as the negative-refractive-index transmission line (NRI-TL),
which realizes a simultaneously negative € and p through a periodic arrangement of shunt
inductors and capacitors [1]; this may also be referred to as a composite left /right-handed
material [31]. The behavior of the NRI-TL is well modelled on the basis of periodic structures,
and as such, has many predictable properties beyond the super-lensing demonstrated in
[29]. The backwards propagation region of these T MTM can be used to design highly
miniaturized phase shifters [32] and antennas [33,34]. Some example TL MTM devices are

shown in Figs. 1.2(a) and 1.2(Db).



Figure 1.2: Example TL MTM realizations: a) Compact 0° phase-shifters and b) MTM
antenna. Taken from [32,34] respectively.

Electromagnetic Bandgap Structures

EBGs are another common class of periodic structure. The properties of these structures
are similar to that of MTMs and may be viewed as an extension of MTM technology;
EBGs are typically more focused towards the suppression of select modes. A number of
microwave EBGs have been proposed, such as the Sievenpiper mushroom [35], which was
initially modelled as a high impedance surface for a surface wave, or the UC-PBG [20]. Due
to their ability to selectively suppress the propagation of certain modes, variations of these
structures have been investigated extensively for applications in mutual coupling suppression
in closely spaced antenna arrays [20], compact guided wave structures [36,37] and suppression

of PPW noise due to via interconnects [38,39].

Depending on the EBG, they may be accurately modelled as MTL structures. This grants
additional insight into the exact mechanism behind their respective bandgaps [17]; this has
given rise to a different definition of a bandgap. A bandgap is formally defined as a region in
which propagation is forbidden. The propagation characteristics of multi-modal structures
make it practical to define the bandgap as a region in which two modes may simultaneously

propagate and attenuate (i.e. as complex modes), which in some cases implies a rapid transfer
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Microstrip Line UC-PBG Ground (b)

(a) (b)

Figure 1.3: Example EBGs: a) UC-EBG and b) Sievenpiper mushroom. Taken from [20, 35]
respectively.

of power from one mode to another. In these multi-modal structures, there may be multiple
regions where propagation is forbidden, but these may not be formal bandgaps per the MTL

definition.

1.2.3 Applications

Dual-Band Devices

Dual-/multi-band devices are microwave and RF components that are capable of operating
simultaneously at two generally arbitrarily spaced frequencies. Due to the increasing satura-
tion of the telecommunication spectrum, dual-/multi-band devices can improve the function-
ality by permitting simultaneous performance across multiple transmission/receiving bands
while minimizing the overall footprint. Under normal conditions at higher frequencies, a
device is restricted to a single operating frequency defined. A simple example of the cause

of this is a quarter-wavelength TL segment, which with careful selection of the impedance,
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can convert one real impedance into another. This relatively simple component is used in T-
junction power dividers, Wilkinson power dividers, quadrature hybrid couplers and rat-race
couplers. Due to the dependence on a quarter-wavelength response, the impedance trans-
former is inherently limited to a narrowband response centered around a single frequency
and subsequent odd harmonic frequencies. The bandwidth can be improved by cascading ad-
ditional segments, but contributes additional loss due to the increasing reliance on resonant

features [40].

Through a similar modification of additional segments, but under marginally different condi-
tions, multi-section TL components can be viewed as dual-band TL [41]. By cascading two
TL segments, which are generally less than a quarter-wavelength, dual-band performance
could be achieved at generally arbitrary frequencies. As this is once again reliant on ad-
ditional length, it introduces additional loss while being electrically large. If the electrical
size of the dual-band components is too large, it may be more practical to use multiple
single-frequency components. Such a constraint has prompted the development of a number

of compact, dual-/multi band devices [42-59].

These devices enable dual-band properties by relying on resonant features to alter the phase
response of the constituent TL while maintaining a compact device. Many of these devices
also display a stopband filtering response, but the dual-band operating frequencies are typ-
ically displaced from this band. LC' resonators have been used extensively, particularly at
lower frequencies, and are more easily extended to multi-band devices [49,52,58,59]. How-
ever, since these devices are ultimately limited to the availability of precise loading values
and the low Q values of the lumped elements, fully printed dual-band solutions have also
been investigated. TL segments with open or short circuit stubs have been extensively in-
vestigated for dual- and multi-band band applications due to their ease of modelling and

design [42-45,48,50,54,56]. Several alternate options for realizing these responses exist, such
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Figure 1.4: Example devices: a) Dual-band quadrature coupled hybrid and b) Dual-band
rat-race coupler. Figures taken from [45,53] respectively.

Figure 1.5: Example multi-band Wilkinson power divider. Figure taken from [55].

as open-/short-circuit coupled-line segments with stubs [47,53], signal interference [55] and
port-extension topologies [46,51]. Some example dual-band devices are provided in Fig. 1.4
and a multi-band device is shown in Fig. 1.5. While these techniques are highly practical
and generally easy to realize, many of them suffer from limits in the frequency ratios and

impedances they may realize and may require vias to fully realize the desired properties.

Many of the aforementioned dual-band devices rely on resonant features to engineer the phase
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response. This same engineering can be realized in a far more compact manner through the
usage of TL MTMs. As such, variations of TL MTMs have been extensively investigated to
realize strongly miniaturized dual-band devices [60-66]. While these structures are reliant
on highly dispersive properties, which implies that the Bloch impedance varies substantially,
careful selection and design of the constituent MTMs limits the divergence from the desired

impedance values.

Embedded and Compact Filters

Modern bandpass and bandstop filters rely heavily on both resonant elements and coupling
effects to exhibit their properties [67]. These resonances may be introduced through lumped
elements, waveguide cavities, substate integrated waveguide (SIW) or even MS quarter-
wavelength resonators. While they can be highly compact, lumped element resonators are
limited to lower frequencies due to self-resonances, and very low quality factors. Higher
frequency realizations require large features to meet the necessary resonant conditions; while
some miniaturization can be achieved with the usage of high permittivity substrates, this is
only an option for planar networks or in applications such as SIW filters. Waveguide filters,
by necessity, are typically on the order of a wavelength. This can complicate the integration
of such components into telecommunication systems, as well as substantially increase the

necessary footprint of the devices.

MTM and EBGs have been used as embedded filters, owing to the highly predictable nature
of their rejection bands, their ability to be embedded directly within an existing MS TL and
their highly compact nature [68-72]. In [68-70], the filter unit cells are based on the NRI-TL
and modified to appear as both a bandpass filter and a bandstop notch filter [1]. In [71],

balanced composite right/left-handed line with complementary split-rings resonators placed
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in the ground plane are embedded within a MS TL, thereby giving it broadband and compact
bandpass behavior. In [72], the ground plane of a MS TL is etched with circular holes,
yielding a broad bandstop filtering response. Even though these filters could be considered
directly embedded in MS TLs, the resonant features required to achieve the desired response
extend, often substantially, beyond the nominal width of the MS TL. Alternatively, these
features may be added to the ground plane. The increased footprint of these filters may

limit their usefulness in applications demanding compactness.

Tunable Filters

While fixed-frequency filters are practical, the requirements of modern telecommunication
systems have made tunable filters more appealing as they can adapt to changing conditions in
the frequency spectrum, such as sources of interference [73-77]. These filters are beneficial to
such applications as they can substantially reduce the number of filters required by combining
multiple individual filters into a single element. To render these devices tunable, they require
a tuning mechanism that can not only be easily incorporated into the filter, but can also act
on a large portion of the electromagnectic fields. For planar circuits, these tuning elements
are typically designed to replace the capacitive element; the tuning may then be realized
through either a varactor or a micro-electro-mechanical system (MEMS) capacitor. Both of
these elements are tuned using an external electrostatic field and typically have very fast

switching times.

Varactors are based on diodes which, as active devices, are inherently non-linear. This can
introduce a number of complications at higher power levels, such as intermodulation that can
drastically affect the performance of telecommunications system for levels as low as -140 dBc.

While MEMS capacitors are viewed as nearly linear, they are much more complicated to
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fabricate and realize [78]. A simpler mechanism involves mechanically changing an aspect
of the resonator to alter the field profile. Often, 3D cavity resonators rely on mechanical
tuning as highly subwavelength varactors or MEMS don’t act on a sufficient portion of the
electromagnetic fields. Mechanical tuning is slower than electrical tuning, but has none of

the linearity issues associated with varactors while being substantially easier to realize.

Filters that can maintain a constant absolute bandwidth (ABW) are of particular interest as
these filters have more consistent performance over their tuning ranges and are better suited
to telecommunication systems where the operating bands are allocated to fixed frequency
channels. Conventional filter theory suggests that full control over the ABW can be accom-
plished using 2N+1 tuning elements where N is the filter order [78]. This set-up allows for
both the coupling and resonating regions to be tuned, but is usually costly and difficult to
implement [78]. In recent years, a significant amount of research has been carried out that
aims to develop a filter that can maintain a constant ABW while minimizing the number of
tuning elements [79-86]. These devices accomplish this behavior by engineering the coupling
coefficient to be inversely proportional to frequency. Fully planar solutions to maintain con-
stant ABW have been proposed, and typically employ electrically long or meandered lines
to force the coupling coefficient to be inversely frequency dependent [79-83,87]. Usually,
these filters must be electrically large and have larger variation in ABW than cavity-based
constant ABW filters, which have also been proposed [84-86]. These filters are mechanically
tuned to more easily affect the electric and magnetic fields contained within the resonant
cavity. While these cavity structures can maintain a nearly constant ABW with variations
in the experimental ABW on the order of 1-2%, they are physically large, can be difficult
to scale to both lower and higher frequency bands, and have complex features that can be
challenging to fabricate. Some example tunable filters with constant ABW are shown in

Figs. 1.6(a) and 1.6(b).
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Figure 1.6: Example filters with constant ABW: a) Waveguide bandpass filter [84] and b)
SIW bandstop filter [86].

Several MTM-based frequency tunable filters have been proposed, such as [88,89] but their
properties tend to vary significantly as the loading capacitance is varied. For filters based on
the NRI-TL, the stopband properties are related to the I'— and X— point cutoff frequencies,
and are dependent on either the inductive or capacitive loading of the cell. As such, the
performance can change rather drastically as the capacitance is changed and leads to large

variations in the bandwidth of the filter.

1.3 Thesis Layout and Contributions

Chapter 2 briefly discusses the theory of operation behind the MTM-EBG, particularly the
analysis of modelling the MTM-EBG as a MTL equivalent circuit and briefly discusses the
Bloch analysis. A discussion of the different configurations of the MTM-EBG, including
suitable applications and advantages, follows the characterization of the MTM-EBG prop-

erties. Limitations to these configurations are also presented and a summary is provided

16



on a host of parametric studies performed using the equivalent circuit model. Properties
of the MTM-EBG towards dual-band devices are discussed, and it is demonstrated that a
single MTM-EBG is representative of the infinite cascade while having a predictable Bloch
impedance. The effect of tuning the MTM-EBG on both the center frequency and bandwidth
is discussed and verified using both the equivalent circuit model and closed form expressions.
A mechanism to compensate for the change in bandwidth of the MTM-EBG as it is tuned is
also presented. The effect of cascading multiple, symmetric unit cells is then examined and
it is identified that poor passband performance may occur for a large number of cascaded
cells; mechanisms to improve passband performance are then examined through parametric

studies.

Chapter 3 discusses the design and implementation of an embedded MTM-EBG for use in
designing a dual-band corporate feed network, ideal for exciting dual-band antenna arrays.
An initial demonstration of the expected properties is provided in the form of a simple
impedance transformer, which is later adapted for use in a T-junction power divider. This
dual-band T-junction has improved performance compared to an unloaded network of iden-
tical size operating at the intermediate frequency. Comparing the embedded MTM-EBG to
alternate dual-band devices found in recent literature reveals several distinct advantages over
these devices; notable that the MTM-EBG may be substantially smaller and has a flexible
phase response. The dual-band T-junction is then cascaded to form a dual-band corporate
feed network suitable for use in dual-band antenna array applications. In this design pro-
cess, a sensitivity to the MTM-EBG to asymmetric current distributions is identified and

solutions to mitigate this are proposed.

Chapter 4 discusses two implementations of the MTM-EBG as a tunable embedded filter with
constant ABW. The first is designed to validate the proposed tuning mechanism over a small

range, and is tunable from 3.5 to 4.0 GHz. An initial fixed-frequency design is presented that
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operates at 4.18 GHz with a 10-dB transmission ABW of 225 MHz. This is then made tunable
by affixing a dielectric plate to the surface of the planar MTM-EBG and varying its position.
Simulation and experimental results are presented and show generally good agreement. The
second variation is a tunable filter designed to operate over the TV Whitespace frequency
spectrum; specifically from 470 MHz to 700 MHz with a 10-dB transmission ABW of 35 MHz.
Modifications owing to the increased range are discussed, and simulation results for the fixed-
frequency design are demonstrated. Complications associated to the larger range are also

discussed.

Chapter 5 discusses the major results and conclusions of each chapter. Based on these
results, future works appropriate to each application are discussed and presented. These
future works include multi-band embedded MTM-EBG unit cells, mm-wave applications,
further characterization of the MTM-EBG as a filter element that may be then used in
accordance with filter theory, and tunable MTM-EBG-based filters where the bandwidth is

maintained by engineering the individual unit cells and not the tunable plate.
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Chapter 2

Theory, Analysis and Properties

2.1 MTM-EBG Analysis

2.1.1 MTM-EBG Host Structure

The host medium of the MTM-EBG is formed by periodically loading a conductor-backed
coplanar waveguide (CBCPW) (see Fig. 2.1) with shunt inductors and series capacitors as
shown in Fig. 2.2. In a conventional coplanar waveguide (CPW) TL, this loading scheme
would cause it to display backwards propagation; also know as left-handed propagation,
it is reminiscent of the behavior observed for NRI-TL [1]. However, the CBCPW is more
accurately modelled as a MTL which supports an pre-defined spectrum of quasi-TEM modes
and models their related coupling effects. The modes of concern in this work are the MS-
like, CPW-like and the coplanar stripline (CSL)-like modes. The MS- and CPW-like are
characterized as being “even”-modes as they are symmetric along the transverse plane of
symmetry; the field symmetry between these modes permit them to strongly couple to one
another [2]. The CSL-like mode does not strongly couple to either of these modes; it may
be excited by discontinuities in the CPW TL and is often suppressed using air bridges or

grounding vias [90]. These methods to suppress the CSL may also affect the propagation
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Figure 2.1: 3D layout of the MTM-EBG host conductor network, also known as a CBCPW.
Relevant dimensions have been labelled.

of the MS-like mode which is necessary to the operation of the MTM-EBG. Generally, by
exciting the MTM-EBG from an input MS TL only the even-modes will be excited; an

exception to this is discussed in Chapter 3.

The loading of the MTM-EBG has minimal effect on the isolated MS-like mode of the
CBCPW,; this mode therefore displays conventional forward wave propagation. It does how-
ever cause the CPW-like mode to display backward propagation, similar to that of the
NRI-TL [1]. Both of the even modes of the host MTL may be excited simultaneously from
a single MS TL. Due to the field similarity of these modes, which is demonstrated in [2,3,7],
the CPW- and MS-like modes may couple to one another. The contra-directionality of their
group velocities causes power to be coupled in opposite directions which suppresses the flow
of power through the unit cell and gives rise to the bandgap [17]. A more rigorous discussion

of the behavior of this structure can be found in [2,3].
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Figure 2.2: MTM-EBG unit cell with the capacitors in the CPW grounds: (a) Top view
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equivalent circuit. This equivalent circuit model was modified from [10].

2.1.2 Modelling and Equivalent Circuit Models

The field analysis provides an excellent explanation of the properties of the MTM-EBG,
but is not useful to accurately predict the behavior. These can be captured by analyzing
the dispersion of the MTM-EBG through Bloch analysis, which evaluates the eigenvalues
of the resulting structure. These eigenvalues correspond to propagation constants of the
supported Bloch modes (i.e. the dispersion angle), and has been used extensively in several
major works [1,17]. The MTM-EBG is modelled as a MTL that has a defined form for
the transmission matrices (1.3); similar transmission matrices can be derived for the shunt
inductors and series capacitors [12]. Similar to the analysis of a two conductor TL, the
dispersion angle at each frequency can be found by solving the eigenvalues of the net chain
matrix. For a general MTL system, this can be simplified to (2.1), where [A] is the top left
block matrix of the total chain matrix, [/] is the identity matrix and ~ is the propagation

constant [2,3].

det|[A] — [I]cosh(yd)| =0 (2.1)
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Figure 2.3: Representative dispersion diagram of the even-modes supported by an MTM-
EBG. The shaded region represents the bandgap.

A representative dispersion diagram for this coupled MS-CPW mode is provided in Fig. 2.3;
the shaded region represents the bandgap and indicates where the CPW- and MS-like modes
interact. To a good approximation, this bandgap is enclosed by the I'— (5d = 0) and X —
(Bd = m) point cutoff frequencies, denoted fr and fx, respectively. Outside of this region,
the attenuation observed acts primarily on the CPW field components and minimally affects
the MS field components. However, this should not be interpreted as claiming the MS-like
mode is lossless. Very near the bandgap region in Fig. 2.3, it is apparent that the coupled
MS-CPW mode is highly dispersive and may be susceptible to enhanced radiation losses;

these losses are not accounted for within the equivalent circuit model.

Differences due to Layout

Depending on which conductors contain the capacitors (see Figs. 2.2 and 2.4), the dispersion

of the MTM-EBG may be drastically altered to affect both the size of the bandgap and
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Figure 2.4: MTM-EBG unit cell with the capacitors in the CPW stripline: (a) Top view
of MS layout with discrete lumped loading (conductor backing not shown) and (b) MTL
equivalent circuit.

the amount of passband dispersion present. Originally reported in [7], this difference is
exemplified in Fig. 2.5 where only the position of the capacitor was changed; all other
geometric and loading parameters were held constant. The black curves of Fig. 2.5 represent
the response of a MTM-EBG with a layout similar to Fig. 2.2; similarly, the blue curves
represent the response a MTM-EBG with a layout similar to Fig. 2.4. By comparing
the curves in Fig. 2.5, it is apparent that when the capacitors are placed in the ground
conductors of the CPW transmission line (Fig. 2.2), the passband is more dispersive and
bandgap is larger for otherwise identical dimensions. This makes this configuration better
suited for applications requiring a large rejection bandwidth, or for dual-band operation for
more widely spaced frequencies. On the other hand, if the operating frequencies are much
closer together or a narrower rejection band is desired, a MTM-EBG with a layout similar

to that of Fig. 2.4 is more appropriate.

2.1.3 Summary of Parametric studies

Parametric studies using the equivalent circuit were performed on each of the MTM-EBG
variations previously discussed. A summary of the trends of increasing each of the MTM-

EBG parameters on the frequencies defined in Fig. 2.6, is provided in Tables 2.2(a) and
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Figure 2.5: Difference in response for a MTM-EBG with a layout of Fig. 2.2 and Fig. 2.4.
The shaded region represents the bandgap.
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Figure 2.6: Metrics used to evaluate the effect of each of the individual MTM-EBG param-
eters for a layout of a) Fig. 2.2 and b) Fig. 2.4.

2.2(b); the full graphical results can be found in Appendix A. One interesting characteristic
that has been revealed through these parametrics is the effect on the stripline s width on
the size of the bandgap for both MTM-EBG configurations. Specifically, any increase in
s when the capacitors are in the CPW ground conductors has the exact opposite effect if
the capacitors are moved to the CPW stripline. This suggests additional flexibility in the

physical size of the bandgap.
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Table 2.1: Trends observed in increasing 8 parameters on the behavior of an MTM-EBG
with a layout of a) Fig. 2.2 and b) Fig. 2.4
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| Decrease ‘ J Slight decrease | - No Effect ‘ 1 Slight increase ‘ 1 Increase

2.2 Dual-Band Properties

Both bandgap and the resulting dispersion in the passband of the MTM-EBG have been used
in the past to realize two fundamentally different mechanisms by which a device can be made
dual-band. The first is to design the bandgap to restrict signal flow through one path at a
given frequency but permit it to flow at another. This has been used extensively in the design
of numerous dual-/multi-band devices, including dual-band patch antennas [4, 5], a dual-
band wilkinson power divider [6] and a multi-band stub filter [9]. This method is practical
and relatively simple to realize, but it does require additional footprint to incorporate the
additional signal pathways. The second method, by distinct contrast, realizes the dual-band
response by engineering the phase response of the MTM-EBG to have identical phase at
two, generally arbitrary frequencies on either side of the bandgap. This mechanism was
initially proposed in [7], where a dual-band quadrature hybrid coupler for GPS frequencies

was designed.

When the second method of generating a dual-band response was initially proposed in [7],
there were several properties that were not verified. First, is the use of dispersion analysis to
design the embedded MTM-EBG when only a single unit cell is employed; second, is whether

the characteristic impedance, or more generally the Bloch impedance, of the embedded

25



Figure 2.7: Simulation set-up to evaluate the phase and Bloch impedance of a single MTM-
EBG unit cell. Discrete lumped capacitors (C') and strip inductors of width w; were used
here. The arrows indicate the port de-embedding applied to remove the effect of the MS TL.

MTM-EBG is equal to that of an underlying MS trace of identical width. These concerns
ultimately affect the usage of the MTM-EBG as the goal of many dual-band components (i.e.
structures that render a device dual-band) is to realize the same characteristic impedance
and identical phase shift (within 180°) at both operating frequencies. These issues will
be addressed in the following sections. It should be noted that only the MTM-EBG layout
shown in Fig. 2.2 will be discussed in this section as it is better suited to the wider frequency

separations required for the dual-band applications discussed here.

2.2.1 Validity of a single unit cell

The dispersion analysis performed on the MTM-EBG unit cell, by necessity, assumes an
infinite cascade of identical unit cells. For compact dual-band devices, it is impractical
to use multiple cells. Even if they were highly miniaturized, the capacitance required to
operate at the desired frequency would be impractically large to realize with an interdigitated
capacitor; this would restrict the applicability of these structures to much lower frequencies.

It is therefore appealing to use only a single MTM-EBG unit cell for dual-band devices.

Using a single unit cell diverges substantially from its designation as a periodic structure

and raises a concern on the validity of using a Bloch analysis to design these devices. So the
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Table 2.2: Base parameters used to examine the dual-band properties.
s ‘ g ‘ W ‘ d ‘ C ‘ w; ‘ h ‘ €r
1.0mm | 0.4 mm | 3.8 mm | 12 mm | 0.35 pF | 0.5 mm | 1.524 mm | 3.0

question remains, is it appropriate to refer to the embedded MTM-EBG as a periodic device
and to characterize them on the basis of their dispersion? As will be demonstrated in this
section, the phase response of a single MTM-EBG is an excellent representation of the infinite
cascade, implying that the dispersion analysis is a valid technique to start the design of the
MTM-EBG. This is verified in simulation by creating a model of a single MTM-EBG, which
is embedded in a MS TL of identical width. The simulation model is shown in Fig. 2.7, and
the arrows indicate where the simulation was de-embedded to. The dimensions and loading
values for this unit cell are provided in Table 2.2. Since the inductance has a relatively minor
effect on the overall performance of the MTM-EBG, and due to the challenges associated with
realizing a large inductance within the confines of the CPW gap, fully printed strip inductors
were used in these studies. Design equations indicate that for g=0.4 and an inductor width
(w;) of 0.5 mm, the equivalent inductance is 0.2 nH [91]. Fig. 2.8(a) plots the phase response
of this single unit cell against the dispersion that was predicted by the equivalent ciruit
model, which incorporates the corrected inductance value. This demonstrates that a single
unit cell is an excellent representation of the dispersion predicted by a Bloch analysis. Within
the bandgap region, however, it is apparent that the single unit cell diverges substantially
from the infinite array; this is not a significant concern as the phase within the bandgap is
difficult to assign meaning to as it represents a pair of complex modes which simultaneously
propagate and attenuate. As such, the field distribution can differ substantially from the

fields enforced on the port faces and may invalidate the de-embdding process.
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Figure 2.8: Results of the simulated single MTM-EBG unit cell: a) phase of Sy, and the
dispersion, and b) scattering parameter magnitude. The shaded region in both a) and b)
indicates the bandgap predicted by the equivalent circuit model.
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Even though the phase of Sy is an excellent representation of the dispersion, the same cannot
be said about the scattering parameter magnitudes. This is shown in Fig. 2.8(b) where the
shaded region again indicates the bandgap predicted by the equivalent circuit model. While
it is clear that the single unit cell suppresses propagation within the same region as the
bandgap, it has a much smaller bandwidth than what is predicted. However even a single
cell suppresses the MS-like mode enough to be useful in dual-band devices, particularly those
which rely on signal suppression such as the dual-band patch antennas proposed in [4,5], the

dual-band Wilkinson power divider in [6], and the tri-band stub filter in [9].

2.2.2 Bloch Impedance

When designing the MTM-EBG for use in dual-/multi-band devices, it is generally assumed
that the field distribution of the MS-like mode is nearly identical to that of a conventional
MS TL, which implies that the characteristic impedance of the MS-like mode is similar to
that of a conventional MS TL. This permits the use of conventional MS design equations
to determine the necessary width of the MTM-EBG. The dispersiveness of the MTM-EBG
complicates this assumption as it will cause the Bloch impedance of the periodic structure
to be frequency dependent, which implies that the Bloch impedance of the MTM-EBG
cannot be equal to the characteristic impedance of an equivalent MS TL. While this may
be approximately true over a finite frequency range, it cannot be true within the bandgap.

Therefore it is necessary to determine a way to evaluate the Bloch impedance of the MTM-

EBG.

The multi-conductor behavior of the MTM-EBG makes it difficult to solve for the Bloch
impedance directly from the constituent transmission matrix as has been done in previous
periodic TL structures [22,23]. This challenge arises for several reasons: first, the necessary

matrix expressions for a 4 conductor TL would require the chain multiplication of five 6 x 6
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matrices, each of which represent the constituent elements of the MTM-EBG. While this is
not an impossible feat, it is impractical given the second challenge. The MTM-EBG, in the
proposed approach, is directly embedded within a MS TL; as such, it is the modal domain
propagation characteristics we are concerned with, not the terminal domain propagation
characteristics. As mentioned earlier, the modal characteristic impedance is not viewed to
be unique by the majority of the MTL community. These factors make it impractical to
attempt to find a closed form solution to the Bloch impedance of the MTM-EBG, but full-
wave simulations are still valid to evaluate the impedance. As demonstrated earlier, this
can also be used to design and predict the necessary phase response of the MTM-EBG.
Here, an expression for the Bloch impedance based on available scattering parameter data
will be derived. It is assumed here that only the MS-like mode is excited on the MTM-
EBG, which allows the use of conventional single-mode expressions to solve for the Bloch
impedance. This is enforced by exciting and terminating the MTM-EBG in a MS TL (i.e.
embedding it in a MS TL) in the simulation modal; an example case of this is shown in
Fig. 2.7. As mentioned earlier, one of the goals of dual-band components (i.e. structures
that render a device dual-band) is to realize the same characteristic impedance at both
operating frequencies [41,43-45,47,53,55]. In many dual-band devices, the solution begins
with deriving a matrix expression for the behavior of the dual-/multi-band device. From
this matrix expression, which may be the transmission matrix or impedance/admittance
matrix, specific conditions may be solved for based on the entries. This was not used to find
solutions in [41] as the structure was simple enough that it could be easily solved from the
input impedance equation. In [44], for example, the stepped impedance stub-line structure
was expressed as a transmission matrix. Given the desired characteristic impedance (Zp) and
phase angle (51) of 90°£180°, the entries can be set to the desired values (i.e. A =D =0,
B=jZg C= Z]—B) The necessary conditions on the stub length and impedance values can
then be solved for from the resulting expressions. A similar approach will be used here for

the MTM-EBG, but relies on numerical data.
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A B cosfl | Z gsin Sl
_ g JZpsing (2.2)

C D jYpsinfl  cosfl

From (2.2) the characteristic impedance, or Bloch impedance with respect to the MTM-EBG,

can be solved for by using (2.3):

(2.3) can be changed to accept scattering parameters by using conversion tables, which are
widely available in a number of prominent textbooks [92]. Similar transformations using, for
example, impedance parameters are equally simple and primarily dependent on convenience.

The relevant conversions are shown in (2.4) and (2.5):

14 511)(1 + Sa2) — 521512

o (
B = 7, 25 (2.4)
1 (1 - Sll)(]- - S22> - 521512
_ 1 2.
¢ Z 2551 (2.5)

Substituting (2.4) and (2.5) into (2.3) and reducing, leads to (2.6):
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255, P(1 = S11)(1 — Sp) — 55151
_ \/ (1+ S11) (1 + Sa2) — S5
— 0

Ty = \/Zo(l + S11) (1 + Spa) — 5215122 2591

(1 —S11)(1 — Sag) — S51512 (2.6)

When using scattering parameters as a basis for the Bloch impedance, it may appear as
though Zp is dependent on a definition of Zj; however, the scattering parameters will also
change based on the value of Z;. The net effect of this co-dependence is a general in-variance
of Zp to changes in Z; such that the characteristic impedance can be nearly arbitrarily
chosen; this is only true for referencing the data against a new port impedance. Changing the
characteristic impedance of the actual underlying input and output MS TLs, and therefore
their widths, will have an effect on the junction parasitic effects. These parasitic effects will

have an effect on the value of Zpg; this is found to be relatively minor though.

Using (2.6) and the simulation data from Section 2.2.1, the Bloch impedance of a single
MTM-EBG can be calculated. These results for are provided in Fig. 2.9. Consider the case
where the width of the MTM-EBG is 3.8 mm, which in a conventional MS TL corresponds
to a characteristic impedance of 50 €2. As shown in Fig. 2.9, the Bloch impedance of this
unit cell is relatively flat far from the bandgap and larger than 50 2. Very near the bandgap,
however, there is substantial variation in value of the Bloch impedance. The Bloch impedance
is largely affected by the width of the MTM-EBG implying that conventional MS design

equations are a valid starting point for the design of these devices.
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Figure 2.9: Bloch impedance of a single MTM-EBG unit cell using (2.6).

2.3 Filtering Properties

The studies on the dual-band properties of the MTM-EBG focused on an MTM-EBG with a
layout identical to that of Fiig. 2.2 as this configuration introduces more passband dispersion.
This made it more applicable to the dual-band applications examined in this thesis where
wider separations were required. To examine the filtering aspect, however, an MTM-EBG
with a layout of Fig. 2.4 will be examined as it presents with a narrow rejection band that

is on the order of size necessary to filter out select channels in telecommunications.

Previous MTM-EBG implementations were designed using only the equivalent MTL circuit
model and subsequent dispersion analysis. While this provides the most robust view of the
behavior of the MTM-EBG, it can be difficult to design for a desired response without in-
depth knowledge of the MTM-EBG behavior. For this reason, expressions that can relate
the loading values (L and C') to the bandgap edge (cut-off) frequencies are incredibly useful.

In two-conductor systems, such as the NRI-TL [1], closed-form expressions are available
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to determine these values for a given geometry. These expressions are substantially more
complex for an MTL system, and are somewhat non-intuitive in their usage. For this reason,
these expressions and a step-by-step procedure of how they may be used have been provided
in Appendix B. It is important to note that this procedure is specific to the MTM-EBG
topology shown in Fig. 2.4 and must be adapted for different MTL geometries and placement

of reactive-loading elements.

2.3.1 Tunability

The bandgap of the MTM-EBG is heavily dependent on the capacitance (C') of the MTM
loading. An example of this is provided in Fig. 2.10(a), which demonstrates the bandgap
predicted by the equivalent circuit model [see Fig. 2.4(b)] for different values of C. In
addition, Fig. 2.10(b) plots the results of numerically inverting the procedure discussed in
Appendix B, with a fixed inductance of 0.08 nH. This allows for a visualization of the effect of
increasing the capacitance on the center frequency (solid line) and bandwidth (dotted line).
The superimposed star-markers represent the center frequency and bandwidths calculated
from the curves in Fig. 2.10(a). As the capacitance increases, with all other parameters
held constant, the bandgap shifts down by an appreciable amount which suggests that a
method of systematically modifying the capacitance could make this device easily tunable.
Furthermore, as demonstrated in Fig. 2.10, such a mechanism does not drastically alter the
passband phase response of the MTM-EBG if the capacitor is placed in the CPW stripline
conductor. Such a configuration is more appealing for tunability as it requires fewer tuning

elements and helps to ensure better passband performance.

These results further demonstrate the effect of tuning only the capacitance on both the band-
width and center frequency of the response and also provide a clearer image on the effective

tuning range. As the capacitance is increased, the decrease in center frequency becomes less
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Figure 2.10: Effect of varying only the capacitance C' of an MTM-EBG unit cell based on
a) the equivalent circuit model and b) the numerically inverting the anallytical expressions
in Appendix B.

pronounced. This becomes increasingly exaggerated for larger and larger capacitance values,

and effectively limits the tuning range to the maximum capacitance available to the tuning

element.

For traditional planar filters, this tuning is accomplished by relying on a electrostatic bias
network to vary the capacitance of either a varactor, or a MEMS capacitor. However, both
of these technologies have very pronounced drawbacks. A varactor is a semi-conductor
device that relies on the voltage-dependent capacitance of a diode; this is a popular choice
for tunability due to its low cost and wide availability. In order to operate, however, these
components require a DC bias network to alter the capacitance. This can drastically alter the
performance of the filter as it requires the incorporation of various DC blocks and RF chokes
that may be challenging to accurately model. The equivalent circuit model of the MTM-EBG
can be, with relative ease, be modified to include the effect of the required bias network;
part of this has been discussed in [2,3] with the effect of capacitors in each conductor. The
varactor is fundamentally a semi-conductor device and is therefore non-linear. This carries
a number of consequences, one of which is intermodulation which seriously degrades the

performance of modern telecommunication systems [93]. As this project was started with
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support from our industrial sponsors, KP Performance Antennas and Infinite Electronics
Group, even low level intermodulation was a serious concern for their desired applications.
This prompted investigations into tuning mechanisms which do not substantially contribute

to intermodulation.

MEMS, due to their primarily mechanical nature, are attributed to smaller non-linearities
but are substantially more complex to fabricate [78]. As this was intended to be used in
industrial applications, and therefore needs to be fabricated at low costs, MEMS tuning was
determined to be impractical. Macroscopic mechanical tunability, as to differentiate from

the mechanism behind MEMS capacitors, is typically exclusive to larger 3D cavity filters.

It is clear from Table 2.1 and Fig. 2.10, however, that any change in the capacitance will
change the size of the bandgap as well. Without a mechanism of correcting for these changes,
substantial variations in the bandwidth can be expected as demonstrated in previous tunable
MTM- and EBG-based filters [88,89,94,95]. Conventional filter theory indicates that for
an N-th order filter, using 2N + 1 tuning elements can completely control the bandwidth
behavior by enabling control over both the resonators and the coupling regions. This is
not only challenging to implement, but also impractical for higher order filters. Recently
proposed constant ABW filters counteract this change in ABW by engineering the coupling
coefficient to be inversely related to frequency, thereby minimizing the number of tuning
elements necessary to realize the response [79-86]. Since the MTM-EBG is designed on the

basis of dispersive modes, not coupled resonances, such an approach is not employed here.

Instead, an alternate mechanism that affects the propagating Bloch mode of the structure
will be used here. This is based heavily on the principle of non-synchronous tuning; in a
tunable filter, this maintains a constant ABW by tuning each of the resonating elements

independently. In the case of the MTM-EBG, this modification artificially increases the
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bandgap region. An example of this is shown in Fig. 2.11, where the transmission of a three-
cell MTM-EBG array (solid line) is plotted against the transmission of a single MTM-EBG
(dashed line). When the neighbouring cells are detuned (in this example the capacitance was
changed), the stopband performance and center frequencies are maintained but the stopband

ABW is increased. As a result the insertion loss within the rejection band is reduced.

_15_
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Figure 2.11: Transmission response of a three unit cell MTM-EBG array for increasing

changes in the capacitance of neighbouring unit cells. Super-imposed is the response of the
individual detuned MTM-EBG unit cells.

2.3.2 Embedded Bandstop Filters

As has been demonstarted in several previous works, such as [7,10], the embedded MTM-
EBG presents a strong, predictable rejection band with only a single unit cell. These suggest
that the MTM-EBG is well suited to compact and embedded filtering applications, similar to
what has been examined for alternate MTM and EBG topologies [68-72,96]. As an example
of this consider the response of N cascaded MTM-EBG shown in Fig. 2.12. These MTM-
EBG unit cells were first embedded within a MS trace of the same characteristic impedance
similar to what was done to examine the Bloch and phase response of the MTM-EBG. The

parameters of each of these unit cells are identical to what is defined in Table 2.2.
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Figure 2.12: Scattering parameter magnitude for an array of different numbers of identical
MTM-EBG unit cells. The shaded region represents the bandgap predicted by the equivalent
circuit model.

As is apparent in Fig. 2.12 the magnitude response of a single MTM-EBG unit cell is not a
good approximation of the bandgap. Increasing the number of unit cells increases the stop-
band bandwidth, and causes the magnitude response to approach the response predicted by
the equivalent circuit model. However, the stopband is only one aspect of the performance
of a bandstop filter; the other is the passband where it should, ideally, have perfect transms-
sion. As is apparent in the various curves of Fig. 2.12, the MTM-EBG-based filter generally
has excellent passband performance; an exception, however, is the performance very near

the bandgap.

Certain aspects of the passband performance of the embedded MTM-EBGs change substan-
tially as additional unit cells are incorporated. Most notable is the appearance of additional
reflection minima suggesting that their presence is related to the total structural length and
should therefore occur at half-wavelength intervals; this is demonstrated in Fig. 2.13 where
the layout employed is shown in Fig. 2.13(a). The markers in Figs. 2.13(b) and 2.13(c)

correspond with one another. Far from the bandgap, as indicated by the star markers, these
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Figure 2.13: a) Layout of a four cell MTM-EBG-based filter, b) magnitude response and c)
de-embedded transmission phase of a four unit cellbandstop filter. The markers indicate the
location of the reflection zeros.

minima do infact correspond with half-wavelength intervals of the filter; near the bandgap,
as indicated by the circle markers, this is not true. These minima are associated to lower
return loss near the bandgap of the MTM-EBG. This may limit the application of the MTM-
EBG-based bandstop filter to narrowband filtering applications without substantial tuning

of the overall performance.

Through the careful introduction of mirrored asymmetries such that the edge (outer cells)
differ from the inner cells, it is possible to effectively eliminate these poor return loss regions.
While this further diverges from the assumption of a uniform array of unit cells, it has been
previously demonstrated that even a single unit cell is representative of the infinite cascade.
Parametric studies were performed on an asymmetric four cell filter, and these results are
summarized in Table 2.3 based on the metrics in Fig. 2.14; the full results of this study are

available in Appendix C.
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Figure 2.14: Metrics used to evaluate the effect of asymmetries on a mirrored four cell

MTM-EBG-based filter.

Table 2.3: Summary of the effect of 5 parameters on the behavior of a four cell MTM-
EBG-based, asymmetric filter when the asymmetry is in a) the outer cells and b) the inner

cells.

W |
]

W
f
1

- No Effect ‘ 1 Slight increase ‘ 1 Increase

|l Decrease ‘ J Slight decrease
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Chapter 3

Dual-Band Corporate Feed Networks using em-

bedded MTM-EBG

3.1 Motivation

Corporate feed networks can be generalized to include any device that divides power to a
large number of output ports. These are of particular interest to antenna-array applications
as they permit the array to be excited from a single input port, while being able to control
the magnitude and phase of the output ports. Canonically, these networks are formed by
cascading simple T-junction power dividers, which are easily modeled and offer scalability
over a wide frequency range. However, their dependence on impedance transformers, the
simplest of which is a quarter-wavelength MS TL, introduces several limitations on the
performance of these power dividers and corporate feeds: it is severely limiting in applications
demanding compactness since the TL length constrains the operating frequency and dictates
the size of the device; and the resonant mechanism of impedance matching implies narrow
bandwidths that also contribute to insertion losses. Widening the bandwidth using multi-

stage impedance transformers exacerbates the size and insertion-loss issues.

Owing to their frequency-dependence, such components do not directly lend themselves

to the excitation of (non-harmonically related) dual-/multi-band antenna arrays; typically,
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independent corporate feeds are required at each operating frequency, which greatly in-
creases the total footprint and complexity of the network. Some efforts have recently
been taken in literature to develop compact structures that can render a network dual-
band [41,43-45,47,53]. These are often limited in the frequency ratios they can realize
and typically have higher insertion losses due to their reliance on additional resonances.
Furthermore, these structures are not easily expanded to multi-band networks; multi-band
solutions have been proposed [55,56] but are often electrically large and/or suffer from rela-
tively ad-hoc design methodologies. Network-specific solutions exist, such as [46,49]. In [46]
a port-extended quadrature coupled hybrid is proposed for dual-band operation. This port-
extension technique is found as a solution to the quadrature coupled hybrid and therefore
is unique to this network, making it difficult to apply to other networks; in addition, the
total size of the network is significantly larger than either single-band variation. In [49], a
dual-band Wilkinson power divider is proposed, which relies on multi-section TL and RLC
loading. This design depends on the availability of discrete lumped elements and would be

difficult to scale to higher frequencies.

3.1.1 Objectives

The goal of this chapter is to develop a dual-band corporate feed network that is suitable for
antenna array applications using a variation of the original MTM-EBG topology proposed
in [2]. Inspired by WLAN as a representative application, the targeted operating frequencies
are 2.4 and 5.0 GHz. To experimentally verify the impedance properties that were discussed
in Chapter 2, a fully printed MTM-EBG is designed to appear as a dual-band impedance
transformer with a characteristic impedance of 70.7 €2 and cascaded in a back-to-back con-
figuration to measure the behavior. This MTM-EBG is then modified for a characteristic
impedance of 35.4 2 and used to feed a T-junction power divider, thereby rendering the junc-

tion dual-band. It will be shown that the resulting T-junction power divider demonstrates
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dual-band behavior with return-loss and insertion-loss performance at each band compara-
ble to or better than that of an equivalent unloaded design of the same physical length,
operating at the intermediate frequency. An initial design of the corporate feed network is
examined in which three T-junctions are cascaded to form the corporate feed network; how-
ever, through this design, a sensitivity of the MTM-EBG to asymmetric current distributions
was identified. To minimize the effect of this sensitivity, and to make the resulting network
better suited to antenna arrays, the corporate feed network was modified and re-arranged.
The resulting modified corporate power divider is shown to have comparable performance

to individual single frequency networks designed around each operating point.

3.1.2 Outline

This chapter is organized as follows: Section 3.2 will present the design methodology used
to create a desired Bloch, or characteristic, impedance and phase response, and demon-
strates these properties through the design of a dual-band impedance transformer. Section
3.3 discusses the application of the designed impedance transformer in a T-junction power
divider and presents experimental results for the fabricated device, and demonstrates, that
when compared to alternate dual-band technologies, the MTM-EBG-based approach offers
a smaller footprint and additional flexibility in the loss, phase and rejection performance.
Section 3.4 discusses the design of the dual-band corporate feed network that is formed by
cascading instances of the dual-band T-junction power divider proposed in Sec. 3.3. This
structure is then fabricated and these results are discussed and potential sources of error are

identified. Aspects of this chapter have also been published in [8,10].
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3.2 Back-to-Back Impedance Transformer

The impedance transformer is simple component capable of changing a real impedance into
another by using a quarter-wavelength TL of predetermined characteristic impedance. This
device is used in a wide number of devices to ensure good matching at a desired frequency;
this frequency dependence does ultimately offer limit the range over which it can operate. A
simple dual-band impedance transformer was proposed in [41] and operates using multiple
impedance segments. This device is simple to design and implement, but due to the depen-
dence on multiple resonant lengths it does suffer from additional loss and is, by necessity,
electrically large. Here a dual-band impedance transformer is realized using an embedded

MTM-EBG and experimentally verified in a back-to-back configuration.

3.2.1 Design

For a conventional impedance transformer, two conditions must be satisfied at the oper-
ating frequency: first, the transformer must incur 90° of phase; second, the characteristic
impedance must be the geometric mean of the generator and load impedance. Here, we
design an impedance transformer to convert 50 €2 to 100 2 and back. In order to design
an embedded MTM-EBG capable of realizing both impedance-transformation conditions at
each of 2.4 and 5.0 GHz, the topology of Fig. 2.2 is selected to introduce sufficient dispersion.
Although there is a procedure to rapidly design the reactive loading in Appendix B, it is
limited to the position of only fr and fx and offers no insight into the 90° phase frequencies
f1 and f5. As such, this design, and subsequent designs in this chapter, primarily rely on
full dispersion analysis. The following steps outline a procedure that can be used to design

a dual-band component:
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Figure 3.1: a) Layout and relevant dimensions of the embedded MTM-EBG unit cell:
W=2.03 mm, d=12.5 mm, s=0.35 mm, ¢g=0.2 mm, {=0.1 mm, w;=0.2 mm, [,=2.5 mm,
w;=0.2 mm. b) Layout and relevant dimensions of the back-to-back dual-band impedance
transformer: wsy=3.36 mm, w;00=0.84 mm, [;=20 mm, [;=15 mm.

1. Host TL: The host TL must first be determined as this will strongly affect the charac-
teristic impedance of the underlying MS TL. As shown in Table 2.2(a), the thickness of
the dielectric does not have a substantial effect on the performance of the MTM-EBG.
In order to more easily realize the properties with larger features, a thicker substrate
was used. Table 2.2(a) shows that the position of the bandgap is largely affected by
the permittivity (e.) of the host medium. While larger values of €, would offer addi-
tional miniaturization, they would also require smaller features to realize the desired
impedance levels. Rogers RO4350B (¢,=3.66, tand=0.004) of thickness 1.524 mm and
clad in 35-pum copper was selected as a reasonable balance between both of these char-
acteristics. Since the MTM-EBG will be designed to transform 50 € to 100 €2, the
necessary transformer impedance is therefore 70.7 2. This is largely dominated by

the width of the MTM-EBG (W) and can be estimated using conventional MS design
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equations [92].

. TL Length: The locations of the equiphase points of the MTM-EBG are dependent on
both the loading (L and C'), the unit cell length (d), as well as the CBCPW dimensions
(s and g). This offers a large degree of freedom when choosing the necessary length of
the TL; for example, the length can be greatly reduced by using a larger capacitor with
finer features. Similarly using a smaller capacitance can be corrected for by increasing
the length of the unit cells. However in each of these extremes, one of the operating
frequencies will be in a more dispersive region of the MTM-EBG and will therefore
suffer from higher losses. Furthermore, since fully printed interdigitated capacitors
will be used with a minimum feature size of 100 um, and to reduce the losses at both
frequencies, the length of this structure was selected as based on the quarter-wavelength

of the intermediate frequency (3.7 GHz).

. Reactive Loading: As demonstrated in Table 2.2(a), the inductance does not have
a strong effect on the passband phase response; furthermore, in order to realize the
MTM-EBG as a fully printed structure, the inductance was selected to be small and
implemented using strip inductors of width 0.2 mm (approximately 0.1 nH). Since
the interdigitated capacitors were placed in the CPW ground conductors, there was
additional flexibility in the total width by permitting them to extend beyond the desired
width of W.

. CBCPW Dimensions: Based on the length (d), width (I¥') and loading values used
for the MTM-EBG, the internal CBCPW dimensions (s and g) can be tuned to shift
the phase at the desired operating frequencies. Based on the results in Section 2.1.3,
when the capacitors are placed in the CPW ground conductors, increasing the CPW
stripline (s) will cause the phase at 2.4 GHz to increase while decreasing the phase
at 5.0 GHz; increasing the CPW gap (g) will cause the phase at both frequencies to

increase.
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Figure 3.2: a) Even-mode dispersion data for the MTM-EBG shown in Fig. 3.1(a). The
bandgap for the coupled MS-CPW mode can be seen as the highlighted region from 2.78 GHz
to 4.24 GHz. The super-imposed line provides the S5; phase of a single, fully printed MTM-
EBG unit cell. b) Bloch impedance extracted from a single MTM-EBG unit cell shown in
Fig. 3.1(a). The red and blue circles indicate the desired level of the real and imaginary
parts.

The final MTM-EBG unit cell and network layout, after tuning to account for minor parasitic
effects introduced by the connection to a conventional MS TL and the additional width of the
capacitors, are shown in Figs. 3.1(a) and 3.1(b). A back-to-back configuration was selected
to measure the MTM-EBG by permiting measurements to be made using a 50 €2 input port,
while demonstrating the flexibility in the design of the Bloch impedance of the MTM-EBG.
Prior to fabrication, an initial verification of the desired properties was performed on a single
MTM-EBG embedded within a 70.7-€2 MS TL; this is identical to what was done in Chapter
2 to evaluate the phase and Bloch impedance of a single MTM-EBG. The comparison to the
corresponding dispersion data is shown in Fig. 3.2(a), while the Bloch impedance is shown in
Fig. 3.2(b). As is apparent in Fig. 3.2(a), the phase response of a single MTM-EBG is once
again well captured by the dispersion analysis. The shaded region in this plot represents
the bandgap predicted by the Bloch analysis; within this region, it is difficult to assign

any meaning to the phase as it represents a pair of complex modes, which propagate and

attenuate simultaneously.
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Compared to the initial demonstration of the accuracy of a single unit cell to the infinite
array in Sectiom 2.2.1, the results shown in Fig. 3.2(a) are noticeable more mismatched. This
is attributed primarily to the presence of fully printed interdigitated capacitors that extend
beyond the nominal width of the MTM-EBG. The per-unit properties of the underlying
MTYL therefore differ over the length of the fully printed unit cell and contribute to additional
parasitic effects; these introduce the observed differences between the single cell phase and
the predicted dispersion of the equivalent circuit model. Fig. 3.2(b) provides the Bloch
impedance of the single MTM-EBG as calculated from (2.6). At 2.4 and 5.0 GHz respectively,
the exact values are evaluated as Zp=70.21+70.99 and Zp=71.74—4j1.66 ) respectively.
While there is an imaginary part in both of these Bloch impedances, they are small enough
to not drastically alter the propagation and simple represent additional losses introduced

present in the MTM-EBG.

3.2.2 Simulation and Experimental Results

Simulation results for this structure are provided in Fig. 3.3 (solid red curves) and it is
clear that the structure operates well at both of the desired operating frequencies. At 2.4
and 5.0 GHz respectively, which represent the points of minimum Si; the Si; is equal to
-32.62 dB and -48.31 dB and the Sy; is equal to -0.46 dB and -0.83 dB. Additional resonances
are observed in both operating bands at 1.7 and 4.7 GHz; these are secondary resonances
related to the length of 100-2 TL connecting the two MTM-EBG unit cells, and represent
an alternate matching condition for this configuration. The device is very well matched at
both of the frequencies with low insertion losses, indicating it is properly transforming the

impedances.

The back-to-back impedance transformer shown in Fig. 3.1 was fabricated using a LPKF

Protolaser U3 laser milling system; the fabricated board is shown in Fig. 3.4 with an inset
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Figure 3.3: Simulated and experimental results for the back-to-back dual-band impedance
transformer.

depicting one of the printed capacitors. A minor discoloration of the substrate surface
due to the fabrication process can be observed across the plane of symmetry. This was
introduced during the fabrication procedure and indicates that the underlying substrate was
burned during the heating of the copper; this, however, had no effect on the results. The
experimental results (dashed blue curves) are plotted against the simulated data in Fig. 3.3.
As is apparent by these comparisons, the simulated and experimental results are in excellent
agreement with one another. Small shifts in operating frequencies can be observed but are
relatively minor and may be mitigated through further optimizations and better control
over fabrication tolerances. At 2.39 and 5.04 GHz respectively, which represent the shifted
frequencies of minimum 57, the Si; is measured to be -32.63 dB and -36.12 dB and the Sy
is equal to -0.50 dB and -0.96 dB; again this ignores the secondary resonances at 1.7 and
4.7 GHz.
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3.3 T-junction Power Divider

3.3.1 Design and Simulation

The T-junction power divider is a simple power dividing structure useful in situations where
isolation between the output ports in not required. Since it is a three-port network, it
cannot be simultaneously matched, lossless and reciprocal; in the case of the T-junction it
sacrifices the matching. There are two configurations which will allow it to be matched to the
same impedance at each port; 1) 70.7 Q impedance transformers can be placed on each of the
output arms resulting in a 50 €2 junction input impedance; 2) a 35.4 € impedance transformer
can be placed on the input of the junction, allowing a 50 2 input line to be matched to the
25 2 junction. In Section 3.2, the MTM-EBG designed there would have been well suited for
this application; each junction would therefore require two such transformers. To reduce the
number of frequency dependent elements, as well as to further demonstrate the flexibility of
the MTM-EBG’s Bloch impedance, it will be re-designed to appear as a 35.4 {2 impedance

transformer.

The design of this impedance transformer follows the same steps as those outlined in Section
3.2.1, and will therefore not be re-iterated here. Furthermore, the same substrate [Rogers

RO4350B (¢,=3.66, tand=0.004, h=1.524 mm)] will be used for the power divider. After

20 mm

Figure 3.4: Fabricated back-to-back dual-band impedance transformer. The inset magnifies
the interdigitated capacitor with 100 pum features.
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() (b)

Figure 3.5: a) Schematic and dimensions of the 35.4 Q@ MTM-EBG unit cell:iWW=6 mm,
d=12 mm, w,=0.275 mm, $s=3.5 mm, ¢=0.3 mm, {=0.1 mm, [,=2.5 mm, w;=0.35 mm. b)
Schematic and dimensions of the MTM-EBG-loaded power divider: wso=3.61 mm, ;=15
mm, [,=1.2 mm, a=5 mm, §=120°.

following these steps and tuning to account for parasitic effects, the final MTM-EBG dimen-

sions are provided in Fig. 3.5(a) and the power divider layout provided in Fig. 3.5(b). As
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Figure 3.6: a) Even-mode dispersion data for the MTM-EBG. The bandgap for the coupled
MS-CPW mode can be seen as the highlighted region from 3.39 GHz to 4.72 GHz in. The
super-imposed line provides the Sy; phase of a single, fully printed MTM-EBG unit cell. b)
Bloch Impedance extracted from a single MTM-EBG. The red and blue circles indicate the
desired level of the real and imaginary parts.
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was done with the back-to-back impedance transformer, simulations were again performed
on the single MTM-EBG unit cell to verify the expected properties. The dispersion of this
unit cell, as predicted by the equivalent circuit model, and the phase of a single unit cell is
provided in Fig. 3.6(a). The single unit cell is again an excellent representation of the infi-
nite cascade. Any differences between these curves is largely attributed to parasitic effects
introduced by the printed elements, and the additional width of the capacitive regions. The
Bloch impedance was also evaluated from this single unit cell and is shown in Fig. 3.6(b).
This unit cells assumes values of 35.65 + j0.18 Q and 34.86 — 70.51 © at 2.4 and 5.0 GHz,
respectively, which are very close to the expected value of 35.4 2; however, achieving these
values required tuning W to 6 mm. The parameters of the power divider were also tuned
in order to improve the performance at both operating frequencies; for example, the tri-
angular notch described by the angle # was found to improve the return-loss performance,

particularly at the higher frequency [97].

Figures 3.7(a) and 3.7(b) compare the simulated results of the MTM-EBG-loaded power di-
vider (red triangles pointed up) and a conventional (unloaded) power divider (green triangles
pointed left) operating at the intermediate frequency. This was done in order to establish
a reference on the basis of the same overall physical size (the triangular notch is included);
power dividers designed for either of the operating frequencies would require a different foot-
print. While not provided in these results, the isolation may be easily inferred from the
construction of the power divider in Fig. 3.5. Comparing the red and green curves, it is
clear that the MTM-EBG-loaded power divider has comparable insertion loss to the reference
structure but significantly better return loss, particularly at 5.0 GHz. The simulated 10-dB
fractional (absolute) return-loss bandwidths were determined to be 82.3% (1975 MHz) and
12.0% (600 MHz) around 2.4 and 5.0 GHz, respectively. The losses for both the loaded and
unloaded designs are comparable at both operating frequencies. Fig. 3.7(b) provides the

port-to-port phase error over a £10% bandwidth for both the simulated MTM-EBG-loaded
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(b)
Figure 3.7: Simulated and experimental scattering parameter magnitudes and phases of the
fully printed MTM-EBG-loaded dual-band power divider (a) magnitude and (b) port-to-port
phase error (£Sy; — £S31).
and unloaded power dividers; as expected, these are both approximately zero at the operat-
ing frequencies. When compared to a 35.4-(2 conventional MS quarter-wavelength impedance

transformer designed for 2.4 GHz [see Fig. 3.8(a)], the MTM-EBG-loaded impedance trans-

former [see Fig. 3.8(b)] is 30.5% miniaturized, this improvement in performance is significant.
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Conversely, the MTM-EBG section appears slightly larger at 5.0 GHz [see Fig. 3.8(c)].

(a) (b) (c)

Figure 3.8: Size comparison of the MTM-EBG-loaded transformer to single-band variations:
(a) unloaded transformer at 2.4 GHz, (b) MTM-EBG loaded impedance transformer and (c)
unloaded transformer at 5.0 GHz.

3.3.2 Comparison to alternate technologies

Table 3.1: Comparison of the embedded MTM-EBG to a variety of dual-band structures
reported in recent literature.

fr/fs [GHz] Branch Size
This work 2.4/5.0 0.18 Ay x 0.09 A,
[43] 0.9/1.9 0.15 A, x 0.16 )\,
[45] 2.4/5.8 0.29 A, x 0.23 )\,
[47] 2.0/5.2 0.28 A, x 0.14 \,*
[53] 2.4/5.2 0.31 A, x 0.63 ),
[55] 1.32/2.44/3.56,/4.68 0.45 A, x 0.15 A,
[56]  1.5/2.4/3.5/4.2 0.40 A, x 0.16 \,*

*Exact dimensions were not specified and were inferred visually.

Table 3.1 demonstrates the operating frequencies and relative electrical size of the 35.4 €2
MTM-EBG compared to a variety of other dual-band embedded structures reported in the
recent literature. In each case included in Table 3.1, the dual-band structures are fully printed
and may be designed for nearly arbitrary impedance values. The branch size in each of the
designs included in Table 3.1 refers to the footprint of the element which renders the device
dual-band, not the footprint of the actual device as many of the devices examined here were
different. This branch size is then compared to the guided wavelength of a MS mode at the
lower operating frequency, to account for the effect of high-permittivity dielectric substrates

on miniaturization, and enable a better comparison (particularly in [53]). As can be seen in
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the table, the MTM-EBG is significantly smaller than alternate fully printed structures and

occupies only 67% of the area of the next smallest design [43].

The design procedure presented in this work can be easily modified for any desired operating
frequencies or impedance level, therefore making the proposed structure flexible to nearly any
application. Furthermore, the embedded MTM-EBG can be designed for nearly arbitrary
phase at each operating frequency; the design approaches in [43,45,53,55, 56] were limited
to a phase response of £90° with little discussion on how to operate at alternate phases.
Only [47] had a procedure for adjusting the phase response. In addition to the flexibility
offered by the embedded-MTM-EBG it also provides a strong, well modelled rejection band
for intermediate frequencies; the MTM-EBG design approach is robust enough to enable the
intermediate rejection bandwidth and center frequency to be varied over a large range, even
as the phase response at both operating frequencies is maintained. An example of this is
provided in Fig. 3.9(a) and 3.9(b), which demonstrates the dispersion of two vastly different
MTM-EBG unit cells that have identical phase at 2.4 and 5.0 GHz. In comparison, [45]
offered effectively no rejection of intermediate frequencies, and [43, 53,55, 56] had limited
discussion on how to control the rejection band; furthermore, it appears that this rejection
is directly tied to the operating frequencies. This demonstrates that the MTM-EBG can be
used in applications requiring dual-band operating, but flexible rejection and suppression of

signals between them.

3.3.3 Experimental Results

The dual-band power divider discussed previously was fabricated using the U3 on Rogers
RO4350B substrate (€,=3.66, tand=0.004 and h=1.524 mm) with 35 pm thick electrode-

posited copper; the fabricated T-junction power divider is shown in Fig. 3.10 with the inset
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Figure 3.9: Comparison of the dispersion of two unit cells which have identical phase
shifts at 2.4 and 5.0 GHz, while having different rejection bands. Both cells: €,=3.66
and h=1.524 mm. Cell dimensions: a) s=2.2 mm, ¢=0.6 mm, W=5.6 mm, d=10 mm,
C=0.8 pF and L=0.2 nH and b) s=2.4 mm, g=0.3 mm, W=6 mm, d=12 mm, C'=0.43 pF
and L=0.4 nH.

showing one of the fabricated interdigitated capacitor. Comparing these experimental re-
sults (blue triangles pointing down) to the initial simulation results of the MTM-EBG-loaded
T-junction power divider, which are presented in Fig. 3.7(a), it is apparent that the results
are in excellent agreement. The 10-dB fractional (absolute) return-loss bandwidths were
determined to be 83.7% (2010 MHz) and 12.6% (630 MHz) around 2.4 GHz and 5.0 GHz
respectively. Nevertheless, it is important to acknowledge the discrepancies, however minor:
first, it is evident that the return-loss peak in the lower operating band has shifted by 2.1%
from 2.4 GHz to 2.35 GHz; second some additional loss has been incurred throughout the
bandgap and at the upper operating frequency, increasing the insertion loss in experiment
to 4.19 dB from 3.84 dB in experiment. While not as pronounced in the back-to-back trans-
former, past fabrications using this laser-milling system on this substrate have found that the
dielectric-laser interaction can introduce some loss if the substrate is burned. Studies per-
formed in HEF'SS have found that if this burning occurs within the capacitive interdigitations,
the losses will be far more pronounced. As is apparent in the inset of Fig. 3.10, there is minor
scorching along the edges of the capacitive interdigitations which appears as a build-up of

dark material. It is believed that this build-up is formed when ejected copper particles are
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trapped by the melting dielectric and are not successfully removed. The small feature size
of these interdigitations make it impractical to attempt to physically clean, without severely
damaging the features and further altering the results. In addition to this insertion loss, it
is apparent from Fig. 3.7(b) that a small phase error has been introduced at both operating
points. It was measured to be 0.47 degrees at 2.4 GHz and -1.25 degrees at 5.0 GHz and

while small appears to have been introduced by minor defects in the individual capacitors.

Figure 3.10: Fabricated dual-band power divider; inset: fabricated capacitors and scale.

3.4 Corporate Feed Network

3.4.1 Initial Design Challenges

As an initial design, the dual-band power divider discussed in Sec. 3.3 was expanded into
a corporate feed network by connecting additional dual-band power dividers directly to the
output of another. The resulting schematic is provided in Fig. 3.11 with the exact MTM-

EBG dimensions provided in Fig. 3.5. This device was again fabricated using the Protolaser
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Figure 3.11: Initial layout of a corporate feed network. Plane references indicate where the
current distributions were extracted.

LPKF U3, but it was determined that this device did not function as well as intended. First,
when compared to an identical network without MTM-EBG loading, it had worse return loss
performance; some increase in insertion loss was expected due to the mechanism behind the
operation of the MTM-EBG. Second, and more importantly, the port-to-port phase error
was unacceptable high in simulation and made worse in the experimental results. Both of

these issues are clear from the experimental and simulation results shown in Figs. 3.12(a)

and 3.12(b).

It is clear in Fig. 3.12(a) that the MTM-EBG-loaded corporate feed network performed worse
than the unloaded network, particularly due its unusually broadband performance. This was

identified as being a result of the short intermediate distance L;,; that was used to connect
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(b)
Figure 3.12: Experimental and simulation results for the initial dual-band corporate feed net-
work design: a) Scattering parameter magnitudes, including a simulated unloaded network
and b) port-to-port phase error (A¢;; = £Sq — £Sj1).
the second stage transformers to the input. As a result of this short distance, the unloaded
corporate feed network can be viewed as a multi-section impedance transformer which are

well known to be broadband [40,41]. However, in this case the additional parasitics of the

junctions strongly degraded the performance of the unloaded network; this translated to an

29



equal, if not more pronounced degradation in the MTM-EBG-loaded network. Parametric
studies found that by increasing the intermediate length L;,; could improve the performance
of the MTM-EBG-loaded network at both operating points, while decreasing the bandwidth
of the unloaded design. Given the current layout, increasing this distance would make
the proposed network less practical and less suited to antenna applications; the layout was
modified to both account for a long intermediate distance and improving the applicability

of the network to antenna applications.

Another issue with this design was the high phase error observed at the high frequency
operating point. The initial specifications for this network were an identical phase and
magnitude at each of the output ports; Fig. 3.12(b) indicates this was not accomplished.
While the phase-error over the lower band is acceptable, the phase error at the higher
frequency is not and reaches nearly 5°; this is made worse in fabrication and reaches nearly
10°. Since this error was found in simulation, it indicates it was an issue with the design
rather than the fabrication as the single stage divider had no error in simulation (see Fig.
3.7(b)). It was then identified that this error was associated to a sensitivity of the MTM-EBG

to current imbalances.

For a conventional MS TL any discontinuity will disturb the current distribution by changing
the phase incurred by currents on the conductor edges. While normally not a pronounced
issue in MS devices, this can seriously degrade the performance of the MTM-EBG as it can
supports an odd-mode which is excited by these imbalances. Discussed in Chapter 2, the
CBCPW host network supports three distinct quasi-TEM modes; two even-modes and an
odd CSL mode. To verify the presence of this odd-mode, the currents on the ground plane
directly below select reference points of the MTM-EBG were examined (see Fig. 3.11).
The ground plane was examined as the interdigitations made it difficult to identify any

imbalances without increasing the size and convergence of the simulation. These current
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distributions were then normalized to their respective maximum values and compared to
currents extracted at the same locations for the single stage power divider; these results are

shown in Figs. 3.13(a) and 3.13(a).
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Figure 3.13: Simulated current magnitudes accross the transverse plane of an MTM-EBG.
Normalized current profiles at a) the first stage transformer and b) the second stage trans-
former.

The first stage of the corporate power divider has a current profile identical to that of the
power divider. However, the profiles of the second stage clearly differ from that of the
single stage divider; not only are they different, but the distribution for the corporate power
divider is clearly asymmetric. Such a current profile is only possible if an odd mode was
excited on the MTM-EBG. Typically for MTL networks, such as a CBCPW, these parasitic
modes would be suppressed through the use of bonding wires or grounding vias [90]; this
also suppresses the PPW-like mode so such a solution could not be employed for the MTM-
EBG. Instead, to mitigate the propagation of the odd-mode the input to these second stage
transformers can be tapered to cause a more uniform current distribution at the input of the

second stage transformers.
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Figure 3.14: Circuit layout and dimensions for the final 4:1 power divider including an inset
of the asymmetric taper. See Fig. 3.5 for exact MTM-EBG dimensions: a=5 mm, d=30
mm, (=25 mm, ly=5 mm, [3=10 mm, [;=15 mm, [,,=3 mm, d,=30 mm, r,=6 mm.

3.4.2 Design and Simulation

Based on the challenges discovered in the design of the corporate feed network in Section
3.4.1, a new corporate feed layout was adopted which is not only more practical for antenna
array applications but also has better performance. The revised corporate feed network was
designed with a fixed port-to-port distance d, of 30 mm. This revised layout is shown in
Fig. 3.14. In this design the intermediate length L;,; is made up of 1, 5 and the MS bend
of radius r,=6 mm. These dimensions, and I3, were tuned to maximize the performance at
both operating frequencies. Since these dimensions reduced the bandwidth of an unloaded
network operating at the intermediate frequency, a comparison was made to unloaded net-
works designed for the operating frequencies under the constraint that they have identical
footprints and identical port-to-port distances d,. This was accomplished by modifying [,

and [y, and varying d for each transformer segment (see Fig. 3.5) to adjust the operating
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Table 3.2: Comparison of the simulated MTM-EBG corporate feed to the individual single
frequency unloaded designs with identical total footprint, where A¢;; = £S5;; — £5;1.

Unloaded MTM-EBG

Parameter @ 2.4GHz @ 5.0GHz @ 2.4GHz @ 5.0GHz

S11 [dB] -30.6 -21.1 -30.0 -25.2

521 [dB] -6.28 -7.18 -6.35 -7.50

531 [dB] -6.32 -7.36 -6.36 -7.48
Aoz [deg.] 0.42 -0.54 0.67 0.43
Aoy [deg.] 0.31 -0.61 0.76 0.14
Agos [deg.] 0.03 0.00 0.11 -0.04
Agpsy [deg.] -0.11 -0.07 0.08 -0.29

frequency. A comparison of the simulation results of these structures is provided in Table

3.2, where symmetry enforces So; = S5; and S3; = Sy1.

In addition to the modified layout, a small asymmetric taper was added to the input of the
second stage transformers in order to suppress the excitation of the odd CSL-like mode and,
therefore reduce the port-to-port phase error Ag;;. This asymmetry is shown in the inset
of Fig. 3.14; as a result, the port-to-port phase errors are reduced to levels comparable to
an unloaded structure operating at 5.0 GHz. It is clear from Table 3.2 that, with these
modifications, the MTM-EBG-loaded 4:1 corporate feed network has comparable or supe-
rior performance at each operating frequency compared to the single-frequency networks,
indicating that the MTM-EBG-loaded device is a suitable replacement for either unloaded

reference structure.

Figure 3.15(a) provides the full range of simulated scattering-parameter data for the designed
4:1 feed network shown in the solid lines. As the network is symmetric between ports 2 (3)
and 5 (4), only partial scattering-parameter results have been provided. As is apparent from
Fig. 3.15(a), the MTM-EBG-loaded 4:1 corporate feed network has excellent performance
about each of its desired operating points, with the simulated 10-dB fractional (absolute)
return-loss bandwidths of 48.7% (1168 MHz) and 11.3% (565 MHz) around 2.4 and 5.0 GHz,

respectively. Similar to what was provided for the single stage divider, Fig. 3.15(b) provides
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Figure 3.15: Simulated and experimental scattering-parameter results for the fully printed
MTM-EBG-loaded corporate feed network: (a) magnitude and (b) port-to-port phase error
Ag;; around a £10% bandwidth at each operating point. It should be observed that the
port-to-port phase error is not constant and generally not zero; this is largely due to previ-

ously mentioned sensitivities of the MTM-EBG to current imbalances. Nevertheless, at the

operating frequencies, the phase error remains relatively low.
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3.4.3 Experimental Results

20 mm

Figure 3.16: Fabricated dual-band corporate feed.

The 4:1 corporate feed network previously was also fabricated and measured using the same
process as discussed in Sections 3.2 and 3.3. The fabricated sample is shown in Fig. 3.16;
while it appears as though there is some discoloration of the underlying dielectric, the sub-
strate has not been burned and therefore this does not have any effect on the overall perfor-
mance. As presented in Fig. 3.15(a) and 3.15(b), the experimental results (dotted curves)
are, once again, in excellent agreement with the simulated results (solid curves) with the
exception of marginally higher insertion losses. At 2.4 GHz, Si1, S91 and S3; were found
-29.01, -6.61 and -6.72 dB respectively; at 5.0 GHz the same values were found to be -20.95,
-8.31 and -8.38 dB, respectively. The experimental 10-dB fractional (absolute) return-loss
bandwidths were determined to 52.0% (1248 MHz) and 10.8% (542 MHz) about 2.4 and
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5.0 GHz respectively. These, too, are in excellent agreement with the simulated results.

The overall performance at 5.0 GHz is marginally worse compared to the simulated design,
both in return and insertion loss. The additional insertion loss is attributed to the laser-
induced burning within the interdigitated capacitors, which was not modeled and which is
similar to what was observed with the single-stage design. The experimental and simulated
port-to-port phase errors A¢;; as shown in Fig. 3.15(b) are in excellent agreement at the
design frequencies, with A¢gos, Adas, Ay, and Agsy equal to 1.23, 1.01, 1.06 and -0.23
degrees at 2.4 GHz, and 0.32, -1.33, -0.07 and -1.65 degrees at 5.0 GHz. In addition, these
phase errors are comparable to what was observed in the fabricated MTM-EBG single stage
power divider indicating that the error is related to a defect between the individual capaci-
tors. Finally, it should be noted that the observed phase errors, if applied to a four-element
antenna array fed by the proposed 4:1 feed network, would result in less than 0.25 degrees

of main-beam tilt with very little, if any, effect on the 3-dB beamwidths.
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Chapter 4

Mechanically Tunable MTM-EBG-based Mi-

crostrip Filters

4.1 Motivation

Mechanically tunable filters, such as those presented in [84-86], are better suited to high
power applications as they suffer from none of the non-linearities that can arise in semiconductor-
based tuning schemes [79,81]. In addition, they are significantly less challenging to fabricate
than MEMS-based capacitors [80,83]. Due to the requirements and the maneuverability
necessary to realize mechanical tunability, they are typically reserved for larger 3D cavity
based filters. MTM-based tunable filters have also been proposed, but rely on varactor com-
ponents to enable the tunability. They also require a large number of unit cells to realize
the desired response, while suffering from variations in the passband performance. Due to
the planar and fully printable nature of the MTM-EBG, as well as the ease of modelling
through equivalent circuit, it is well suited for tunability. It is also possible to realize a fully

mechanical tuning scheme with the MTM-EBG.

An application where both the tunability and filtering offered by the embedded MTM-EBG

is useful is in TV Whitespace spectrum telecommunications. TV Whitespace refers to the
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frequency spectrum that was previously allocated for television signals, but has since been
rendered obsolete with the introduction of digital TV. This spectrum has since been re-
purposed for non-broadcasting applications under the restriction that these transmissions
do not interfere with existing licensed broadcasters [98]. Due to the properties of this band,
it has increased range and comparatively large operating bandwidths making it attractive
to telecommunication applications. However, due to the sporadic nature of existing licensed
broadcasters, filters to suppress transmission in these bands are necessary. A filter which
is simultaneously tunable would greatly reduce the number of filters and allow for greater

flexibility in implementation.

4.1.1 Objectives

This chapter will first demonstrate the feasability of the MTM-EBG to create a highly com-
pact tunable MS bandstop filter based on the MTM-EBG with a constant ABW. This is
demonstrated in a filter design with fewer unit cells and a reduced tuning range. Mechanical
tuning is realized by placing a dielectric plate directly on the surface of the MTM-EBG and
varying its relative position across the capacitive regions of the MTM-EBG. The constant
ABW is then engineered by using an effective plate permittivity that differs slightly for each
cell to asynchronously tune the response of each individual MTM-EBG unit cell; as demon-
strated in Chapter 2, this compensates for bandwidth changes introduced by the tuning.
These individual plates are then combined into a single tuning element to facilitate a simpli-
fied tuning set-up. The resulting structure is demonstrated to have excellent performance,
comparable to 3D tunable filters, while being fully uniplanar and highly compact. Per a rec-
ommendation by our industrial sponsors KP Performance Antennas and Infinite Electronics
Group, the tunable filter is then modified to operate over the full TV Whitespace spectrum
with a constant ABW:; specifically, from 470-700 MHz with an ABW of 35 MHz. In order to
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meet this specification while ensuring good passband performance, additional unit cells were

necessary and required certain asymmetries to ensure reasonable passband performance.

4.1.2 Outline

This chapter is organized as follows; Section 4.2 discusses the design, simulation and ex-
perimental results of an intial fixed-frequency MTM-EBG-based MS bandstop filter with
an ABW of 225 MHz centered at 4.18 GHz using three unit cells. Section 4.3 discusses the
mechanism behind the mechanical tunability, and discusses the design of the tunable plate to
realize a constant ABW. Simulated and experimental results of the fabricated tunable filter
are then discussed, which is tunable in simulation from 3.5 to 4.1 GHz with a constant ABW
of approximately 220 MHz, and compares the experimental performance to that of tunable
filters in recent literature. Section 4.4 details the modifications and design changes necessary
to realize the performance over the TV Whitespace spectrum, where a fixed-frequency design
centered at 804.2 MHz and 10-dB ABW of 37.4 MHz is presented. The tuning range is met
by using a plate of permittivity €,=10.2, with accomplishes a tuning range of 52.3% and a
constant ABW of 32.7+£4.6 MHZ. Aspects of this chapter have been submitted to the IEEE

JOURNAL OF MICROWAVE THEORY AND TECHNIQUES, and are currently under review.

4.2 MTM-EBG-Based Microstrip Bandstop Filter

In this section, an MTM-EBG-based 225 MHz bandstop filter centered at 4.18 GHz will
be realized on Rogers 4350B (€,=3.66 and tand=0.004) with a thickness of 1.524 mm. To
simplify both the requirements on the simulation model and fabrication, the minimum fea-
ture size was selected to be 200 ym. Due to the strict requirements of the bandgap, the

procedure outlined in Appendix B is used to more precisely design the loading. This further
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incorporates the parametric studies outlined in Table 2.1 to help guide the design of the host

medium.

4.2.1 Design

Figure 4.1: Schematic and dimensions of the individual fully printed MTM-EBG unit cell
with an interdigitated capacitor: W=5.6 mm, d=10.7 mm, s=1.0 mm, g=0.4 mm, =200 pum,
l.=5.45 mm, [;,=5.25 mm, w;=0.8 mm.

Since the bandgap was desired to be centered at 4.18 GHz with a bandwidth of 225 MHz, the
procedure outlined in Appendix B can be used to determine the necessary loading given the
desired fx and fr of 4.09 and 4.31 GHz. In order to do this, however, the host medium must
first be determined. To maximize the physical tuning range, the length was first selected to be
11.5 mm. This permitted the use of smaller capacitance values that could be easily realized
with the small feature size. While this length is on the order of a quarter-wavelength, this was
selected based on the application of the tunability and could be substantially miniaturized

simple by increasing the capacitance.
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Based on the discussion in Chapter 2 and the trends described in Table 2.2(b), a small CPW
stripline width (s) will result in a smaller bandwidth. In this application the minimum s
is restricted to the width of an interdigitated capacitor with three 200-um fingers and two
200-um gaps, for a total of 1 mm. With this limitation of s and a characteristic impedance
of 50 €, a capacitance (0.35 pF) that results in fr=4.31 GHz would require a negative
inductance to make fx=4.09 GHz, which is obviously unrealizable. As demonstrated in
Table 2.2(b), the bandwidth can also be reduced by increasing the width of the MTM-EBG,
and, in turn, reducing the characteristic impedance. Setting the width to 5.6 mm, and
the characteristic impedance to 35.4 €2, allows for both small and realizable loading values;
based on Appendix B, these values were determined to be C'=0.3 pF and L=0.08 nH. These
loading values were realized using interdigitated capacitors and strip inductors of width w;;
this inductance was evaluated to be L=0.083 nH [91]. After tuning to account for parasitic
junction effects, the final dimensions of the individual unit cells are provided in Fig. 4.1.
It is worthwhile to note that the extraction of the equivalent series capacitance of the final
interdigitated capacitor design has a value between 0.24 and 0.28 pF over the full frequency
range [92]. This indicates that the proposed analytical approach is an excellent starting

point for the design of the MTM-EBG.
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Figure 4.2: a) Dispersion diagram from the equivalent circuit model compared to the phase
of a single unit cell and corresponding eigenmode simulations. b) Scattering parameter
magnitude response of a single unit cell. The shaded region in each represents the bandgap
predicted by the equivalent circuit model and is calculated as 220 MHz from the fx to fr.
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To further demonstrate the validity of using a finite number of unit cells and the accuracy of
the equivalent circuit model, a unit cell of identical geometry to what was provided in Fig.
4.1 was simulated as embedded in a 35.4 2 TL and de-embedded to the start of the MTM-
EBG. The phase response (dash-dotted) of this single unit cell has been plotted against the
MTL dispersion data (solid) for the same unit cell in Fig. 4.2(a). Minor differences exist
between the simulated response of the single unit cell and the dispersion predicted by the
equivalent circuit model, but this is primarily attributed to the presence of fully printed
features in the simulated model, which are treated by the equivalent circuit model as fully
lumped. An eigenmode simulation was performed in Ansys HFSS (red squares) using the
fully printed unit cell and these results demonstrate that the phase response of a single unit
cell is an excellent representation of an infinite cascade of unit cells with the exception of
within the bandgap itself. However, as discussed in Chapters 2 and 3, this is not a concern
as it is difficult to assign meaning to the phase within this region, and this behavior is
better captured in the magnitude response of the single unit cell which is shown in Fig.
4.2(b). While the stop-band bandwidth of this single unit cell appears narrower than that
of the infinite array, it does occur very close to the expected frequency. In fact, increasing
the number of unit cells in the simulation domain will in turn increase the bandwidth of
the stop-band to better approximate the infinite cascade. The number of unit cells was
therefore selected to increase the 10-dB rejection ABW to 225 MHz. The schematic for the
resulting three-cell MTM-EBG-based bandstop filter, with all relevant dimensions and SMA
connectors included, is provided in Fig. 4.3. Since the individual unit cells were designed

for 35.4 €2, these were matched to a 50 €2 input using a taper of length L;.

It should also be noted that due to the mechanism that is ultimately employed to compensate
for changes in the ABW, it was found that at least three unit cells were necessary to ensure
a minimum of 15 dB of rejection over the full tuning range. Using fewer unit cells would

result in the rejection band splitting when fully down-tuned, leading to less than 10-dB of
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Figure 4.3: Dimensions of the three cell MTM-EBG-based bandstop filter: w5,=3.36 mm,
L;=25 mm, [;=7.35 mm. See Fig. 4.1 for exact dimensions of the individual MTM-EBG

unit cells.

rejection in parts of the band. More unit cells could also have been added, but this would

have resulted in a more complicated design procedure for the dielectric plate used in Section

4.3.

4.2.2 Simulation and Experimental Results

— Sn == S =@ Simulation =~ Experiment == Simulation w. Loss

[dB]

T T
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Figure 4.4: Simulation and experimental results for the fixed frequency MTM-EBG-based
bandstop filter.

The MTM-EBG-based MS bandstop filter was simulated in HFSS and the simulated scat-
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tering parameters (circle markers) are shown in Fig. 4.4. This structure, as shown in Fig.
4.5, was then fabricated in-house using a LPKF ProtoLaser U3 laser milling system and the
experimental results (square markers) are provided once again in Fig. 4.4. Generally, the
fabrication results are in excellent agreement with the simulated data; however it is apparent
that some additional loss has been introduced during the fabrication. As a result, both the
peak return loss of the rejection band and the 10-dB bandwidth increased, the latter increas-
ing from 225 MHz to 247 MHz. As was demonstrated in Chapter 3, the additional losses
could be better accounted for by filling the interdigitated capacitors with a lossy medium
(e,=1 and tand=0.1) modelling residues from the laser-milling process; this largely accounts
for the observed increase in ABW. Any further disagreements between the experimental
and simulated data are attributed to minor fabrication defects that introduce asymmetries
between the individual unit cells. Typically, these are within the tolerances for laser-based

milling.

4.3 Tunable MTM-EBG-Based Microstrip Bandstop

Filter

4.3.1 Variable-Position Dielectric Plate

As discussed in Section 2.3.1, the response of the MTM-EBG is very sensitive to changes in
the loading capacitance. Due to concerns over the effect of non-linearities in conventional
tuning mechanisms, this tuning is accomplished by mechanically changing the position of
a dielectric plate placed directly on top of a fully printed MTM-EBG. An example of this
configuration is shown in Fig. 4.6, which is only possible due to the planar nature of the

MTM-EBG. In order to properly evaluate the feasibility of the proposed approach, a single
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Figure 4.5: Fabricated MTM-EBG-based bandstop filter, with insets highlighting one of the
interdigitated capacitors.

MTM-EBG unit cell was used, which was designed in Section 4.2 and shown in Fig. 4.1. The
dispersion and magnitude response of this single cell is provided in Figs. 4.2(a) and 4.2(b)
respectively. A dielectric plate of height h,=1 mm and permittivity €, is then placed directly
on top of this single unit cell, as shown in Fig. 4.6, and simulated for various values of the
displacement X. The center frequency and 3-dB transmission bandwidths can then be
calculated and plotted versus this displacement; these results are shown in Figs. 4.7(a) and
4.7(b). As X increases, the ratio of air to dielectric above the capacitor increases thereby
reducing the effective permittivity seen by the interdigitated capacitor. This in turn reduces
the capacitance of the MTM-EBG unit cell, and causes the center frequency to increase.
Small changes in €, cause the slope of the center frequency curve to shift. For the same change

in X, however, the 3-dB transmission bandwidth similarly increases; small differences in the

5



Figure 4.6: 3D view showing the position of a dielectric plate of thickness h, placed above
the printed MTM-EBG unit cell and the displacement X.

permittivity of the plate have a similar effect to what is observed for the center frequency.
A similar study was performed on h,, but found that there was an insignificant difference
between responses for realistic values (between 0.5 mm and 1.5 mm). Therefore, these results

have not been included.

To compensate for these changes in ABW the mechanism discussed in Section 2.3.1 will
be used here and implemented into a single tuning element using the dielectric plate tuning
method. By designing the ¢, to be slightly different above each unit cell used in the bandstop
filter, the response of each unit cell can be slightly detuned from one another at full coverage
to precisely compensate for the change in the ABW. However in order to maintain the con-
stant ABW, very small differences in plate permittivity are required between the unit cells.
It was determined that this difference would be best accomplished by introducing periodic

perforations to precisely control the effective €, of each plate, particularly by changing the
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Figure 4.7: Effect of the dielectric plate displacement on a) the center frequency and b) the
3-dB rejection bandwidth of a single MTM-EBG unit cell, for different values of ¢,.

Figure 4.8: Simulation set-up used to evaluate the effect of the spacing of the dielectric
perforations: p=1.5 mm, d,=0.6 mm, x,=0.4 mm, h,=1 mm and €,=3.66.

period (p) and offset (d,,) of the perforations; these are indicated in Fig. 4.8.

Parametric studies were performed on p and d, using the model shown in Fig. 4.8 with the
base parameters provided in the caption; the dimensions of the underlying MTM-EBG unit
cell are provided in Fig. 4.1. The center frequency behavior of these parametric studies
are shown in Figs. 4.9(a) and 4.9(b). It is apparent from Fig. 4.9(a) that changes in p
can introduce a substantial change in the center frequency response, but only for a densely
spaced array of perforations. By distinct contrast, small changes in d, can produce a large

changes in the response, particularly for small values of X. Simultaneously varying these
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Figure 4.9: Parametric studies on the effect of: a) period (p), and b) perforation offset (d,).

parameters can be used to realize nearly any center frequency response versus displacement,
and similarly can be used to realize an arbitrary bandwidth response of the filter. The effect
of these parameters on the bandwidth has not been included here, as it can be predicted

based off the center frequency curves and results in Fig. 2.10.

The proposed method is reminiscent of non-synchronous tuning, which was proposed in [99]
and used in [86]; a major difference between these methods is the proposed technique can be

realized using a single tuning element, greatly reducing the complexity of the tuning system.

A perforated dielectric plate of Rogers RO4350B (€,=3.66, tand=0.004, h,=1.524 mm) was
designed with 500-pm diameter holes. Using Fig. 2.11 as a reference, the necessary frequency
shift between the individual unit cells can be estimated for a starting point. Some additional
tuning was necessary to account for additional parasitics due to the connection of the unit
cells. After tuning the response of the plate, with an additional consideration that it be
mechanically stable, the final structure is shown in Fig. 4.10(a). The simulation model
shown in Fig. 4.10(b) indicates both the height of the plate (h,) as well as the direction in

which the plate was varied.
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Figure 4.10: a) Dimensions of the dielectric plate: W,=9.4 mm, L,=28.45 mm,
wy,=5.6 mm, [,,=6.05 mm, [.=5.45 mm, z;;=0.6 mm, z5;=1.3 mm, p;=1.4 mm, d,;=0.9 mm,
215=0.925 mm, x,=0.4 mm, pp=1.15 mm, d,»=0.525 mm, =500 pm. b) 3D layout showing
the perforated dielectric plate of thickness h,=1.524 mm, X=2.18 mm, and z indicating the
direction of tuning. Exact dimensions for the filter and unit cell are shown in Fig. 4.10.

4.3.2 Simulation Results

Simulated scattering parameters of Fig. 4.10(b) for various values of X are provided in
Fig. 4.11. When comparing the various curves shown in Fig. 4.11, it is apparent that
the peak return loss is largely independent of the center frequency and remains relatively
constant over the full tuning range. It should also be observed that as the center frequency
decreases, the peak insertion loss in the rejection band also increases, but remains below

15 dB over the full range. The pass-band phase response was examined, but it was found
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to be minimally dispersive away from the bandgap. This is to be expected based on the
dispersion shown in Fig. 4.2(a), and the effect of changing the capacitance C' as shown in

Fig. 2.10.
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Figure 4.11: Full simulated scattering parameter results of the full tuning range.

Figure 4.12 shows the calculated 10-dB ABWs of each of the S5; curves in Fig. 4.12 and
several additional points as a function of the center frequency, which is calculated as the
arithmetic average of the 10-dB edge frequencies. In addition, calculated 10-dB ABWs are
also provided for an unperforated dielectric plate. From this comparison, it is apparent that
the compensated dielectric plate has a significant effect in reducing the variation in the ABW
over the tuning range. Using (4.1), the tuning range (%7,) was calculated to be 15.3%, while
the average ABW over the full tuning range (BW,,) was found to be 220 MHz using (4.2)

with a percent variation (%A) of 2.14% using (4.3):
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Figure 4.12: Simulated 10-dB rejection bandwidth versus center frequency based on Fig.

4.11.

There is some additional variation for lower center frequencies, but this is largely attributed

to the periodicity of the holes in the dielectric plate. Using smaller holes with a tighter

spacing is expected to reduce any apparent ripples in the ABW vs center frequency curves.

This tuning range can be increased by using a higher permittivity dielectric for the tunable

plate; for example, as shown in Fig. 4.7(a) with €,=6 the tuning range can be increased to

26.4%.
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4.3.3 Tuning Super Structure Design

While the initial simulations were performed assuming the dielectric plate was precisely
positioned without the use of a support structure, this was deemed to be impractical for
multiple experimental measurements. This, by necessity, required the design of a tuning
“super-structure” to both precisely control the location of the plate as well as eliminate the
presence of any airgaps between the dielectric plate and the underlying MTM-EBG unit cells.
For reasons of simplicity and access, a 3D structure was designed to act as a scaffold for the
dielectric plate and 3D printed in ABS (acrylonitrile butadiene styrene). This structure was

also designed to more precisely measure the physical position of the dielectric plate.

Based on these considerations, and the realizable dimensions using a Dremel 3D45, a simple
sliding rail was used as the primary mount of the tuning structure, which was then affixed
to the MTM-EBG using a variable height plate controlled by a screw. This was necessary as
the limited nozzle output (approximately 50-pm) introduced a challenge in eliminating the
presence of an airgap. Overcompensating (i.e. making the structure smaller than necessary)
for the copper thickness would increase the pressure the dielectric plate applied to the MTM-
EBG filter, while undercompensating would introduce an airgap. This variable height part

(#4) reduced the necessary precision of the printed components.

After incorporating these changes, the final tuning structure model is provided in Fig. 4.13(a)
and is composed of four, individually printed components: #1) Bottom support to restrict
potentially bowing of the dielectric due to excessive pressure from the plate, thereby min-
imizing potential airgaps; #2) Upper support that incorporates a rail notch to freely vary
the position of part #3; #3) Primary rail system that can be measured for the displacement
and includes holes to facilitate the vertical movement of part #4. The hexagonal gap is

designed for a 8-32 nylon screw; #4) Housing for the dielectric plate that allows for visual
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confirmation its position. Parts #1, #2 and #3 were printed with a 50% infill, while part

#4 was printed at 100% infill due to potential component breakage.

This tuning structure was not expected to have a pronounced effect on the performance
of the tunable filter, but a verification was necessary. Due to the computational power
required and uncertainty in the exact isotropy of the 3D printed ADS, only the case without
the dielectric plate was examined. Incorporating this structure into the simulation model
with known properties of ABS (€,~/3.2 and tand~0.09) [100], and assuming the lower infill
could be modelled as a homogenous media, resulted in the blue curves in Fig. 4.14. This
demonstrates that outside a minor downshift in operating frequency, which can be reduced
by using a lower infill for the individual parts, the performance is largely unaffected by the

presence of the tuning structure.

4.3.4 Experimental Results

The dielectic plate shown in Fig. 4.10(a) was fabricated using an LPKF Protomat S62, and
the resulting structure is shown in Fig. 4.15(a). The full results of this structure, at the
same displacement values as in simulation, are provided in Fig. 4.16. Similar to what was
done for the simulation results, the 10-dB ABW was calculated for each of the Sy; curves
shown in Fig. 4.16 and plotted against their respective center frequencies, as shown in Fig.
4.17; this includes experimental measurements for an unperforated plate as a reference. As
is clear in this comparison, the proposed compensation mechanism has had a pronounced
effect in reducing the variation in ABW as the MTM-EBG-based bandstop is tuned. An
increase in the ABW can be observed in both the compensated and unperforated plate of
approximately the same amount which was reported in Section 4.2, suggesting that the source
of this increase is again related to additional loss and asymmetries between the individual

unit cells. The average experimental ABW was calculated to be 244 MHz, with a variation
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Figure 4.13: Tuning superstructure a) individual components and b) fabricated structure.
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Figure 4.14: Comparison of the simulated MTM-EBG-based filter with and without the
proposed tuning structure.
of 1.31%. This apparent decrease in variation is attributed to two factors; first, the increase

in average ABW and second, a small reduction in the tuning range.

Comparing the experimental results in Fig. 4.16 to the simulated data provided in Fig.
4.11, it is apparent that the tuning range has been moderately reduced. In simulation for
the minimum displacement of X=0 mm, the response was shifted to a center frequency of
3.49 GHz; in the experimental results, the same displacement resulted in a center frequency
of 3.56 GHz. The experimental tuning range was therefore reduced from 15.3% to 12.3%.
This may be attributed to anisotropy in the dielectric plate, which changes the effective
permittivity seen by the interdigitated capacitors. In Fig. 4.12, most of the variation in
the ABW occurs when the filter is tuned to the lowest center frequency. Since we have not
completely tuned down to this level in the experimental results, this variation is effectively

ignored and, as a result, contributes to a smaller experimental variation in ABW.
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Figure 4.15: a) Fabricated dielectric plate and b) experimental measurement set-up
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Figure 4.16: Full experimental scattering parameter results over the full tuning range.
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Figure 4.17: Experimental 10-dB rejection bandwidth versus center frequency based on Fig.
4.16.
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PIM Measurements

Intermodulation of frequency components is not exclusively introduced by active, non-linear
devices; it can also be introduced depending on the quality of the fabrication. Otherwise
known as passive intermodulation (PIM), this is just as degrading on the performance of
telecommunication systems as normal intermodulation. A large component of PIM can
be found in interfaces, particularly in metal-to-metal connections. One claim in the use of
mechanical tunability is that by using it, we introduce less intermodulation than active tuning
schemes. Furthermore, we have assumed that the MTM-EBG-based filter has comparable

PIM to conventional planar topologies. There is no way to simulate sources of PIM.

Thanks to our industrial partners, we were able to measure the PIM of this device using a
Summitek Instruments iQA1921A. Generally, the PIM of a device is independent of the ac-
tual performance of the device, so the range the iQA operates over (1800-1945 MHz) was not
a determining factor in the actual PIM results. The iQA, by default, inputs 43 dBm (20 W)
of power at frequencies of 1945 and 1990 MHz and measures the resulting intermodulation.
The MTM-EBG-based filter was first measured without the tuning structure or dielectric
plate attached and found a PIM value of -131.46 dBc. The tuning structure and dielectric
plate were then added and two cases were measured. First, when the dielectric plate fully
covered the interdigitated capacitor, and second, when the interdigitated capacitor was un-
covered. Respectively, these cases had PIM values of -129.16 and -132.82 dBc. As a baseline
comparison to establish this performance against a conventional purely MS-based device, a

simple bandstop filter was measured to have a PIM value of -137.60 dBc.

It is apparent that the MTM-EBG does not contribute a significant increase of PIM compared
to a conventional MS-based device. Furthermore, the proposed tuning mechanism does not

appear to contribute. While these are reasonable levels, telecommunication applications are
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trending towards even lower PIM requirements; the specification from our industrial partner
was -160 dBc. To reduce the PIM further would require a drastic change in design, and would
necessitate a shift toward a different connection (such as a through SMA) or potentially a

different fabrication process.

4.4 TV Whitespace Tunable Filter

The previous tunable filter was designed to have a fixed-frequency response just slightly
outside the desired tuning range. In the case of the TV Whitespace filter, the actual design
frequency was selected to be above the desired tuning range by an appreciable margin. In
order to realize the desired tuning range of 39.31%, a dielectric permittivity of €, ~7-9 would
have been required. These are not values readily available from manufacturers, so a larger
permittivity is necessary to cover this range. To reduce the footprint of this filter, it was
designed such that the lower portion of the tuning range meets the TV Whitespace spectrum

specification.

4.4.1 Fixed-Frequency Filter Design and Results

The design of this filter followed a very similar procedure to that of the three-cell filter de-
signed in Section 4.2 and therefore suffered from similar challenges; specifically, the restriction
on the minimum bandwidth due to the tuning range and the position of the capacitors. The
number of unit cells helps dictate the minimum insertion loss while the filter is fully de-tuned
and increases the ABW. Due to the desired increase in tuning range, it was found that four
unit cells were required in order to ensure that the stop-band had at least 10 dB of rejection;
however, in early variations, this increased the ABW to approximately 47 MHz. In order to

reduce this without increasing the total width of the MTM-EBG, and therefore sacrificing
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some passband performance, several alterations were made to reach the desired ABW based

on the parametrics in Table 2.2(b).

First, the dielectric substrate was changed from Rogers RO4350B (€,=3.66 and tand=0.004)
to Rogers RO3003 (¢,=3.0 and tand=0.001). The justification for this change can be seen
clearly in Table 2.2(b), which demonstrates that as the substrate permittivity is reduced
(and all other parameters are held constant), the center frequency increases and bandwidth
slightly decreases. Second, increasing the capacitance has a strong effect on decreasing the
bandgap of an infinite cascade of unit cells. Since a single unit cell is representative of
this infinite cascade, the same modification can be done to reduce the ABW. By displacing
the capacitor from the center of the unit cell, which does not have a significant effect of the
overall performance, the capacitor finger length (and therefore capacitance) can be increased
while maintaining a similar unit cell size offering additional miniaturization. To incorporate
this shift, however, the distance between the capacitive regions was not equal to the total
length of the capacitive fingers; the tuning set-up shown in Fig. 4.10 could not be employed
here. Instead the four unit cells were arranged in a “square” configuration, as shown in Fig.

4.18, which eliminates any potential overlap between the unit cells.

Since additional unit cells were necessary to realize the tunability of this filter, it suffered
from the same mismatch that was discussed in Section 2.3.2, in that there was very poor
performance near the edges of the bandgap. To compensate for this mismatch, the filter was
made slightly asymmetric by increasing the CPW stripline width (s) of the inner unit cells;
these are indicated in Fig. 4.19. After tuning, the final layouts of the individual unit cells

are shown in Figs. 4.19(a) and 4.19(b); identical dimensions have not been repeated.
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Figure 4.18: Full simulation model of the MTM-EBG-based TV Whitespace Filter:

[$=30 mm, r=6 mm and wsy=3.8 mm.

Simulation and Experimental Results

The full structure shown in Fig. 4.18 was then simulated in HFSS and these results are
shown in Fig. 4.20. The 10-dB ABW was calculated as 37.4 MHz with a center frequency
of 804.2 MHz and passband performance better than 10 dB over the full passband. Above
822 MHz the passband performance is degraded, but this is outside the specifications for TV

Whitespace applications.

This structure was then fabricated on Rogers RO3003 in-house using the LPKF Protolaser
U3; the fabricated board is shown in Fig. 4.21 and the measured data is again shown

in Fig. 4.20. Generally, these results are in excellent agreement. The 10-dB ABW for
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Figure 4.19: Layout of the individal MTM-EBG unit cells: a) Outer unit cell: W=3.8

mm, s;=1.0 mm, [,.=40.0 mm, w;=0.6 mm, and ¢=0.2 mm. b) Inner cell: s,=1.5 mm,
w;=0.325 mm and ¢,=0.4 mm.
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Figure 4.20: Simulated and experimental results for the TV Whitespace MTM-EBG-based
bandstop filter.
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Figure 4.21: Fabricated fixed-frequency TV Whitespace filter. The inset shows the base of
one of the interdigitated capacitors.

the experimental results was calculated as 40 MHz with a center frequency of 802.7 MHz.
This slight increase in the 10-dB ABW is largely attributed to small asymmetries between
the individual unit cells that were introduced during the fabrications. These asymmetries
also slightly affected the passband performance of the filter. While it is clear that some

discoloration was introduced during the fabrication, previous fabrications indicate that this
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has no effect on the overall performance of the filter.

4.4.2 Tunable Filter Design and Results

Dielectric Plate Design

The dielectric plate used to realize the tuning range of the TV Whitespace filter was designed
using the same procedure discussed in Section 4.3.1. However, due to the higher permittivity
used here in order to realize the necessary tuning range (¢,=10.2) and the increased number
of unit cells, the individual holes were not staggered and only the periodicity of each plate
was changed; this greatly simplified the design procedure. The design of this plate started
with shifting the response of each individual unit cell to the desired position by changing the
period of the airholes, then tuning the response of the full filter to the desired ABW. After

this tuning, the final dimensions for the plate are provided in Fig. 4.22.

Simulation Results

Simulations were performed on the TV Whitespace filter for varying degrees of displacement
X. Similar to what was done in Section 4.3, Fig. 4.23 plots the scattering parameter
response for a reduced set of displacements and Fig. 4.24 plots the corresponding 10-dB
transmission ABW against the respective center frequency. As expected due to the tuning
range and shown in Fig. 4.23, there is a substantial variation in the stop-band rejection level
as the filter is tuned. Additional unit cells could be added to mitigate this effect, but would
require different asymmetries, layout and plate designs. Even though the peak rejection level
within the stop band decreases, the passband return loss remains relatively constant as the

stop-band is tuned, and never increases above -16 dB.
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Figure 4.22: Dimensions of the four tunable plates used in the TV Whitespace tunable filter:
a) L,=40 mm, W,=3.8 mm. b) z;=1.5 mm, py=4 mm. c) x,=1.5 mm, py=2.3 mm. d)
r3=1.6 mm, p3=2.0 mm.

Compared to an unperforated plate, the bandwidth varies substantially less as shown in
Fig. 4.24. The unperforated plate has a tuning range of 54.6% with a variation of 33.0%
while the compensated plate has a tuning range of 52.3% with a variation of 13.9%. The
average ABW (BW,,) for the compensated design was calculated as 32.7 MHz. It is clear
that both the unperforated and compensated designs share a nearly identical rate of change
for large values of X and correspondingly high center frequencies. This is attributed to the
relatively small period of the air holes. While increasing this periodicity should result in a
more constant ABW over the full range, it is possible that in doing so it would sacrifice the

performance when the capacitors were fully covered. Alternatively, the air holes could be
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Figure 4.23: Simulated scattering parameters of the tunable TV Whitespace filter over the
full displacement range.

staggered in the same manner as the tunable filter presented in Section 4.3. This design offers
better variation over the TV Whitespace frequency range, which only covers 470-700 MHz.
Over this range, the unperforated plate has a variation of approximately 25.4% while the
compensated design only varies by approximately 8.9%. This in turn reduces the BW,, for

the compensated design to 30.7 MHz.

Experimental and Fabrication Challenges

The design of the tuning superstructure was far more challenging than the previous design
in Section 4.3.4 due to the requirement that each plate had to be independently varied.
A single tuning structure was printed, however the cumulative defects due to the feature
size are believed to have contributed to poor measurements and a high degree of difficultly

tuning. In addition to the tuning structure, the individual plates were challenging to use due
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Figure 4.24: Simulated 10-dB rejection bandwidth versus center frequency based on Fig.
4.23.

to the softness of Rogers 3010. Due to these complications, successful measurements over the
tuning range were not acquired. Future works concerning this device will be directed towards

re-designing the tuning mechanism to be functional with the TV Whitespace tunable filter.

4.5 Comparison to Alternate Technology

Two separate MTM-EBG-based tunable filters were designed in this chapter. Each of these
designs have excellent tunability performance that is comparable to waveguide (WG) and
substrate-integrated WG (SIW) tunable filters, as demonstrated in Table 4.1. This table
summarizes the tunability performance of both bandstop and bandpass filters on the basis
of (4.1), (4.2), (4.3) and the maximum center frequency within the tuning range. The %A
observed in Section 4.3.4 is comparable to complex WG structures and is lower than alternate
planar systems by several percentage points. While the filter designed and tested in Section

4.4 had a larger variation in the ABW, it had a larger tuning range and a comparable BW,,
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to alternate MS-based filters. Adding a single additional unit cell to this structure would

likely improve the variation to the levels observed, but was outside the scope of this work.

Table 4.1: Comparison of the MTM-EBG tunable filters to alternate bandpass and bandstop
filters in recent literature. BW in MHz and f,,., in GHz

BW,, +%A fon %T) Techno- # Tuning
logy Elements

§4.3 2447 1.31 4.03 123 MS 1

§4.4 33 139 0.8 52.3 MS J
[79]  112* 489 1.88 350 MS 2
[80] 546* 7.80 541 387 MS 3
[81] 60t 6.67 078 342 MS 4
[82] 60t 417 085 31.3 MS 6
[84] 300 5.00 162 9.5 WG 1
[85] 181* 1.66 19.7 1.7 WG 4
[86]  46* 1.63 6.00 649 SIW 4
[87] 200+ 348 15 50 MS 3

*10-dB BW, * 3-dB BW, WG=Waveguide

Simulation, Experiment

As demonstrated in this work, the MTM-EBG is easily integrated into an existing MS TL
and occupies little to no additional space; the tuning structure used here is, of course, 3D,
but is necessary for the mechanical tuning and could be miniaturized if desired without
much difficulty. Conversely, the designs presented in [79,81] and [82] have a large footprint
to accommodate the resonating elements, and require these large dimensions to ensure the
coupling coefficient displays the proper behavior with frequency. Furthermore, the depen-
dence on varactor elements in those designs limits the maximum frequency of operation and
can introduce non-linearities contributing to effects such as PIM. While WG-based filters
generally had a comparable %A to the proposed filter, they either had significantly less
tuning range [85] or employed secondary non-synchronous tuning to reduce the %A to the

reported levels and required a multi-layer design [86].

One additional benefit offered by the proposed MTM-EBG-based tunable filter is the ability

to change the tuning range without requiring a total re-fabrication of the structure. In
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[79-82,84-86] the tuning range is tied to a hardwired component, such as a varactor or a
piezo-electric actuator. As was previously demonstrated, the tuning range for the proposed

MTM-EBG is almost entirely related to the permittivity of the dielectric plate.
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Chapter 5

Conclusion

5.1 Summary

An overview behind the operation of the MTM-EBG is provided in Chapter 2, and properties
of the fully embedded MTM-EBG are examined. Two distinct applications are discussed; the
ability to realize a dual-band response through engineering a particular phase response, and
a strong predictable rejection band for bandstop filtering. It is demonstrated that a single
MTM-EBG has a phase response that is accurate to the dispersion predicted by the Bloch
analysis, with a predictable Bloch impedance from scattering parameter data. The aspect of
tunability was then discussed, and it was shown that the bandgap of the equivalent circuit
model depends heavily on the capacitance. By asymmetrically varying the capacitance of
neighbouring unit cells, the bandwidth of a finite cascade of MTM-EBG unit cells can be
increased representing a mechanism by which a constant ABW may be maintained. A
mirrored asymmetry was than investigated and found to have a pronounced effect on the
passband performance of the cascaded MTM-EBGs. This was investigated for a four cell

cascade, but should be applicable to any number of unit cells.

In Chapter 3, the MTM-EBG is ultimately used to realize a dual-band corporate feed net-

work. As an initial step, the MTM-EBG is used to develop a dual-band back-to-back
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impedance transformer for converting 50 €2 to 100 2. Experimental results verified the
initial properties, and the 70.7 Q@ MTM-EBG was re-designed for 35.4 2. Compared to
alternate dual-band embedded components in past literature, the MTM-EBG is noticeably
more compact and offers flexibility in not only the phase it produces, but also the position
of the rejection band. The dual-band T-junction was then used to realize a dual-band T-
junction power divider and expanded into the dual-band corporate feed network. An initial
design of this corporate feed network revealed a sensitivity of the MTM-EBG to asymmetric
current distributions. It was identified to be caused by the excitation of the CSL mode of
the MTM-EBG. Due to the mechanism of operation behind the MTM-EBG it was not pos-
sible to suppress this mode without seriously degrading the performance of the MTM-EBG.
Topological changes were made to mitigate the effects of the CSL mode and resulted in an
improved dual-band feed network, which was ultimately better suited for use in antenna

systems.

Chapter 4 presents two different applications of a tunable MTM-EBG-based bandstop filter
with constant ABW. The first was designed to operate with constant ABW from 3.5 to
4.1 GHz such that it may be used in telecommunication systems. An initial design of the
fixed-frequency filter is provided and fabricated. Instead of using a varactor, the tunability is
realized by placing a piece of dielectric directly on the surface of the MTM-EBG. By varying
the position of this dielectric along the MTM-EBG, the effective capacitance can be varied
with relative ease. Furthermore, due to the layout of the fixed-frequency filter the tuning
mechanism can be realized with a single element while maintaining a constant ABW. Exper-
imental results for this tunable filter verify this performance with only a slight reduction in
tuning range and an increase in the ABW. The tunable MTM-EBG was then re-designed for
an application targeting TV Whitespace filtering. To reach the necessary range, additional
unit cells were cascaded which ultimately degraded the passband performance. This was

compensated for by introducing a slight mirrored asymmetry and changes to the layout of

101



the individual unit cells; these changes required a more complicated tuning mechanism.

5.2 Future Research

Future research directions within the scope of this work include, but are not limited to:

1. Fully integrated dual-band antenna array: It was demonstrated in this work that
the MTM-EBG could be used to realize a dual-band corporate feed network. Future
implementations of this structure would focus on the integration of dual-band antenna
elements, such as the patch antennas demonstrated in [4], into the dual-band corporate

feed network to realize a complete dual-band antenna array.

2. Multi-band networks incorporating embedded MTM-EBG unit cells: Initial research
suggests this may be accomplished by using multiple cascaded MTM-EBG, each of
which have been designed such that the net phase through the cells is the desired
phase at each of the operating points. Additional research into how this phase can be
accurately modelled using a finite number of unit cells, as well as further research on

how propagation near the bandgap can be improved.

3. Extension of the MTM-EBG to the MM-wave regime: Due to the availability of fully
printed features for the MTM-EBG, this structure should be comparatively easy to
extend to MM-wave applications demanding planar structures. However, realizing the
necessary capacitance to operate at these frequencies will be the primary challenge as
current fabrication techniques used in this group are limited to features on the order of
100 pm and MM-wabe operation will inevitable require finer features. In addition, loss
will be a much more serious issue at these frequencies so finer control over fabrication
tolerances and dielectric substrates will be necessary. Lithography is a viable option

to meet these specifications, but has yet to be applied in practice.
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4. Expanded application of the MTM-EBG as a bandgap filter: A better characterization
of the MTM-EBG as a filter element would permit it to be applied to realize different
filtering layouts and applications. Furthermore, this would reduce the limits imposed
by geometric constraints. In order to accomplish this, a better understanding of the
discrete resonances of the MTM-EBG and, ideally, the development of a closed form
expression for the response of a single MTM-EBG unit cell. Some research has been
taken in regards to this goal, but is limited by a lack of understanding of how to decou-
ple the MTM-EBG from the input transmission line and characterizing the response

of the MTM-EBG on the basis of interresonator coupling.

5. Synchronously tuned constant ABW tunable MTM-EBG: The current tunable filter
has a limitation in that it requires additional unit cells to preserve the stop-band
rejection levels. Future research would examine the modifications required to ensure
a constant ABW where additional engineering of the tunable dielectric plate is not
required. Based on recent publications concerning constant ABW filters, this may be
accomplished by engineering the coupling coefficient between the input and output lines
to be frequency independent. This endeavor is limited to the current understanding of
how neighbouring MTM-EBG unit cells may couple, which is well understood on the
basis of modal coupling but offers little insight into how the coupling coefficient of this

cell may be modified.
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Appendix A

MTM-EBG Equivalent Circuit Parametric Re-

sults

A summary of the parametric results of this appendix are provided in Table 2.1. The studies
performed here done on both MTM-EBG layouts, which are shown in Figs. 2.2 and 2.4.
Other than the parameter indicated in the results, all other parameters were identical to
those provided in Table A.1. These studies are meant to serve as a guide as to how to design

and tune the response of the MTM-EBG. Preliminary studies were performed on individual

parameters of the MTM-EBG.

CPW Stripline

The first parameter to be examined is the CPW stripline (s), and the results are provided
in Figs. A.1(a) and A.1(b). It should be immediately apparent that depending on which
configuration of the MTM-EBG is used, a change in s has a different effect. When the

capacitor is placed in the CPW ground conductors, as it is in Fig. 2.2, an increase in s will

Table A.1: Base parameters used in the parametric studies.
s | ¢ | W | 4 | C | L | h | e
1.0 mm | 0.4 mm | 3.8 mm | 12 mm | 0.35 pF | 0.2 nH | 1.524 mm | 3.0
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Figure A.1: Effect of varying the CPW stripline (s) of an MTM-EBG with a layout of a)
Fig. 2.2 and b) Fig. 2.4.

reduce the size of the bandgap and cause the two 90° frequencies to shift closer together.
If the capacitor is placed in the CPW stripline, the exact opposite trend can be observed.
In fact, as s approaches the total width W the MTM-EBG with a CPW stripline capacitor

will have a larger bandgap. This represents a practical limit on the realizable bandgaps for

a given MTM-EBG layout.

CPW gap

Changing the CPW gap (g) has distinctly different effect on the dispersion of both configu-
rations of MTM-EBGs. These results are provided in Figs. A.2(a) and A.2(b). When the
capacitor is placed in the CPW ground conductors (Fig. 2.2), increases in g generally reduce
the size of the bandgap and shift the center frequency down. It does this by largely affecting
the upper 90° phase point and minimally affecting the lower phase. The same is generally
true when the capacitor is in the CPW stripline (Fig. 2.4); however, the lower frequency is

generally more strongly affected.
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Figure A.2: Effect of varying the CPW gap (g) of an MTM-EBG with a layout of a) Fig. 2.2
and b) Fig. 2.4.
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Figure A.3: Effect of varying the width (W) of an MTM-EBG with a layout of a) Fig. 2.2
and b) Fig. 2.4.

The effect of changing the total width of the MTM-EBG is sensitive the to position of the
capacitor, similar to the CPW stripline. When the capacitor is placed in the CPW ground
conductors, as it has been done in Fig. 2.2, increasing the width of the MTM-EBG causes
the bandgap to widen and subsequently shifts the two 90° operating frequencies apart. The

opposite is true when the capacitance is placed in the CPW stripline, as it has been done in

Fig. 2.2.
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Unit Cell Length
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0 74 72 37/4 n 0 74 72 37/4 n
Dispersion Angle [rads.] Dispersion Angle [rads.]

(a) (b)
Figure A.4: Effect of varying the length (d) of an MTM-EBG with a layout of a) Fig. 2.2
and b) Fig. 2.4.
The effect of the unit cell length d is more or less independent of the position of the capacitor,
as shown in Figs. A.4(a) and A.4(b). In each MTM-EBG configuration, increasing d causes

the bandgap and both 90° frequencies to shift downwards at approximately the same rate.

Series Capacitance

While changing the series capacitance C affects the bandgap and 90° frequencies in a similar
manner to that of the length d, there are some notable differences in the response. As shown
in Fig. A.5(a), when the capacitance is placed in the CPW ground conductors increasing this
capacitance will cause the bandgap to downshift and decrease in width while largely affecting
only the upper 90° frequency. The same behavior can be observed when the capacitance is

in the CPW stripline, as shown in Fig. A.5(b), but changes in C' affect both 90° frequencies.
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Figure A.5: Effect of varying the capacitance (C') of an MTM-EBG with a layout of a)
Fig. 2.2 and b) Fig. 2.4.
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Figure A.6: Effect of varying the inductance (L) of an MTM-EBG with a layout of a) Fig. 2.2
and b) Fig. 2.4.

Shunt Inductance

The shunt inductance has a negligible effect on the performance of both configurations of
MTM-EBGs as shown in Figs. A.6(a) and A.6(a). Depending on whether the capacitance

is in the CPW grounds or stripline, the bandedge which is affected changes.
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Relative Permittivity and Substrate Height
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Figure A.7: Effect of varying the CPW host permittivity (e,) of an MTM-EBG with a layout
of a) Fig. 2.2 and b) Fig. 2.4.

As shown in Figs. A.7(a) and A.7(b), the permittivity of the MTM-EBGs host medium has
an nearly identical effect on both MTM-EBG configurations. In both designs, increasing e,
shifts the bandgap down; however, depending on the position of the capacitor, the width of
the bandgap will either remain constant or increase. Conversely, as shown in Figs. A.8(a)
and A.8(b), the height of the dielectric substrate has almost no effect on the performance

outside of a slight narrowing of the bandgap for increasing thickness.
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Figure A.8: Effect of varying the CPW host thickness (h) of an MTM-EBG with a layout
of a) Fig. 2.2 and b) Fig. 2.4.
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Appendix B

Analytical equations to determine the neces-

sary MTM-EBG loading

[Ze]; [v], d/2 [Zc), ], d/2

Figure B.1: Equivalent Circuit Model used to determine expressions for the cut-off frequen-
cies of the MTM-EBG.

The MTM-EBG is typically analyzed purely on the basis of the equivalent circuit diagram.
This is largely a result of the complexity of the underlying MTL host medium. However,
there has been work done in the past which successfully derived quasi-closed form expressions
for the cut-off frequencies of an MTM-EBG. Specifically, in [18], expressions for the cut-off
frequencies of a shielded Sievenpiper mushroom are derived. The relevant frequencies are
indicated on Fig. B.2 and represent some of the I'= (8d = 0) and X— (8d = 7) points of the
MTM-EBG. Two additional frequencies are indicated on Fig. B.2 (f. and f.) but these
generally do not overlap with f; and fs; the overlap observed here is purely coincidental and

breaks down with increasing inductance.
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Frequency [GHz]

Si=fe

= MS-like = CSL-like = CPW-like
1 T T I
0 74 72 374 b2
Dispersion Angle [rads.]

Figure B.2: Dispersion diagram for a unit cell with dimensions: s=1.0 mm, g=0.4 mm,
W=3.8 mm, d=12 mm, C'=0.38 pF, L=0.1 nH, ¢,=3, and h=1.524 mm. The relevant X-
and ['-frequencies are labelled as f; and f5, which have values of 3.422 and 3.744 GHz
respectively.

Shown in Fig. B.3 is a summary of these conditions from [18]. Each condition indicates
a situation where each output port is terminated in either a short circuit or open circuit.
This is further restricted by specifying a termination at the unit cell half-point, thereby
representing either a full wavelength or half-wavelength resonance condition. Each of the
resulting four conditions [(B.1a), (B.1b), (B.1c), and (B.1d)] can be calculated by evaluating
the determinant of each of the block matrices of the half-cell chain matrix ([Ag], [Bx], [Ch]
and [Dy]) of the MTM-EBG. Prior to finishing this derivation and analyzing the resulting
expressions, it is not possible to determine which of the four cases is related to each frequency.
As such, they will be distinguished by either an fx, which is either f; or f4, or an fr, which

is either f5 or f3.

det|[A]] = 0 (B.1a)
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Boundary Conditions Formula Non-Zero Variables | phase shift / frequency
ALV =0
V, = V71+1 =0 " "Jr% p
I.,-0 = det(Ay) =0 I, = C;Z,V”+% (Bd)y =7 (f1 or f1)
Bk IrL+1 =-1,
Byl 1=0
V, =V -0 n+s
v 2 ! = det(By)=0| TL,=DyI, .. (Bd)s =0 (fs or f3)
n+3 2
In+1 = In
L=T,1=0 CiViry =0
r % = det(Cr)=0| Va=AV, 1 | (B =0(fsor f)
+3
s Vn+1 = Vn
I, = In+] =0 DhInJr% =0 p
V =0 = det(Dh) =0 V, = BhInJF% (ﬂd);r =7 (f_1 or fl)
" Vn+l - 7Vn

Figure B.3: Resonant conditions for the cut-off frequencies of a symmetric MTM unit cell.
Taken from [18].

det|[By]| = 0 (B.1b)
det|[Cy]] = 0 (B.1c)
det|[Dy]] = 0 (B.1d)

As will be demonstrated in this chapter, it is not possible to re-organize the above equations
to directly determine the cut-off frequencies that would result from a given loading. Instead,
it will be shown that given a desired edge frequency and host geometry, the above conditions
may be used to determine the necessary loading values. The subscript £ is used in the

following derivation to specify that the matrix has been evaluated at frequency fi, where

ke {1,2,3,4}.

B.1 Chain Matrix Derivation

Applying the analysis of [36] requires the individual components of the MTM-EBG to first
be modelled as chain matrices. This first requires a mechanism of modelling the properties of

the underlying MTL host medium. Similar to two-conductor TLs, this is done by determing
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the RLGC matrix parameters that describe the MTL host medium. For simple geometries,

analytical expressions may be available; however, for more complex geometries such as the

host of the MTM-EBG (CBCPW), numerical solutions may be preferred.

The connecting lengths of unloaded MTL host medium are well modelled in [12] and, in the

voltage domain, are defined as (B.2), where [y]; represents the terminal domain propaga-

tion matrix of the host medium at f;. [Z.] represents the terminal domain characteristic

impedance matrix and, generally, is frequency independent:

cosh (|v]x!
T = (VD)

[Z:]sinh ([y]xl)  [Ze]~ cosh ([v]il) [Zc]

sinh ([v]l) [Z] (B.2)

A similar expression can be derived for the series capacitor and shunt inductor elements.

They are shown for the series and shunt elements in (B.3) and (B.4), respectively.

Telk =

[Tl =

1 Z.[7
A k[A oe) (B.3)
0 i
i 0
) (B.4)
Yi[Yi] 1

[Z!.] and [Y},] have a very specific form that is defined based on how the reactive elements

are connected to the conductors of the MTL host medium. In (B.3), [Z,] depends on the
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position of the capacitor. For the case where the capacitor is in the CPW stripline, which is

the case examined here and is shown in Fig. 2.4, results in [Z/.] of (B.5):

00 0
Z.)=101 0 (B.5)
000

For the MTM-EBG where the inductors are only placed between the upper conductors (Fig.
2.2 and 2.4), the [Y/,] always has the form:

Yol=|-1 2 -1 (B.6)

(B.2), (B.3) and (B.4) can then be cascaded to form the half unit cell chain matrix as shown
in (B.7).

B B [Alr ZiAle[Z] + [Blw
(Thlr = [TL]e[TIk[Te)k =
YilYillAlk + [Cle - (V[Y ALk + [Cli) Zi|ZL] + YY) [Blx + [D]k

se

_|[Asle [Bule (B.7)

[Chli [Dnli
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B.2 Derivation of the expressions

Case 1: det[A]14 =0

The first, and easiest, case to examine is that defined in Equation (B.1a). Since [Ap]; 4 is equal
to [A]1 4, this has a well defined form and is practical to directly evaluate the determinant.

This is shown in Equation (B.8):

Tv(ehd]lﬁll + 6_[7d]1,4l)Tv—1
2

— det (e[’Yd]1,4l + 6—[’7d]1,4l) =0 (B.S)

det[A]; 4 = det (cosh ([y]1.4])) = det
(ehdh,z;l + 6*[%1}1,41) 1
2 detT,

= detT,det

This can further be expanded into a polynomial expression for solutions of 7;, which can
then be evaluated to determine the corresponding f. FEvaluating this expression finds that
solutions must occur when 7,0 = 7/2. Since the periodicity of the unit cell is d = 21, this
solution corresponds to situations where the total cell length is one half-wavelength and

appear to represent frequency f; on Fig. B.2.

Determinant Properties

The remaining cases do not reduce as concisely as (B.8) due to the fact that, generally,
det|A + B| # det|A| + det|B|. It is possible however to re-arrange the remaining cases into

a form where the loading values may be calculated from a desired cut-off frequency and
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known host medium. In order to do this, two properties of determinants are employed: the
first states that if row/column i/j of a given matrix can be expressed as a sum of different

row/columns u and v, the determinant can be calculated as:

S [ A
=det |G, ... v+u ... Gn]
=det |G, U Gn} + det {Gl i G, (B.9a)

The second property relates to the effect of a scaling factor on a given row. If a single

row/column is multiplied by a scaling factor (k), the resulting determinant is equal to:

det|G| = det [(‘;l o kG Gn}

= kdet [c‘;l s G . @n} (B.10a)

If m rows/columns of the matrix are scaled by the same factor, it instead multiples the
determinant by a factor of k™. These two properties are used extensively in the remaining
cases to separate and isolate the loading in order to determine expressions for this loading

as a function of the swapped transmission matrices.
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Case 2: det[Bp|23 =0

to

As we are assuming the capacitor was placed in the CPW stripline, which causes [Z’ ]

look like (B.3), additional simplifications can be made to (B.1b). The product of [Z! ] and
another matrix results in matrix that contains only a single non-zero column vector, which
correspond to conductors with the capacitor. As a result of this, the determinant of (B.1b)

can be simplified to B.11, where 51,273 are the column vectors of [B]s 3, which is evaluated at

f2,31

det[Byaz = det (Za3[A]23[Z0] + [Bla3)
= det |:b1 by + Z.302 b3}

= Zgygdet |:b1 52 b3:| + det[B]Q’?, =0 (Bl].)
det[B]Zg

(B.12)

While Z, 5 is generally complex, the real part is primarily due to numerical errors. As such,

it is ignored when finding the loading capacitance C' in (B.13):

N _47rf2731m(2273) <B13)
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Case 3: det[Cla3 =0

Similar expressions for each of the remaining cases can be determined here using an identical
analysis; however, they result in substantially more complicated expressions than what is
provided in (B.13). The solution to (B.1c) is shown in (B.16), ¢; 23 are the column vectors

of [Cla,3, which is evaluated again at fo 3:

det[Chlas = det (Yo3[Yi,][Al2s + [Clas)
[Yonl[Al2s = {51 5, 53} (B.14a)
. det[Ch)a,3 = det {51 + Ya301 G+ Yosdy &3+ Y2,353} (B.14b)
= det[Cla 3 + det [51 Cs Y2’353] + det [51 Y2300 53] + det [}/27351 Cs 53]
+det {51 Ya 30 3/2,353} + det {Y2,351 Co 3/2,353} + det {Y2,351 Ya.305 53}
et ¥rAT
= det[C] + <det {Cl Co 53} + det |:Cl 85 03} + det [51 Gy C?D Yas
+ (det [Cl 5y 53} + det [51 Co 53} + det {51 5o 03}) Y22,3

= Z1Y22’3 + m1Y2,3 +ny = 0 (B]_4C)

o+ T A
B L 2;”1 + 2am (B.15)
1

Similar to Z 3 in (B.12), YQ%) is a complex number with an overwhelmingly large imaginary
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portion. The inductance can then be calculated as:

1

L = s
47rf2731m(Y273)

(B.16)

As is apparent in (B.15), there are two possible solutions. In Fig. B.2 there are two high
frequency I'-points indicated (fs, and fs5). As such, each of the solutions to (B.15) corre-
sponds to the loading inductance required to place either f3, or f3, at the specified location.
Initial evaluation of this function indicate that it has two realizable (i.e. positive) and large
L values. This suggests that fo, which is the upper cut-off frequency of the actual bandgap,
is related to (B.13).

Case 4: det[Dp]; =0

Since we have determined that f; is defined by solutions to (B.1la), solutions to (B.1d) are
prescribed by fi, so we specify this frequency in all matrices. To find these solutions is more
arduous than either of the previous cases. This derivation is started by defining the following

matrix products as a set of column vectors, similar to the previous cases:

Yo [AL

s

|:511 5/2 (5/3:| (Bl?a)

I (B.17H)
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(B.1d) can now be further re-arranged as follows, where d, 5 3 are the column vectors of [D];,

'y is the 2nd column vector of [C];, and A = Yifiy + Z1(Y18'y + ¢/2):

det[Dy]; = |:d1 + Y do+ A ds+ Ylus}
= det[D]; + Yidet [dl ds ug} + Yidet [m dy d3:| + Yidet {m dy ,u3:|
+det |:d1 A dg} + Yidet [dl A Mg} + Yidet [m A dg}
+YPdet {#1 A M3}
= det[D]; + Yidet [dl ds ug} + Yidet [m ds d3:| + Yidet {m dy M3:|

—f—ALC (B18a)

The expansion of Ay incorporates both the series and shunt loading, and expands into:

Apc = Yidet [dl is dg] + Y det [dl iz ug] + Y{det [ul fia dg}
+Z det [dl s d3} + Y1 Z1det ldl s [L3:| + Y1 Zdet |:d1 &y d3]
+Y1 7 det [Ml 0‘/2 d3:| + Y12Zldet [Ml 5/2 dg] + y12Z1det {dl 8/2 #3}

+Y7 Zdet {m o ug} (B.19)
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Substituting (B.19) into (B.18a), and re-arranging results in (B.20a):

det[Dy]; = LY + maYy + ng + Zy(IY2 + mbY; +nb) =0 (B.20a)

where :

lo =det |d, iy m] + det [m d ug] + det [ul fiz ds] (B.20Db)
my =det |5, d, d3] + det {dl fio d3] + det {dl ds Ms] (B.20c)
ly=det |5, &, dg] + det {dl & ﬁ?’} + det {/jl Gy Iag} (B.20e)

my =det | & dg} + det {dl s /13} + det {dl & dg} (B.20f)

ny =det |d, s dg] (B.20g)

Since this function is dependent on both Y] and Z, it requires information on either C' (B.13)
or L (B.16). This offers some flexibility in the design, and depending on the application, may
incorporate a much larger inductance. In addition, it is apparent that all of these expressions
are transcendental in nature, and cannot be used to calculate the resulting frequencies for a
given reactive loading scheme. They can, however, be numerically inverted to evaluate the

frequencies that would result from a specified reactive loading.

Alternate Loading Schemes

The analysis performed here requires a uniform loading on each inductor element. Without
this uniformity, it becomes much more difficult to evaluate the necessary loading. The un-

derlying loading matrix ([Z..] or [Y.,]) can be modified if an asymmetric loading distribution
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is desired, but this is outside the scope of this work. In addition to a asymmetric loading, an
arbitrary loading matrix can be incorporated at each reactive region. To analyze the effect
of such a matrix, the analysis of Section B.10 is more appropriate as it can be more easily

modified for an abitrary load matrix.

The same process can be applied to the analysis of Section B.10 in the case where series
capacitors are placed in both ground arms of the CPW medium. This does, however, result
in a quadratic expression for (B.12) with two possible values for C. The solutions correspond
to low frequency I'-points of the CSL-like and CPW-like modes, which overlap when the
capacitor is placed in the CPW stripline. In the case where series capacitors are attached
to each conductor of the CPW, (B.12) will be a third order polynomial with three possible
solutions. Two of these are again related to the low frequency I'-points of the CSL-like and
CPW-like modes, while the third is related to the cut-off frequency of the MS-like mode.

This configuration has been discussed in [3].

B.3 Procedure for determining the loading values

The abovementioned equations, while powerful, may be non-intuitive to an unfamiliar de-
signer of the MTM-EBG in how to actually design the necessary reactive loading. Therefore,

a design procedure that is applicable to a fully printed MTM-EBG is provided here.

Step #1 Determine the host medium RLGC parameters: As mentioned earlier in this
Appendix, the complexity of the host medium of the MTM-EBG makes it more prac-

tical to numerically calculate the underlying host medium.

137



Step #2

Step #3

Step #4

Selecting fx and fr: To a reasonable degree, the bandgap edge frequencies are well
approximated by fx and fr. As such, a desired center frequency and bandgap can be

used to calculate fx and fr.

Calculating the capacitance: The capacitance is calculated first from (B.12) and
(B.13), under the condition that fo3 = fr. (B.15) could be used to calculate L under
the same frequency condition, but requires additional evaluation to ensure that the
bandgap is properly defined and generally requires much larger inductance than can

be realized with a single ribboon inductor.

Calculating the inductance: First, it should be recognized that fx = fi, implying
that the inductance can be calculated from (B.20a). The capacitance calculated in

Step #3 is used here to calculate L by first calculating the reactance of C' at fx as:

1

Ix = ——F—
X 4j7Tch

(B.21)

This can then be substituted into (B.20a) to solve for the admittance of the inductance

Y)((i) as follows:

—(TTL2 + ZXm'Q) + \/(TRQ + ZXmQ)Q — 4(l2 + leé)(HQ + ZXn’Q)
2(ly + Zxl})

v = (B.22)

The coeflicients Iy, I;, mo, m,, ny and nj are defined earlier, where the individual

matrices are again calculated about fx. From (B.22), it is clear that there are two

possible solutions. Generally, however, only Y)((_) represents a valid solution as Y)(;r)

typically requires a negative inductance.

L=-— ! (B.23)

Ar fIm <Y)((_)>
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Appendix C

Studies on the poor passband performance of

a four cell MTM-EBG-based filter

In Chapter 2, Section 2.3.2 it was shown that when four identical unit cells were cascaded,
the location of the return loss minimas in the passband were strongly related to the total
structure rather than a property of the individual unit cells. To further validate this claim
consider the four cell case shown in Fig. C.1(a); this is the same configuration that was
discussed in Chapter 2, Section 2.3.2. As the length of the unit cells are changed, the
position of the reflection zeros (star markers) changes as well; this is shown in Fig. C.1(b).
Comparing the phase at these points in Fig C.1(c), it is clear that far from the bandgap the
minima correspond to half-wavelength resonances of the total structural length, rather than

a periodic effects introduced by the dispersion of the MTM-EBG.

Near the bandgap, however, they do not follow such a rule and these minima typically
indicate the presence of a substantial mismatch. This limits the applicability of the MTM-
EBG as a constituent filter element. To determine the source of this mismatch, surface
current profiles of the MTM-EBG were extracted from HFSS at the locations of the square
markers in Fig. C.1(b). The resulting profiles are shown in Figs. C.2(a) and C.2(b). It is
clear that this current distribution could not arise from a pure MS-like mode as the currents

on the CPW ground conductors are contradirected from the currents on the CPW stripline,
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suggesting that some portion of this mismatch is due to a contribution from the CPW-like
mode. Consider the dispersion diagram corresponding to this unit cell which is shown in
Fig. C.3. Very near the edges of the bandgap, where these mismatched frequencies occur,
the CPW-like field components are only very weakly attenuated. As such, in the case where
there are only a finite number of unit cells it is possible that the CPW-like mode would
propagate weakly propagate through the filter. This supports the notion that the source of
this mismatch is related to this secondary mode; it cannot be mode-matched to improve this

mismatch without sacrificing performance of the MS-like mode.

C.1 Parametric Studies

To resolve this mismatch inspiration was taken from conventional filter theory. For an opti-

mally flat fourth order filter, the loading elements are not identical [92]; they are “mirrored”

W, Cell #1]| W, Cell #2 Cell #2 C, |Cell#1 Cq

0
— d=10mm — d=12mm — d=14mm
— —100 +
&
= 200 |
3
)
§ —300
g
£ —400
=500
T T T
1 2 3 4 5
Frequency [GHz] Frequency [GHz]

(b) ()

Figure C.1: a) Four unit cell layout with discrete lumped capacitors where the inner and
outer unit cells are permitted to be different. b) Magnitude response for symmetrically
varying the lengths of the unit cells and ¢) de-embedded transmission phase of the four unit
cells. The markers indicate the location of the reflection zeros.

140



Isurf [A/m]

16808, BABA
946, 6666
B895.35333
548, BaBa
7B8E. BEEE
7335, 3333

680, BOBE

626. 666G . - A b At A A s

573. 3333 e Pyt o RO .- L SRR NSO - O
- -

s20. 6000 e e

-

Jsurf [A/m]

1000, BABa
946, G666
B893.3333
548, EBE

78E. BBEE
735, 3335
680, BOBE

466. 6667
418. 3838
360, asa
386. 6667
255, 3335
280, BaEe

[ - - e o e
626. 6666 N W A . i Wl A Yl
e bt et A ]
5735. 3533 ot et e
520, eoge

466, 6667

13,3333
560, BABE
306, 6667
255, 5335
200, BO0E

Figure C.2: Surface current vector plots showing the current distribution at: a) 3.44 GHz
and b) 3.81 GHz.

Table C.1: Base parameters used to examine the filter properties.
S1 g1 Wi dy Cy h c
S2 92 Wy dy Cy "

1.0mm | 0.4 mm | 3.8 mm | 12 mm | 0.35 pF | 0.5 mm | 1.524 mm | 3.0

w;

in such a way that the outer elements differ from the inner elements. The MTM-EBG is
not modelled in the same way as a conventional filter so a prototype filter is not used as a
starting point, but the effect of similar asymmetry is practical to examine here. Parametric
studies were performed on the various parameters of the four cell MTM-EBG shown in Fig.
C.1(a). Since these unit cells are designed on the same substrate, the effect of asymmetric
permittivity and thickness was not examined. Furthermore, since the inductors on the edges
were effectively shorted due to the MS TL input and output lines, the effect of asymmetric
inductance was not examined. The base parameters for each unit cell are outlined in Table

C.1.
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Figure C.3: Dispersion diagram of an MTM-EBG with the capacitor in the CPW stripline.

CPW Stripline width

— S — 5=0.50mm — 5=1.00mm — s5=1.50mm — S — =050mm — 5=1.00mm — s5=1.50mm
-- S — 51=0.75mm — s5;=1.25mm -- S — $5=075mm — s5=125mm

Frequency [GHz] Frequency [GHz]

(a) (b)
Figure C.4: Effect of asymmetrically varying the CPW stripline width s for: a) Cell #1 and
b) Cell #2.
The first parametric examined was the effect of the CPW stripline widths of cell #1 (s;) and
#2 (s9)respectively; these results are provided in Figs. C.4(a) and C.4(a). Changing only s;
has a pronounced effect on the overall passband performance of the filter and improves the

total passband for smaller values of s;. However, these changes do not affect the location of
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the minimas near the bandgap and has a relavitely minor effect on their levels. Similarly, the
bandwidth is generally weakly affected by increasing s;; a large decrease in s; compared to
s9, however, will increase the rejection band. Changing only ss, however, shifts the location
of these minima as well as there levels. An increase in s, increases the return loss on the
lower edge of the rejection band, while decreasing it on the upper edge; the opposite is true
as well. The bandwidth increases by a small margin for increasing s, but this is expected

based on the parametric studies in Appendix A.

CPW gap width

— S — £=02mm — g;=04mm — g;=0.6mm — S — £=02mm — g=04mm — g=0.6mm
-- S5 — g=03mm — g;=0.5mm -- S — £=03mm — g=0.5mm

Frequency [GHz] Frequency [GHz]

(a) (b)

Figure C.5: Effect of asymmetrically varying the CPW gap width ¢ for: a) Cell #1 and b)
Cell #2.

The effect of the CPW gap width ¢g; and g, were examined next and are provided in
Figs. C.5(a) and C.5(b). Increasing ¢; increases the return loss of the upper band-edge,
but causes the entire band to shift down in frequency and degrades the performance below
the rejection band. Changes in go are more pronounced as any divergence from the nominal
values can cause the rejection band to split into multiple smaller bands. This is largely

attributed to the fact that changes in the gap width g have a relatively strong effect on the
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center frequency of the rejection band. Such a sensitivity was not as pronounced for changes
in g; because the outer cells are best viewed as individual unit cells whose magnitudes are

expected to differ from the predicted dispersion.

CPW total width

— Siu — Wi=3.0mm — W;=38mm — W;=4.6mm — Sii — Wo=3.0mm — Wo=38mm — W,=4.6mm
-- S — W;=34mm — W;=4.2mm -- S — Wr=34mm — W,=42mm

[dB]
[dB]

Frequency [GHz] Frequency [GHz]
(a) (b)

Figure C.6: Effect of asymmetrically varying the CPW width W for: a) Cell #1 and b) Cell
#2.
Changes in both W; and W, have relatively minor effects on the performance near the
rejection band, but have a more pronounced effect on the general passband; these results are
shown in Figs. C.6(a) and C.6(b). Increasing W; generally increases the return loss of the
passband below the rejection band while increasing it above. Increasing W5, however, has
almost no effect on the passband above the rejection band. It does have a more pronounced

effect on the passband return loss near the lower edge of the rejection band.
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— S — di=10mm — di=12mm — d;=14mm — S11 — dr=10mm — dr=12mm — dr=14 mm
-- S — di=llmm — d;=13 mm -- S — &d=llmm — d&=13mm

Frequency [GHz] Frequency [GHz]

(a) (b)

Figure C.7: Effect of asymmetrically varying the unit cell length d for: a) Cell #1 and b)
Cell #2.

Unit Cell Length

Based on the parametric studies provided in Figs. C.7(a) and C.7(b), the length d of the unit
cell is an unreliable parameter to change to attempt to improve the passband performance.
Even slight changes in either d; and ds can introduce significant changes in both the rejection

band and the passband.

Series Capacitance

While both the capacitance C' and the length d alter the center frequency of the bandgap,
changes in capacitance are far more beneficial to the passband response of a finite cascade.
As demonstrated in Figs. C.8(a) and C.8(b), small changes in the capacitance can have a
substantial effect on the performance of the filter. If C] is increased, the return loss on the
lower band-edge will decrease and it will increase on the upper band-edge. Changes in

have a slight effect on the overall bandwidth, but don’t drastically affect the location of the
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— S — C1=0300pF — C;=0350pF — C;=0.400pF — S;; — C,=0300pF — C,=0.350pF — (,=0.400 pF
- S21 -_ C|:0.325 pF -_ C1:0.375 pF - S21 -_ C2:0.325 pF -_ C2:0.375 pF

Frequency [GHz] Frequency [GHz]

(a) (b)
Figure C.8: Effect of asymmetrically varying the unit cell capacitance C' for: a) Cell #1 and
b) Cell #2.
minima closest to the bandgap. However, changes in (5 have a more pronounced effect on
the locations of these minima and the size of the bandgap. Increasing C5 has the return loss
of the lower band-edge to decrease, but also causes the minima to be down-shifted. It has a
more pronounced effect on the upper band-edge, and increasing C5 causes the return loss of

the upper band-edge to increase; a similar downshift of the minima can be observed.
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