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Abstract

This thesis investigates applications of metamaterial-based electromagnetic bandgap
structures, or MTM-EBGs. MTM-EBGs are uniplanar, compact, and often fully
printable, making them ideal candidates for integration into planar topologies. This
differs from many other metamaterial-based structures that have been proposed in
the last couple of decades, many of which have shown great potential but have suf-
fered from drawbacks including difficult integration into existing structures, poor
operating characteristics, and expensive fabrication. Along with its useful physical
and electrical properties, the recent development of MTM-EBG theory based on mul-
ticonductor transmission line techniques has rendered its properties predictable and
designable, and this presents an excellent opportunity to fully explore how they can be
used to improve performance and reduce the size of commonly used microstrip-based
structures. In particular, embedding MTM-EBG unit cells directly into the metallic
features of microstrip-based circuit components and antennas is an efficient way to
produce multi-band operation without taking up any extra circuit board space. A
general approach is taken that further allows the same technology to be used in a
multitude of different applications. This is demonstrated with the design of many dif-
ferent circuit components, including dual- and tri-band microstrip stub filters, dual-
and tri-band matching networks for arbitrary impedances, and a dual-band Wilkinson
power divider. There are diverse uses in antenna applications as well; a dual-band
antenna is first presented, followed by a simultaneously dual-band and dual-polarized
antenna, as well as a GPS antenna with increased bandwidth. A tunable version of

the dual-band dual-polarized antenna demonstrates further possibilities of what can
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be achieved with the MTM-EBG. Most devices were fabricated for comparison to
simulation and excellent agreement is consistently seen between both sets of results,
further suggesting that the MTM-EBG is a versatile and extremely useful tool for

creating the next generation of miniaturized and multi-functional microwave systems.
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Preface

This thesis is an original work by B. P. Smyth, however, sections of it have previously
been published by the author.

Section 4.5 is adapted from work first published by S. Barth, B. P. Smyth, J.
A. Brown, and A. K. Iyer, “Theory and Design of Dual-Band Microstrip Networks
Using Embedded Metamaterial-Based Electromagnetic Bandgap Structures (MTM-
EBGs)”, IEEE Trans. Antennas Propag., vol. 68, no. 3, 2020, pp. 1761-1772.
The work on the Wilkinson power divider and associated data is my own (other
sections of the work that are not primarily mine were excluded from this thesis),
although S. Barth created the plot in Fig. 4.28 using data that I obtained. Part of
the literature review from this publication was adapted for Section 2.3 of this thesis
as well, particularly the discussion of multi-band couplers and power dividers; some
of these references were first found by S. Barth and J. A. Brown. The remainder of
Chapters 2 and 4 are original to this thesis.

The dual-band antenna forming section 5.2 was first published as B. P. Smyth,
S. Barth, and A. K. Iyer, “Dual-Band Microstrip Patch Antenna Using Integrated
Uniplanar Metamaterial-Based EBGs”, IEEE Trans. Antennas Propag., vol. 64, no.
12, 2016, pp. 5046-5053. This work was primarily my own, with S. Barth assisting
mainly in the MTM-EBG theory section. Plots from this work that may contain data
from S. Barth are also reproduced in section 3.2 as Fig. 3.8 and Fig. 3.9.

The dual-band, dual-polarized antenna in section 5.3 was published as B. P. Smyth
and A. K. Iyer, “Low-Profile Uniplanar Dual-Band and Dual-Polarized Microstrip
Patch Antenna Using Embedded MTM-EBGs”, IEEFE Trans. Antennas Propag., vol.
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69, no. 7, 2021, pp. 3645-3653.

Chapter 3 includes a background on the device fundamental to this thesis, the
MTM-EBG. Parts of section 3.2 are adapted from work by S. Barth, particularly
from [1, 2], and while this work takes inspiration from his theory, the techniques and
data are otherwise my own.

Finally, Sections 4.4 and 4.5 are based on a paper that has been accepted for
publication but remains in press at the time of the submission of this thesis. The
paper, by B. P. Smyth and A. K. Iyer, is titled “Multi-Band Impedance Matching
Using Microstrip-Embedded MTM-EBGs”, and is due to be published in the IFEFE
Trans. Microw. Theory Techn. later in 2023.

All of this work was completed through discussion, input, and collaborative brain-

storming with my supervisor, Dr. A. K. Iyer.



“And Ilivatar spoke to Ulmo, and said: ‘Seest thou not how here in this little realm
in the Deeps of Time Melkor hath made war upon thy province? He hath bethought
him of bitter cold immoderate, and yet hath not destroyed the beauty of thy
fountains, nor of thy clear pools. Behold the snow, and the cunning work of frost!
Melkor hath devised heats and fire without restraint, and hath not dried up thy desire
nor utterly quelled the music of the sea. Behold rather the height and glory of the
clouds, and the everchanging mists; and listen to the fall of rain upon the Earth!’”

- J. R. R. Tolkien, The Silmarillion
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Chapter 1

Introduction

1.1 Motivation

Microwave systems have become increasingly important in modern life. Wireless
devices communicating in the radio, micro-, and millimetre-wave spectra are found
in all sorts of everyday items; individuals often keep a variety of devices that operate
in these bands with them at all times. Smartphones are ubiquitous and connect to
3G, LTE (long-term evolution), and 5G networks, operate on Wi-Fi, and connect to
other devices with Bluetooth. The phone may be communicating with a smart watch
or wireless headphones, may transfer data to another phone through NFC (near field
communication), or may be charging wirelessly.

Broader infrastructure facilitates these connections; 3G and, increasingly, 5G net-
works require massive public infrastructure to run, with different challenges in urban
environments, where noise is an issue, compared to more rural settings, where power
levels and coverage must be addressed. Some situations are more localized; a concert
or sporting event where a large number of people are gathered faces a considerable
challenge in overcoming noise constraints and bandwidth requirements.

Communications are hardly the only use for microwave and RF devices that are
increasingly in demand. A range of sensing-related applications that are accurate,
reliable, and comprehensive are appearing in various fields. Consider radio-frequency

identification (RFID), which typically uses small passive or active tags to communi-



cate with a reader, for the identification of items or the sensing of the surrounding
environment [3]; compare this to automotive radar, which uses a broad range of fre-
quencies to identify obstacles around a vehicle and to react accordingly. Overlay this
with other devices that form the Internet of Things (IoT), and complexity compounds
substantially. Each of these applications and everything in between presents unique
and interesting challenges to the microwave community.

A large part of the solution to these problems depends on the spectrum itself,
which is strictly managed by national and international bodies. The radio, microwave,
and, increasingly, mm-wave spectra are partitioned into bands that may be licensed
or unlicensed (and may differ by region), and restrictions on device power levels
and interference with other bands apply. Since the spectrum is a limited resource,
however, more efficient use of the available spectrum is required to meet the demands
of modern systems. For example, it is estimated that basic implementation of the IoT
alone (which includes Bluetooth, Zigbee, LoRaWAN or SigFox in unlicensed bands,
enhanced machine type communication (eMTC) and narrow-band IoT in licensed
bands) requires about 76 GHz of the spectrum [4]. Spectrum sharing can reduce this
to about 19 GHz, which is much more manageable but still a significant chunk of
the finite frequency space available [4]. In part, this reduction depends on dynamic
system access to more efficiently use the spectrum, rather than having fixed channel
allocations [5].

New solutions to maximize use of the available spectrum are being implemented
in many emerging protocols. As an example, the Citizens Broadband Radio Ser-
vice (CBRS) covers a frequency range of 3550-3650 MHz and utilizes a spectrum
access system (SAS), which dynamically allocates spectrum to various tiers of users
[6]. The requirements of such a system are complex and yet stringent [7], and this
puts demands on the hardware that must be used to operate in such an environment.
Devices including antennas and the RF front end should be operable across the entire

CBRS band to facilitate dynamic frequency assignment, and a user also has to report



position changes every 60 seconds. This requires a global navigation satellite system
(GNSS) such as the global positioning system (GPS) in North America, a communi-
cation channel with the SAS, and the ability to dynamically adapt to the prescribed
channel.

Improving usage of the spectrum and generally meeting the needs of burgeoning
wireless industries requires technologies that present an improvement over the current
infrastructure. Devices are required that outperform existing systems, as measured
by any number of metrics. This could include increased bandwidth for higher data
rates, or high selectivity to reduce interference. Antennas with higher directivity can
be used to reduce system power or increase signal-to-noise ratio if the required trans-
mission direction is known, as can an omni-directional antenna with higher radiation
efficiency when greater spatial coverage is needed; the choice is application depen-
dent. Many advantages arise from reducing power consumption and an increasing
amount of devices aim to be completely batteryless. Along with improving individual
system metrics, increased functionality is often required, such as the ability of devices
to operate over several bands or perform several functions simultaneously. Smaller,
multi-band, and multi-functional devices can render products cheaper, more mobile,
and able to be embedded into everyday objects. The best new devices will present
improvements in several of these areas simultaneously, and include other advantages
not listed here. These improvements to individual microwave components form a
critical contribution to realize the next generation of wireless devices, sensors, and
systems.

This work aims to take a metamaterial (MTM)-based structure that inherently
has some advantages for use in microwave systems, and using a systematic approach,
demonstrate its integration into a variety of microwave applications for improved
performance, particularly to render antennas and related circuit components multi-
band. The approach is based on a well-developed theory and is general enough to be

used for both circuit components and antennas, for dual- or tri-band applications at



nearly arbitrary frequencies. While many technologies have been proposed for spe-
cific applications, this work intends to develop a more general approach to rendering
devices multi-band. In doing so, this thesis attempts to realize in practice some of
the device improvements promised when modern MTM theory was first developed.
Rapid and rigorous theoretical advancements suggested many practical and exciting
implementations at that time, but these have not yet been widely adopted for com-
mercial applications, due to difficulties such as ad-hoc design procedures, fabrication
complexity and sensitivity, large sizes, and difficulty of using a given structure for
multiple applications. This work presents a technology and theory with which many

of these challenges can be overcome.

1.2 Objectives

The objective of this work is to use a recently developed technology known as the
MTM-based electromagnetic bandgap structure, or MTM-EBG, to create a suite
of multi-band circuit components and antennas that are compact, uniplanar, and
practical for many applications and arbitrary frequencies. This particular structure
has been developed with analytical and theoretical rigor, and while some advances are
made in this regard, creating practical design strategies and guidelines is prioritized.
This work intends to allow a designer to quickly begin using the MTM-EBG to create
multi-band circuits for many applications, independent of structure, frequencies, or
substrate, while providing them with design strategies, intuition, and data to simplify
the process.

When MTMs were first introduced, theory was quickly developed with the promise
of transforming electronics in the microwave regime; consider the broad range of novel
properties and devices discussed in [8]. While new theories, technologies, and devices
have been created as a result, there has been at times a haphazard quality to the body
of research. Some developments have had excellent theoretical rigor without resulting

in practical devices, while some excellent and novel structures have been proposed
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without a strong theoretical foundation. More often, researchers have reverted to
ad-hoc design methods or simplistic models that fail to encapsulate the full richness
of a MTM-based structure, or is only applicable to specific situations.

A subset of MTMs, EBGs, have also been used extensively at microwave frequencies
and many practical realizations have been demonstrated, for example in antenna
applications [9]. While suffering from some similar drawbacks to the broader class
of MTMs, they also tend to be large and difficult to integrate with existing devices.
Their usage is therefore limited without compact realizations.

The MTM-EBG can be used to bridge these gaps for several reasons. It is rigorously
designed, but the design process can be simplified when necessary, and analysis of
the MTM-EBG can be completed independently from analysis of the device that it
is embedded into. Standard design procedures for different circuit components and
antennas can therefore still be used, and an independently designed MTM-EBG can
be implemented into arbitrary devices to enable multi-band operation. The approach
is general and works at nearly arbitrary frequencies, and since the MTM-EBG is
uniplanar and electrically small, implementation is typically straightforward.

This work aims to demonstrate potential uses of the MTM-EBG by designing and
creating the multi-band circuit components and antennas themselves. Demonstrating
a variety of different components with the same technology serves to illustrate that
this solution is truly general, and any design quirks that are unique to individual
structures will be assessed and overcome, creating a blueprint for a designer of new
devices to do the same. Practical design aspects will be the main focus since this thesis
primarily aims to bridge the gap between theory and application, meaning that details
of theoretical interest only are not strongly emphasized (but are discussed where
necessary). By the end of this thesis, the reader should have an appreciation of how
the MTM-EBG can be used to create general multi-band systems, and understand
the design approach required to do so.

Multi-band devices in this work are designed for the sub-6 GHz frequency range,



which encompasses GPS frequencies, several ISM bands, Wi-Fi/WLAN, LTE/LTE-
U, CBRS, and many 5G/IoT applications. This frequency range is currently receiving
a vast amount of attention in the literature, and although MTM-EBG-based devices
are not inherently limited to these bands, it is an important part of the spectrum
to cover, particularly in light of the imminent deployment of 5G and beyond 5G

networks.

1.3 Outline

This thesis starts with an investigation of methods by which devices can be rendered
multi-band in Chapter 2. It investigates general multi-banding methods as well as
approaches that use MTMs or EBGs, and a brief background for both of these struc-
tures is additionally provided. A literature review of multi-band circuit components
and antennas follows with a focus on structures created in the past few decades, and
current design and implementation challenges of such structures are investigated.
Chapter 3 then investigates the MTM-EBG in detail, providing relevant background
and a plethora of design details to enable use in planar structures. Using this in-
formation, Chapter 4 then endeavours to implement the MTM-EBG into a variety
of circuit components for use in wireless systems to produce multi-band operation,
including filters, matching networks and power dividers. Focus is shifted to anten-
nas in Chapter 5, and patch antennas that are dual-band and/or dual-polarized are
presented. Operation at various bands, antennas with integrated matching networks,
patches with increased bandwidth, and tunable antennas are all demonstrated. The

work is concluded, and future directions are discussed, in Chapter 6.



Chapter 2

Background

2.1 Multi-Band Design Techniques

2.1.1 Overview

Multi-band devices allow circuits to process multiple bands simultaneously, or improve
performance of a single function by increasing available spectrum. Many different ap-
proaches to creating multi-band devices have been taken, and this chapter endeavours
to discuss and classify these methods, providing designers with an overview of avail-
able techniques. The focus will be on passive planar circuit topologies and antennas,
since these are ubiquitous in low-power microwave communications, and cheap to im-
plement. Traditional approaches will be discussed first, before some recent enabling
technologies are introduced. Advantages and disadvantages of the various methods
will be discussed.

Regardless of the multi-banding technique, there are some important criteria that
these devices strive to meet. Performance-based criteria (impedance matching, band-
width, insertion loss, antenna gain, etc.) are typically compared to conventional
devices at each operating frequency, with the goal of matching or exceeding that per-
formance in each band. Additional functionality may also be added to the multi-band
device, for example, simultaneous filtering or improved beam shape for an antenna.
Doing this in the same amount of space as a conventional device presents a challenge,

as more components or features are typically required. Fabrication cost is a related



issue; not only should size be minimized, but elements that are difficult to fabricate
(e.g., vias) or that require additional steps or cost to include (e.g., chip components
that require soldering) may vastly increase production cost and time, especially in
mass-production scenarios. Creating a multi-band device that is capable of keeping
size and cost down while maintaining performance is the goal of most design proce-
dures.

Perhaps the most direct way to operate over several frequency bands is simply to
operate over all frequency bands. Broadband structures have long been sought after
and many have been designed, albeit often with drawbacks including size, complex
structure, and/or performance across its bandwidth (especially since many band-
widths may be considered and are not always correlated; for example, a 10-dB return
loss bandwidth for an antenna may be drastically different than its 3-dB gain band-
width). It is also inefficient in many cases to operate over a broad frequency range
when only small frequency bands in the range are actually required. Being more
selective of operating bands can filter out unwanted bands, reducing noise and poten-
tially interfering signals. Many broadband devices require additional filtering stages
to remove these unwanted bands as a result. Some broadband devices will therefore
be considered, but much more focus will be placed on multi-band components.

Creating broadband devices is typically difficult since most are inherently band-
limited. On a large scale, bandwidth is limited by frequency-dependent material
properties; for example, metals have a plasma frequency, and this makes visible light
interact with them fundamentally differently than radio waves. This work will focus
on the microwave regime, however, where it can usually be assumed that important
material properties (permittivity, permeability, conductivity) are approximately con-
stant as a function of frequency. For this work, therefore, it is not the materials
themselves that limit bandwidth (at least in low-loss conditions), but the structure
of the devices instead.

Some fundamental limits on bandwidth exist for all devices, for example, on



impedance matching bandwidth [10] or on antenna bandwidth as a function of size
[11].  These limits exist in more extreme realms, and most microwave structures
are not hampered by them. Instead, the bandwidth-limiting feature of most mi-
crowave devices is simply that a part of their structure requires a particular phase
response, making its overall response frequency-dependent. For example, Wilkinson
power dividers (WPDs) and quadrature hybrid couplers require quarter-wavelength
transmission line (TL) segments, while microstrip patch antennas resonate at a half-
wavelength size. These conditions are only valid over a small frequency range.

Most devices with strong frequency dependence are naturally multi-band, with
higher-order harmonics providing additional operating frequencies. This is caused
by TL segments exhibiting the same length-dependent conditions at harmonic or
odd-harmonic frequencies, although performance is usually degraded to some extent
in the higher-order bands. This is often observed as increased insertion losses or
poorer matching, and compounding the problem is that the devices are large for
their operating frequency, typically several multiples of A/4 larger than they need to
be for operation at the fundamental harmonic. These harmonic bands are also not
typically useful; most standards (such as WiFi, WiMAX, or GPS) do not employ
harmonically-related bands, and it is often advantageous to filter out these other
bands instead. Additionally, non-linearities can cause intermodulation distortions in
or near harmonic bands that can degrade system performance. Implementation of
multi-band operation using harmonics is therefore not efficient or useful, and little
design freedom is gained from this method.

A direct and more useful way to render devices multi-band is to replace the
bandwidth-limiting segments with a different structure that meets the required phase
condition at several frequencies. For example, a TL segment can be replaced with an
equivalent circuit such as a m network that is capable of meeting the required phase
condition at two frequencies, as shown in Fig. 2.1 [12]. The m-network can be analyzed

using ABC'D parameters, and comparing the cascaded result to ABC'D parameters



Proposed structure Equivalent circuit

Figure 2.1: m-network TL model that can be used to replace a TL segment of specified
phase for dual-band operation. Reproduced from [12] (©)2012 IEEE.
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Figure 2.2: (a) T-network model that can replace a TL segment to produce dual-band
operation. Reproduced from [13] (©)2022 IEEE. (b) T-network model that can replace
a TL segment for tri-band operation. Reproduced from [14] (©)2022 IEEE.

of a desired network (for example, a quarter-wave transmission line segment) allows
the formulation of design equations to produce dual-band operation [12, 13]. This
approach increases complexity and circuit size and often has limitations (for exam-
ple, the m-network can typically provide dual-band matching for a frequency ratio
less than three [13]), but produces closed-form equations for the design of dual-band
networks in cases where it is applicable.

A variety of circuits may be proposed to replace frequency-dependent transmission
lines; another canonical example is the T-network shown in Fig. 2.2a, although other
arbitrarily constructed circuits have been proposed and design equations formulated.
To operate in more than two bands, more complicated networks are needed; consider

Fig. 2.2b, which adds additional TL segments to the T-network to produce multi-
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band operation [14]. Different proposed circuits may have different advantages and
disadvantages, ranging from differences in circuit size and frequency ratios to con-
trollability of bandwidth. The number of possible variations leads to this approach
losing some appeal because it is unclear which circuit model provides the best option
for a given application.

A second means of rendering circuits multi-band is to propose a circuit that can
provide an overall multi-band response (rather than directly replacing the frequency-
selective segment), and analyzing it to find conditions that allow multi-band operation
[13, 14]. This can involve techniques such as the extended port, multisection circuits,
or using coupled lines or resonators. Also often within this category is the use of
MTMs or composite right-/left-handed (CRLH) materials, which will be explored
separately in the following subsection.

In most cases, the analysis of MTM-based structures embedded in TLs (or TL-
MTMs) employ equivalent-circuit and /or two-conductor TL models, although this has
limited efficacy in cases where more than two conductors lie parallel to the direction of
propagation, separated by a gap or slot. The efficacy of a traditional TL model may be
limited to certain frequency regimes or ignore certain important scattering/coupling
phenomena, which may otherwise be captured using a more rigorous multiconductor
TL (MTL) analysis [2, 15-17]. TLs can be considered to be a special case of MTLs,
and as such are missing information that MTL analysis includes.

A different approach to designing multi-band devices (using TL or MTL approaches)
is in conjunction with dispersion engineering. Often used with MTM-based structures,
it simply involves determining the dispersion properties of a material or structure and
using/altering them to produce multi-band operation. This is a common technique
with novel and periodic materials for which dispersion plots are commonly generated
to conveniently represent their behaviour. New methodologies of achieving multi-
band operation can be postulated and attained with these data, for example as in

18].
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Many other multi-banding approaches have gained popularity over the last few
decades using novel structures broadly classified as different types of MTMs. Many of
these structures provide an electromagnetic bandgap (EBG) response when interfaced
with usual circuits. These categories will be explored in further detail before examples

of multi-band devices themselves are considered.

2.1.2 Metamaterials

The idea of intentionally creating structures, or “effective media”, by manipulating
the properties of electrically small constituent particles arose in the mid-20th cen-
tury, where sub-wavelength lattices were created to engineer bulk media properties
including € and p [19, 20]. For microwave structures with wavelengths on the order
of centimetres to metres, these media consist of electrically small but physically large
constituent particles, and are therefore easily realizable.

With the freedom to engineer these constituent effective medium particles, it was
discovered that they could be manipulated to produce entirely new material parame-
ters that are not found naturally; for example, a material can be engineered to have a
simultaneously negative permittivity and permeability, which gives rise to a negative
refractive index (NRI). Materials such as this that have exotic or unique properties
not found in nature are classified as MTMs, although they possess many other names
as well, typically descriptive of specific properties of interest.

A particularly useful area of study that blossomed in the early 21%¢ century involves
integrating MTM structures into TLs. The canonical TL-MTM structure, depicted
in Fig. 2.3, consists of a series capacitor and shunt inductor embedded into a standard
two-conductor TL; lumped loading at sub-wavelength intervals in this way supports
exotic properties such as left-handed propagation, in which the electric field, magnetic
field, and Poynting vectors form a left-handed, rather than right-handed, triplet [21,
22]. This is also referred to as a backward wave structure since the direction of power

flow is contra-directional to the direction in which phase is incurred.
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Figure 2.3: Unit cell of a transmission line loaded with a series capacitor and shunt
inductor. Reproduced from [21] (©)2003 IEEE.

The circuit model in Fig. 2.3 can be understood by comparison to a standard TL
model. If g1 & Lgepies and € o< Cpyme for a TL (or any right-handed media, including
free space), then they can be reversed into the dual (or high-pass) configuration for
left-handed operation, namely by having Ly and Ciepies. This effectively renders
the traditional reactive components, and therefore the effective medium parameters,
negative [23, 24], albeit with frequency dispersion in order to preserve causality.

TL-MTM models quickly became an extremely important tool for MTM charac-
terization, and were used to verify many important properties. These approaches
were applied to various areas including the creation of superlenses that overcome
the diffraction limit [25, 26] or complex multiconductor systems supporting large
bandgaps [15, 27, 28]. The term CRLH MTMs also arose to describe structures
which contained both left-handed and right-handed circuit elements, producing dis-
persion curves with some unique features including various modal bandgaps and an
infinite guided wavelength frequency [29-31]. A large body of theory was rapidly
developed to describe MTMs in detail [8, 24, 31].

This work is interested in using MTM- and MTM-based structures in circuit com-
ponents and antennas for multi-band operation, and aims to understand how their
unique properties can be exploited through interaction with traditional materials and
TLs. To better understand this, consider the Sievenpiper mushroom structure, shown
in Fig. 2.4a, which is a simple structure that presents an easy visual representation

of the fundamental MTM model, since it consists of a set of vias, providing shunt

13



Shield conductor

Capacitive gap
Inductive via

Ground plane

(a) (b)

Figure 2.4: (a) Sievenpiper mushroom structure. Reproduced from [32] (©)1999 IEEE.
(b) Cross section of the mushroom structure, indicating periodicity, capacitance, and
inductance. A shield conductor is included in the model since it is required for rigorous

MTL analysis [15].

inductance, connected to plates that are separated by series capacitive gaps [32]. Ini-
tially introduced as a high-impedance surface (related to a corrugated metal sheet),
it was further shown to behave in the long-wavelength limit as an NRI medium with
a predictable band structure [15, 27].

Elek et al. [15] were able to demonstrate how the NRI properties of the Sievenpiper
structure relate to the bandgap it produces by considering it to be a MTL consisting
of a ground plane, a conductor plane with capacitive gaps (or “square patch plane”)
connected to the ground conductor by vias, and a shield conductor (required to model
propagation above the mushrooms and capture modal coupling effects); this model is
shown in Fig. 2.4b. It is demonstrated that a backwards wave mode created by the ef-
fective medium in the long-wavelength limit contra-directionally couples to a forward
parallel-plate waveguide (PPW) mode to produce a bandgap. Dispersion properties
of the modes can be plotted independently to observe their right-handed and left-
handed characteristics, while coupled-mode MTL analysis of the system gives a full
dispersion diagram that predicts the observed bandgap properties with remarkable
accuracy [15, 33]. Coupling of the modes is further described by the complex propa-
gation constant in the bandgap region, and great insight into how such MTMs operate

is provided by this example. Less rigorous 2-conductor transmission line models are
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still used to describe most MTM-based structures, with accuracy often limited to a
small frequency range.

The development of TL-MTMs over the last couple decades was heralded with
many claims of what this new class of structures would be able to achieve. Some of
these claims have proven over time to be overstated or difficult to realize in practice,
generating debate and controversy on occasion (see [34], for example); however, plenty
of evidence of the usefulness of TL-MTMs and proof of some of their more exotic
properties have led to the continued development of many novel and improved devices.
TL-MTMs have been widely applied to various new structures and devices, due largely

to their easy ability to be integrated with traditional TL-based structures.

2.1.3 Electromagnetic Bandgap Structures

EBGs (or photonic bandgap structures (PBGs) in optics and many early microwave
engineering papers [35, 36]) are artificial periodic structures that interact with electro-
magnetic waves to produce a bandgap [37, 38|. Periodicity is typically on the order of
wavelengths, usually A/4 to A/2, rather than being strongly subwavelength as MTMs
tend to be. Microwave-frequency EBGs can consist of periodic dielectric slabs [39,
40] or metallic features, although it is the function rather than structure that de-
fines them. 2D EBGs or surfaces suitable for integration into microwave circuits will
mainly be considered in this work.

While the design of EBGs precedes MTMs, the former are often considered to be
a category of the latter, using the broadest definition of MTM. For example, the
Sievenpiper mushroom structure is considered a canonical EBG, and yet can also be
understood as a TL-MTM [15, 27|, and some NRI or CRLH metamaterials can be
viewed in context of EBG theory. Some periodic structures will act as an EBG at one
frequency, and propagate a left-handed mode at others [9]. The distinction between
EBGs and MTMs is therefore not always clear, and the terms EBG and MTM are

often used to refer to the same structures [8]. This work generally considers MTMs
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to be a class of artificial structures with novel or unusual properties, and it considers
EBGs to be a class of structures within the very broad umbrella of MTMs that
provide some sort of bandgap. This does not necessarily indicate that traditional
MTM concepts are used to analyze or enable an EBG’s functionality, so it is more
correct to say that EBGs may fall into the category of MTMs, but for the sake of
consistency, it is convenient to classify all EBGs as such.

A major difference in early development between EBGs and MTMs is that the
practical aspects of EBGs were more immediately clear, such as their use in sup-
pressing surface waves and acting as an artificial magnetic conductors (AMCs) that
could be placed under antennas [32], and as a result, their development was often
more application-driven than based on theory [37]. The complexity of some of the
structures contributed to a less theory-driven approach as well [9]. Many EBG struc-
tures, as a result, were developed using numerical approaches or commercial software.
Regardless, they have found applications in all sorts of areas crucial to modern-day
technology, including GPS, Bluetooth, phased arrays, antenna ground planes, leaky
wave radiation, and microwave circuit elements [8, 9, 37, 41, 42].

To describe a few examples in closer detail, consider a simple EBG consisting of a
periodic array of apertures in the ground plane beneath a microstrip line [44]. A strong
bandgap around 11 GHz is created by the large number of apertures that constitute
the EBG with a periodicity of approximately half a guided wavelength. The aperture
radius affects the bandgap strength and bandwidth, but it is the periodicity that
determines the bandgap location. This is a typical use of an EBG, which operates
effectively, but requires a large amount of space to implement.

A second example of an EBG application is to place the periodic structure between
antenna array elements for surface-wave suppression, in order to reduce mutual cou-
pling [44]. The structure used in this case is the Sievenpiper mushroom structure, a
large array of which can be seen separating antenna elements in Fig. 2.6. While this

structure is effective in reducing mutual coupling, note the similar drawbacks to the
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Figure 2.5: EBG application of a periodic array of holes beneath a microstrip TL to
provide a strong bandgap. Reproduced from [43] (©)1998 IEEE.

previous example: the EBG is large and requires many periods to implement. EBGs
are typically introduced in this manner, near to or surrounding an existing structure
to enhance operation, and often take up more space than the structure itself.
Methods to reduce the large size and difficult fabrication of EBGs have been in
demand; for example, the Sievenpiper structure has undergone size reduction [45]
and other geometric changes to remove the need for vias and enable easier fabrication
[46], and it has been used for an increasingly diverse set of applications [47, 48].
Low-profile EBGs have made their way into various circuit and waveguide elements,
and similar to TL-MTMs, the last couple decades have experienced a surge in useful
devices augmented with these structures. They have not always been used explicitly
for multi-banding purposes due to their principle drawback being size, but creating
a small structure that acts as an EBG (which can be done with MTM principles)
presents the opportunity to vastly expand their applicability, and many MTM-based
approaches are capable of shrinking the size of EBGs. This work uses one such

approach to apply MTM-based EBGs with an electrically small size into circuits for

17



[

Figure 2.6: EBG application to reduce mutual coupling between patch antenna array
elements. Reproduced from [44] (©)2003 IEEE.

multi-band operation.

2.1.4 MTM and EBG Unit Cells

While MTM and EBG structures are inherently periodic, there are many cases in
which metamaterial particles or unit cells are used individually. A common example
of this is the split-ring resonator (SRR) [49], which can be placed in or adjacent to
microwave antennas [50], TLs [51], and other devices. Other topologies that can be
described as having MTM properties in a unit cell include defected ground structures
(DGSs) [52], small sections of CRLH-loaded TLs, and others [53].

The use of single unit cells poses a challenge to designers, who may describe them as
“metamaterial-inspired”, or shy away from the label of MTM and use one of the more
functional terms instead. Truly, it is difficult to classify a single resonant structure
as a “material” since it operates as a non-periodic “lumped” component, otherwise
may be electrically large, and is certainly not rigorously amenable to homogenization.
Other means are needed to describe how they operate. Structures like the SRR and
complementary SRR (CSRR) are better described as resonators, while CRLH TLs can
be analyzed with conventional circuit theory. Properties such as the left-handedness
of the TL are not necessarily required to understand how these devices operate.

While these structures may not explicitly take advantage of the NRI aspect of

MTMs, they can be described in terms of forwards and backwards modes coupling to
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form a bandgap, as was briefly discussed in regard to the Sievenpiper structure earlier
[15]. A complex mode arises as a result of this coupling, with the real part of the
complex mode describing reflection rather than loss [54]. For a single unit cell, this
can again be thought of as a resonant phenomenon rather than modal coupling, as
the MTM loading (high-pass configuration) in the presence of TL loading (low-pass
configuration) produces appropriate conditions to resonate at microwave frequencies
23].

Similarly, unit cells of an EBG may be resonant at some frequency where electric
and magnetic stored energy are equal. The resonant frequency of the unit cell may
be different than the operating frequency of the periodic structure if the periodicity
is primarily what determines bandgap location (as was the case in regard to Fig. 2.5).
The bandgap mechanism may therefore change for a single unit cell, or no bandgap
may be produced at all.

Many single MTM or EBG unit cells that do produce a bandgap contain half-
wavelength features and are easily understood to be resonant. In this case, a circuit
model of a unit cell can be produced, albeit one that is accurate only over a limited
frequency range. This may functionally still be considered an EBG if a bandgap is
produced, even if periodicity is not required.

Understanding these structures as MTMs or EBGs often remains useful, despite
questions of whether it truly represents their nature. These classification issues are se-
mantic in nature but remain important in assessing the state-of-the-art and choosing
an appropriate structure for a given application. In particular, it may be possible that
the term MTM has become overly broad, and more specific terms describing function-
ality or structure (e.g., terms like EBG or high-impedance surface) are more useful.
Describing structures as MTMs would better be reserved for effectively homogeneous
meda (although these structures remain difficult to fabricate), or as TL-MTMs when
the same assumptions can be made. This purist definition, however, is seldom ad-

hered to. This conversation is complicated by the inheritance of the suffix “meta” to
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the burgeoning field of metasurfaces, which has roots in the MTM community and
has precedence for adopting the term [55].

Despite this, concepts underlying these typically periodic structures are crucial to
an enormous body of work in the microwave community, and continue to be used
extensively today. While interest in volumetric MTMs using the homogeneous mate-
rial approximation has waned, partially due to problems such as loss and sensitivity
that has plagued such designs, easier structures to build and fabricate such as TL-
MTMs are more commonly employed. Smaller or single-cell MTM unit cells have
also increased in prevalence as the ability to implement them into compact, realistic
microwave circuit components increases. The direction towards practicality has led

to some extremely useful and interesting devices.

2.2 Multi-Band Circuit Components
2.2.1 Stubs and Filters

Now that methods of rendering planar microwave devices multi-band have been dis-
cussed, examples of such devices will be investigated. This discussion is sorted by
device type rather than methodology since the latter may not always be clearly de-
fined. Furthermore, it provides the opportunity to compare the performance of like
devices. Microwave circuit components will be investigated first followed by planar
antennas, and specifically, one of the simplest microstrip components will begin the
investigation: the microstrip stub.

Microstrip stubs are a canonical element in high-frequency circuits and have a
multitude of functions in modern microwave and mm-wave systems. Their simple
design and fabrication ensures their ubiquity in modern communications applications
either as individual components or as part of larger microwave components. Stubs
are capable of producing effective RF short or open circuits, acting as simple filters,

or providing a reactance that can replace lumped chip components, for example, in
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Figure 2.7: Microstrip stub geometries, shown in parallel with a transmission line.
(a) Rectangular stub. (b) Radial stub. (c¢) Triangular stub. (d) Rhombic stub.

power-amplifier design or patch-antenna impedance matching applications [56]. How-
ever, they are fundamentally band-limited due to the fact that their input impedance
is a periodic function of electrical length. Furthermore, as distributed components,
they can take up a significant amount of space on a circuit board. As modern high-
frequency electronics demand smaller systems to perform increasingly complex tasks,
improving stubs has high applicability.

Multi-band operation is the ultimate goal in this thesis, but increased operational
bandwidth can achieve the same end, and will first be discussed. To improve upon
their small bandwidths and/or provide a lower impedance, several different stub ge-
ometries have been proposed, some of which are shown in Fig. 2.7. Traditional rect-
angular microstrip stubs have been flared into a radial geometry and used as a simple
stub filter with improved bandwidth [57-60]; these stubs are commonplace. Similar to
this is the triangular stub, which is slightly more compact and has been used in low-
pass [61] and resonant band-pass filters [62]. Other bandwidth-enhancing geometries
include coupled rhombic stubs [63] and log-periodic radial stubs [64].

Rather than changing geometry, combinations of stubs can be used to yield broad-
band operation. Examples of this include [65], in which a large number of stubs are
used for low-pass filtering, or [66] where stubs enable optimal high-pass filtering. In

each of these cases, additional stubs greatly increase the overall size of the structure,
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although this can be mitigated somewhat by creative meandering of the stubs. Mod-
erate bandwidth enhancement was observed in [67], where stub inverters in between
quarter-length resonators provide some control of bandgap properties. Radial stubs
have been used together with these multi-element systems to further enhance band-
width at the expense of increased complexity and footprint, for example, to produce
broadband filtering [68-70]. Some systems generate broadband operation through
the combination of microstrip stubs with other elements, such as a spurline [71] or
defected microstrip structure (DMS) [72]. DMSs can alternatively be used to improve
in-band performance of stub-based systems [73]. The authors of [74] add slotline stubs
as well as microstrip stubs into the ground plane of a substrate to increase bandwidth.

Multi-band rather than broadband stubs and stub-based filters are useful in ap-
plications where use of the entire broadband spectrum is not required. For these
applications, stubs are often used in combination with other circuit elements or ge-
ometries to provide operation over various bands. Integration of stubs into microstrip
loops to create multiple resonances in filtering is common, though generally produces
small bandwidths [75, 76]. Stepped-impedance resonators in conjunction with radial
stubs have reported dual-band operation [77], and similar methods have resulted in
operation in up to five bands [78]. DMSs have also been employed with stubs to gen-
erate multi-band filtering [79, 80]. These systems are often narrowband and involve
components that increase the size and cost of the circuit.

MTM-based approaches have been used to render stubs dual-band as well. As an
example, an open-circuited stub with embedded series capacitors and shunt inductors
forms a CRLH structure with phase conditions designed to produce a non-harmonic
dual-band response [81]; the structure and filtering response are shown in Fig. 2.8. A

more compact dual-band CRLH stub is presented in [82].
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Figure 2.8: Dual-band stub filter using CRLH structure. (a) Fabricated structure and
circuit model. (b) Reported S-parameters showing two clear filtering bands. Both
reproduced from [81] (©)2004 IEEE.

2.2.2 Matching Networks

A particularly common application of microstrip stubs is impedance matching, through
the use of one or more stubs [56]. A variety of matching networks have been pro-
posed with many designed for dual-band impedance matching. m-model approaches
are employed in [83, 84] and realized with stubs of varying characteristic impedance,
resulting in stubs of extreme widths. A third stub is added in [85] to avoid the need
for TLs with extremely high or low impedance, and narrowband dual-band matching
is achieved. The final layouts of these stub-based matching networks are shown in
Fig. 2.9.

Applications of multi-band matching networks are varied, and include power am-
plifier circuits [86, 87] and antenna matching networks [88, 89]. A circuit is proposed
and design equations obtained for matching to a frequency-dependent complex load
in [90], while dual-band matching is achieved with a single stub and several TL seg-
ments in [91]; a similar approach is taken in [92], while [93] avoids the use of stubs
altogether, and instead uses two cascaded transmission line sections.

Many of these systems are capable of matching to arbitrary frequency-dependent

complex loads, and some are modeled on traditional designs such as single-stub tuning
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Figure 2.9: Dual-band matching network designs. (a) m-network model designed to
operate at 2.4 GHz and 3.6 GHz. Reproduced from [84] (©)2015 IEEE. (b) Another
m-network model operating at 1.0 GHz and 1.8 GHz. Reproduced from [83] (©)2018
IEEE. (c) Three-stub model operating at 0.9 GHz and 1.5 GHz. Reproduced from
[85] (©2017 IEEE.

circuits [94]. Tri-band [95, 96] and quad-band [97] matching networks have also been
proposed with microstrip implementation, typically involving large, multi-section cir-
cuits, but analysis in these cases is complicated or impossible for loads that are not
purely real. A versatile matching network for n frequency bands, requiring n capaci-
tors and n inductors, is presented in [98]. These networks have limitations on possible
operating frequencies and suffer from other drawbacks such as narrow bandwidths or
large footprints.

Another method inserts varactors into multi-stub systems to allow tuning over
a wide frequency range [99], which is an active method but allows frequency-agile
impedance matching. Active approaches can improve bandwidth drastically, but

generally will not be focused on in this work.
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Figure 2.10: Circuit models of various dual-band power dividers and couplers. (a)
Dual-band WPD circuit using T-network quarter-wave branches. Reproduced from
[100] (©2008 IEEE. (b) Dual-band branch-line coupler employing m-network trans-
mission lines. Reproduced from [111] (©)2004 IEEE.

2.2.3 Power Dividers and Couplers

Various configurations of power dividers and combiners have been designed, each
with different benefits and drawbacks. The WPD is one such 3-port device that relies
on quarter-wavelength TL segments and a lumped resistor to ensure matching at all
ports and isolation of the output ports [56]. It can be rendered dual-band through the
inclusion of printed stubs in a T-configuration [100] (shown in Fig. 2.10a) or by com-
bining stubs with a multi-section approach [101], where limits on possible frequency
ratios apply. Other designs employ lumped surface-mount elements in combination
with printed geometries, the operation of which is predicted with even/odd mode
analysis and preserves the intended input impedance and isolation at all operating
frequencies [102, 103]. Altering the port placement in a T-network [104], coupling TL
segments within a device [105-107], using filter elements with appropriate dual-band
phase [108], applying coupled stepped-impedance resonators [109], and exploiting sig-
nal interference along multiple distinct branches [110] are other means of producing

a multi-band response.
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Figure 2.11: WPD design using CRLH TLs. (a) Proposed circuit for dual- or tri-band
operation. (b) CRLH circuit used in the WPD. (c) Fabricated dual-band WPD for
operation at 0.7 GHz and 1.5 GHz. All reproduced from [123] (©)2011 IEEE.

Similar methods are used to render directional couplers dual-band by augmenting
them with reactive elements in various configurations, with circuit analysis again used
to develop appropriate design equations. Despite containing four quarter wavelength
branches rather than two, m-networks [111-114], T-networks [115] (Fig. 2.10b), port
extensions [116], stepped-impedance sections, [117], resonators [118, 119], and coupled
branches [120] and TL segments [121, 122] have all been used to generate multi-band
operation. These varied methods create the same phase condition at two uncorrelated
frequencies for operation comparable to conventional devices, with some allowing the
choice of important properties like bandwidth in each band, while others aim to
simultaneously provide miniaturization.

MTM-based structures and principles have been used to enhance coupler and power
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divider operation in many instances. MTM elements or resonators such as SRR and
CSRR are often used to miniaturize couplers [124] or improve performance [125];
they may also enable dual-band operation by acting as CRLH materials away from
resonance at the expense of limited bandwidth or increased insertion losses [53, 126].
Many other NRI or CRLH TL structures have been implemented in power dividers
and combiners, but their unique geometries are generally not conducive to completely
uniplanar implementations, resulting in more complex fabrication. Despite this, they
often produce good performance over multiple bands and compact sizes. For example,
an NRI TL with various printed and chip components takes a dispersion-engineering
approach to achieve quad-band matching in [127], while other quad-band couplers
are proposed in [128]. An example of circuit design using CRLH methods is shown
in Fig. 2.11, which shows the equivalent circuit of the proposed structure as well
as a break down of the CRLH unit cell used, before finally presenting a dual-band
WPD based on this method (note that it is also used for tri-band operation) [123].
Even/odd mode analysis again extracts the properties of this circuit to create useful
design equations. Further examples of MTM-based TLs show the design variability

that is possible with this approach [81, 82].

2.3 Multi-Band Antennas

2.3.1 Traditional Designs

As the worldwide reliance on RF/microwave communication systems continues to
rapidly increase, the need for smaller and multi-functional antennas correspondingly
grows. Multi-resonant antennas are developed for a wide variety of applications, such
as software-defined radio or multiple-input and multiple-output (MIMO) systems.
Operation in multiple bands can be used to meet a variety of radio protocols simulta-
neously, while the use of orthogonal polarizations at the same frequency can increase

channel capacity and combat the problem of multipath fading. Combined with the
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fact that antennas are often the largest components of a system, improving anten-
nas while maintaining a compact footprint is crucial to the development of modern
communication infrastructure.

Creating multi-band antennas is generally more complex than creating multi-band
circuits since there are many different figures of merit to consider. While most circuit
components are characterized by S-parameters (from which conductor and dielectric
loss can also be extracted), antennas have to consider excitation method as well as
radiation patterns, including properties such as gain, antenna efficiency, polarization,
and side lobe levels. These properties are sensitive not only to the antenna structure,
but to the surrounding environment (including ground planes), antenna shape and
size, and the resonant mode that is excited. They also have well-known trade-offs
between impedance bandwidth, size, and gain [11]. There are a few more factors
to consider in the design of multi-band antennas, and they will be considered with
particular attention to planar structures once again, specifically microstrip patch
antennas which are increasingly required for cellular communication, WLAN, GPS,
automotive radar, and 5G applications. Some methods that will be considered to
render them dual-band include the implementation of reactive loading, the use of
slots or stubs, adding parasitic or stacked elements, or using embedded MTMs [129-
131]. These methods will be investigated below.

Early multi-banding efforts introduced “stacked” patches [132], in which patches of
different sizes are layered vertically with each underlying layer serving as the effective
ground plane to the above patch, and each of which may be directly or parasitically
excited. An example of this is a stacked and proximity-fed GPS antenna, shown
in Fig. 2.12, designed to cover three GPS bands [133]. This particular patch was
designed with a minimum 0 dB gain requirement for all bands, but suffers from poor
matching and realized gain as a result.

A simpler arrangement involves parasitically exciting adjacent patches [134], al-

lowing for a single-layer design; however, the parasitic coupling was found to be much
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Figure 2.12: Multi-band stacked GPS antenna. (a) Structure; (b) reported S-
parameters and broadside gain. Both reproduced from [133] (©)2007 IEEE.
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less effective in this orientation as compared to the stacked version. Exciting various
cavity modes on asymmetric patches has been used [135], although this technique
inherently requires that the excited modes have different field profiles, polarizations,
and possibly different feeding mechanisms.

Many multi-band microstrip patch antennas are created simply by altering the
patch topology [129, 136]. A popular method of exciting various modes in a fully
planar structure employs slots etched into the patch or ground plane, but such ap-
proaches tend to be empirical and are, therefore, ill-equipped for systematic design
[137-141]. Other designs employ loading with non-planar components such as vias
(142, 143] while others, particularly those using frequency-dependent dispersive prop-
erties, achieve multi-band operation through the excitation of a number of different
resonances [144-149]. These behaviours tend to come at the expense of some of the
antenna properties, including gain and polarization purity. Moreover, the radiation
patterns of these antennas do not typically resemble those of the fundamental patch

mode for all radiating frequencies.

2.3.2 Multi-Band Antennas With Mixed Polarization

Antennas in the previous section tended to have the same polarization at all operating
bands, but various combinations of antennas with multiple bands and mixed polariza-

tions are possible. Fig. 2.13 depicts possible antenna configurations that produce such
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Figure 2.13: Representative diagrams of arbitrary antennas depicting their radiated
far-field frequencies and polarizations. Note that each of Polarization 1 and 2 may
be linear or circular, depending on antenna geometry.
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varied operation (the previous section only considered antennas with the properties
of Fig. 2.13b). Although the image schematically illustrates this with topologies re-
sembling a dipole or crossed-dipole, this is intended to represent any possible antenna
(wire, planar, etc.) that can be rendered multi-band or dual-polarized. Any frequen-
cies may be represented by f; and f5, and polarizations 1 and 2 could indicate different
linear polarizations, different circular polarizations, or a combination of the two. Re-
gardless, this figure illustrates what is meant when referring to single-/dual-band and
single-/dual-polarized antenna operation. Fig. 2.13 depicts dual-band operation, but
the same concepts apply to antennas operating at even more frequencies, so the term
“multi-band” will generally be used in place of “dual-band” for greater generality.
Antennas operating with multiple polarizations [Figs. 2.13(c)-(e)] may use a single
feed to excite both polarizations, but they often require two independent feeds to
provide the required excitations, which correspondingly separates the signal based
on polarization (this also renders port isolation an important figure of merit). The
implementation of multiple isolated feeds can be quite structurally complex [150,
151], although this is not always the case [152]. Antennas that operate with different
polarizations in different bands (Fig. 2.13d) have been created in several ways [153—
156], but these are typically not as highly sought after due to the aforementioned
need for most antennas to operate with the same polarization for all resonances.
Multi-band antennas with different polarizations support one resonance at each
frequency (Fig. 2.13d), but a more complicated class of antennas are simultaneously
multi-band and dual-polarized, effectively supporting two resonances per operating
frequency (Fig. 2.13e). The added functionality generally means that these antennas
are more complex, but they also allow systems such as MIMO to operate efficiently
over several channels. Any two modes may be excited at each frequency (although
ideally all radiation would be the result of two similar orthogonal modes at each
frequency, giving all bands and polarizations similar properties) and multiple feeds

will typically be required, with one feed to either excite two polarizations at a single
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frequency, or two frequencies for a single polarization. Note that these antennas
as well as antennas with a single, different polarization at each frequency are often
both called multi-band, dual-polarized antennas, but that term better represents
the present category, in which multiple bands and both polarizations are excited
simultaneously. This is represented in Fig. 2.13, where the designation of “dual-band,
dual-polarized” is used exclusively to describe Fig. 2.13e.

Similarly to traditional dual-band antennas, some of the earliest planar multi-band
and dual-polarized antennas employed stacked patches [157], achieving this opera-
tion by exciting various layers through some coupling mechanism [158-160]. Stacked
patches continue to be used, despite the complexity of creating these antennas and
exciting all four (for the dual-band, dual-polarized case) necessary resonances [161,
162], and these antennas have been designed up to mm-wave bands for 5G appli-
cations [163]. Three-dimensional structures that protrude from the plane in which
the antenna is fed are used rather than multiple layers in [164], but this and other
designs suffer from relatively poor performance, necessitating the use of arrays to
achieve desired radiation characteristics [165]. Other designs use AMCs to facilitate
multi-resonant radiation; for example, [166] places a two-layer bowtie structure above
an AMC, while [167] does the same with a modified circular dipole. The antenna in
[168] requires a frequency selective surface above several aperture-fed patches to pro-
duce an overall dual-band, dual-polarized response. Other designs produce multiple
resonances through the excitation of higher-order modes, which significantly affects
pattern shape. This is observed in the dielectric resonator antenna in [169], while
different modes of a planar structure are excited in [170]. These designs achieve dual-
band and dual-polarized operation, but at the cost of increased complexity and often

poor radiation characteristics in portions of the operating bands.
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Figure 2.14: Multi-band patch antenna with embedded MTM unit cells. (a) Struc-
ture, showing NRI-TL sections embedded in patch; (b) Si;. Both reproduced from
[171] (©2008 IEEE.

2.3.3 MTM-Inspired Approaches

More recently, MTM structures have been integrated into patch designs using NRI or
CRLH approaches, and are often dispersion engineered for multi-band operation [146,
148, 149, 171]. Oftentimes, various modes are excited to enable multi-band radiation
and as a result, radiation patterns and gain are usually inconsistent from one band to
another [146, 148, 149, 171, 172]. However, the range of applications in which MTM-
based antennas are found is extensive. Consider the patch antenna shown in Fig. 2.14,
which has embedded unit cells of the Sievenpiper mushroom structure in the middle of
the patch. Various modes are excited with this inclusion, resulting in three operating
bands. The usual patch mode (n = 1) occurs at the highest frequency of 2.16 GHz
and performs well, while the other modes (n = —1 with left-handed performance
in the MTM region at 1.06 GHz and a monopolar n = 0 mode at 1.45 GHz) show

reduced efficiency and gain [171].
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(a) (b)

Figure 2.15: Circuit board cross-sections. (a) Common fabrication challenges include
vias, lumped components that require soldering, multi-layer boards, and ground plane
patterning. (b) Simple circuit board consisting of a patterned upper layer over a solid
ground plane.

2.4 Challenges of Multi-Band Design

2.4.1 Layout and Fabrication

While multi-band circuits clearly provide an important function, they have some
disadvantages as well. Some of these have been alluded to in reference to specific
works, but they will be summarized briefly here.

Most canonical microstrip-based devices are uniplanar, consisting of a series of
microstrip lines with specified lengths and widths (or characteristic impedances) above
a uniform ground plane. It is advantageous to preserve uniplanarity, and many multi-
band structures do this, although typically by forming a larger footprint overall,
through the inclusion of stubs or multi-section TLs. Furthermore, these may require
extreme impedances as well, resulting in inconvenient or impossible microstrip widths.
The same problem can exist for planar resonators, since resonator sizes are functions
of wavelength, and it tends to take extreme feature sizes to shrink them down.

Compactness can be preserved through the addition of lumped circuit components
including surface-mount capacitors and inductors. This is particularly true for NRI
or CRLH materials, which require sub-wavelength reactive loading. These increase
the cost of a circuit and require an additional fabrication step to solder them in place,
and they are generally only suitable for use in the sub-6 GHz regime, as many become
self-resonant above this frequency range.

Even more difficult to fabricate are vias, which require drilling and through-hole

plating (or the addition of metallic posts) and drastically increase production costs.
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These circuits are no longer considered purely uniplanar, and similar costs are asso-
ciated with other multi-layer fabrication techniques. The use of multiple substrates
requires bonding of the layers and alignment of all features, and increases the ma-
terial costs. While many useful multi-layer devices exist and are used in industry,
production on a single layer presents significant fabrication and financial advantages.

Many of these physical challenges that increase fabrication cost and complexity
are illustrated by a circuit board cross-section in Fig. 2.15a. Ideally, a circuit board
would contain as few of these features as possible; Fig. 2.15b illustrates the relative
simplicity of a board that only requires patterning of a single metallization layer.
Other challenges that can arise are the use of air dielectrics or superstrates that
require the suspension of one layer a precise height above another, or the fabrication
of extremely fine features (for example, strips or gaps that are fractions of a mm in

size) that are difficult to realize with conventional fabrication methods.

2.4.2 Design Considerations

Many of the matching networks and power dividers propose a circuit layout and de-
velop design equations, then solve the equations for a particular set of frequencies or
conditions. This is certainly useful in the design of any particular multi-band compo-
nent, but lacks generality for use in other structures or circumstances. Furthermore,
the design equations may be based on simplistic circuit models, missing some aspect
of its operation such as parasitics, and a large amount of tuning may subsequently
be required as a result.

Generality is better achieved for designs where a TL segment may be replaced by
a multi-band counterpart, since the multi-banding technique is independent of circuit
component. While very useful, this methods presents the challenge that the circuit
solutions may be physically difficult to realize, for example, in cases where large
features or extreme TL impedances are needed. Some circuits models are devised

with this in mind but it typically places limitations on the circuit properties, such as
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on the ratio of operating frequencies that can be chosen.

Accuracy of such models is also important, since poor models require a large
amount of tuning that can be time-consuming to complete. On the other hand, mod-
eling every possible parasitic reactance, junction effect, and so on can, in many cases,
render models overly complicated. A balance between accuracy (to limit tuning) and
simplicity should be found, although increasing available computational power means
means that accuracy is often favoured.

It is important to note that multi-band devices are rarely used in isolation, and
often interface with other devices or systems. Multi-band operation requires that
all individual components within the system are capable of operating in all bands.
Diplexers can be used to separate signals first, but then a separate circuit is needed for
each band; instead, rendering the entire system multi-band significantly reduces the
number of components needed. This does, however, complicate implementation, first
of all because several more complicated devices must interact, but also because there
is generally not one best method with which to render different devices multi-band.

Several techniques may be required to form a full multi-band system.

2.4.3 Performance

Multi-band devices are designed with the specific goal of enabling simultaneous oper-
ation at different frequency bands or for multiple applications of interest, but this may
come at the expense of in-band performance. Many such devices introduce additional
dissipative losses through the use of lumped circuit elements or resonators, which
directly affects insertion and return loss levels. Replacing existing TL segments with
multi-band versions also poses challenges such as maintaining impedance matching
in the modified segment.

Antennas in particular can suffer from drawbacks including poor multi-band match-
ing or gain, or drastically different operation in each frequency band. The latter may

be intentional if a different application is demanded at each frequency, but typically
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it is desirable to operate similarly across the spectrum.

A major drawback of most multi-band structures, particularly those that use
MTM-based elements due to their typically dispersive nature, is bandwidth. De-
vices employing resonators with a high quality factor suffer similarily. This can be
remediated with multi-resonant structures that merge narrowband responses into one
usable band, but not every implementation is amenable to this method. For this
reason, required bandwidth must be considered when choosing the multi-banding
technology to employ.

For antennas, bandwidth often becomes an even more difficult constraint. Any
reduction in antenna size fundamentally limits antenna impedance bandwidth [10],
and many multi-band structures are based on size-reducing MTM structures, or have
multiple resonances that do not each span the full antenna size. That being said,
many structures intentionally aim for increased bandwidth and successfully achieve
that end, but typically with a trade-off such as gain.

Methods have been developed to improve antenna bandwidth. The first thing to
consider is the effect of the substrate. For planar patch antennas, increasing substrate
height and reducing the effective dielectric constant both increase bandwidth [131,
173, 174], so while patches with air dielectrics may pose serious fabrication challenges,
they are also better suited to applications where bandwidth is crucial. Related to
this is the trade-off between antenna size and bandwidth, which trend in the same
direction. Bandwidth can also be increased by choice of feed mechanism (aperture
feeds produce the largest bandwidth over a single band, but are not well-suited to
multi-band feeding) and impedance matching techniques [175]. Note that maximum
antenna bandwidth does not occur with a perfect match to an antenna, but rather
when the quality factor is slightly reduced [175]. Active circuits provide other means
of increasing bandwidth that will not be explored further here [176, 177]. These
considerations will be discussed in further detail in Chapter 5.

In some cases, reduced bandwidth (or increased selectivity) can be an advantage;
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for example, this could be viewed as embedded filtering in an antenna. Even nar-
rowband antennas still typically have to meet a minimum channel bandwidth to
communicate with a given standard.

As with any microwave device, there are a number of other considerations that
these multi-band circuits and antennas deal variably well with. Considerations such as
sensitivity and tolerance to error, power handling capability, passive intermodulation,
and integration with all front- or back-end passive and active components are all
important parts of system design, and different components are optimized for different
outcomes. While some designs undoubtedly operate better than others, an engineer
is ultimately responsible for finding the appropriate trade-offs to meet as many of

their system requirements as possible.
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Chapter 3
The MTM-EBG

3.1 Development

3.1.1 TL-MTM Models
3.1.1.1 2-Conductor Models

The general approach to describe TL-MTMs is to view them as loaded, 2-conductor
TLs. Consider the prototypical NRI TL, which consists of series capacitors and
shunt inductors, the dual of a standard TL. This model is useful for simple loading
of a one-dimensional transmission line and and analytically expresses novel MTM
properties. CRLH TLs, which generally include capacitors and inductors in both
series and shunt (or high-pass and low-pass) configurations, are similarly described
with 2-conductor models, often as standard transmission lines periodically loaded
with reactive elements.

These models are extremely useful, and have shown great success in analyzing
TL-MTMs. The can be used to predict dispersion properties and formulate effective
medium models, and successfully enable the design of complex and novel devices.
Simple circuit models enable easy analysis, whether it be for periodic structures or
for single unit cells. However, the simple circuit models used generally describe simple
structures. The Sievenpiper structure, for example, is a basic case of series capacitors
and shunt inductors, but what happens if several reactive components are included

in the top layer, or a more complex geometry is used, such as the stacked mushroom
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structure in [178]7 Similarly, no accurate 2-conductor TL model exists to describe
the uniplanar compact EBG (UC-EBG) over more than a small frequency band [46,

179]. These limitations are not easy to address with these circuit models alone.
3.1.1.2 MTL Approach

While the 2-conductor transmission line is the standard model for most systems and
in many cases provides an excellent approximation, it remains a special case of MTL
theory, which generalizes TL theory to a system of N conductors [17]. The MTL
approach has traditionally been used for purposes such as wire cross-talk and in
devices such as the couplers [180], but it generally provides a means of describing
complex, multi-conductor systems using a formulation similar to TL theory but in a
matrix form. Using this approach to model MTMs is a recent development that has
not been highly exploited to date, despite the great insights that it provides [2, 15].

There are several implications to using an MTL formulation, one of which is that
it supports N — 1 independent transverse electromagnetic (TEM) modes. Each mode
has an associated propagation constant and characteristic impedance, and modes may
couple in cases where the field distributions are similar and they are phase-matched.
Independent modes may have different wave velocities, and their combination forms
a basis set describing the total voltages, currents, and fields in an MTL system. MTL
theory rigorously describes these properties and interactions, and provides a more
complete picture of dispersion properties in MTL systems than 2-conductor theories
can.

This theory is useful in systems with complex geometries where several indepen-
dent conductors are present and/or interconnected. TL-MTMs such as the shielded
Sievenpiper structure have been described with MTL theory with great success [33,
181], which suggests that other structures can be described with the same approach.

Two domains are used when working with MTL structures: the terminal domain,

which describes voltages and currents on the several different conductors indepen-
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dently, and the modal domain, in which TEM modes (each of which has a unique
propagation constant) are described. The two different descriptions of the MTL ulti-
mately describe the same phenomena, and diagonalization procedures for the matrices
involved allow for the conversion from one domain to the other [17]. Generally, this
work will focus on the modal domain since bandgap properties in regard to specific
modes are required. This is, again, a key property of MTL analysis: modal coupling
and phase properties are critical to understanding propagation in these systems, and
traditional 2-conductor TL theory is unable to capture these details, despite its rele-
vance to many systems.

The MTM-EBG is such a structure that does not lend itself to 2-conductor analy-
sis, and it has been shown extensively that MTL analysis can produce a detailed and
accurate dispersion diagram, accounting for all modes, all coupling between modes,
and bandgap locations that result [1, 2, 182]. This thesis does not attempt to de-
velop fundamentally new analysis tools for the MTM-EBG since it has already been
done in great detail, and with great accuracy; however, it does intend to expand on
the function and use of the MTM-EBG, as analyzed in this way. Key results from
previous works will be summarized in this chapter for the sake of completeness, but
special focus will be taken on interpreting how the resulting structures can be used
practically, and what tools can help verify operation and simplify the design proce-
dure. Application considerations tend to outweigh theoretical rigor when using the
MTM-EBG (for example, more interest is taken in the properties of a single unit cell
than of the properties of an infinite cascade of unit cells), with the intent of providing
maximum utility to designers of multi-band or unique circuit elements and antennas.
Regardless, a theoretical basis is required to appreciate and understand operating

principles of the MTM-EBG, so a brief background will first be provided.
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3.1.2 MTM-EBG Design

3.1.2.1 Nomenclature

The MTM-EBG is the particular structure on which this thesis is based, the reasons
for which will be developed throughout the course of this chapter. Considering the
perspective taken that EBGs in the microwave region are simply a class of MTMs with
a particular function, this name merits further explanation. The MTM part comes
from the fact that TL-MTM principles are explicitly used to conceptualize and design
the structure; concepts such as left-handed or backwards wave propagation are used to
describe its operation, and properties including a negative index of refraction can be
discussed in this context [1]. While this work will avoid an overly rigorous discussion
of these concepts in the interest of taking a more application-based approach to the
MTM-EBG, they remain essential to its conception and analytical modeling of its
operation. Many of these details can be found in previous work by S. Barth [1, 2,
182].

The second half of the name stresses functionality. Based on MTM principles,
this structure presents a strong bandgap to a mode of interest, and hence acts as an
EBG. It differs from many EBGs in that it does not have to be periodic to provide a
bandgap, it is not resonant at frequencies of operation, and simple TL-based circuit
models cannot accurately capture its full dispersion properties. However, its bandgap
properties are explicitly used to render devices multi-band, and this is explicitly

reflected in the name of the structure.
3.1.2.2 Properties

The goal of this work is to implement MTM-EBG unit cells into planar devices to
improve their performance, specifically by making them multi-band. The MTM-EBG
is an ideal structure to achieve this for several reasons.

Firstly, it is capable of interacting with microstrip or parallel-plate waveguide

(PPW) modes, which is critical for use in microstrip-based circuit elements and patch
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antennas, which support similar transverse field profiles. The MTM-EBG can then
be embedded directly into these devices without taking up any additional space on
the circuit board. This requires a high degree of compactness, which implies that
the MTM-EBG must also be electrically small since many devices contain quarter-
or half-wavelength electrical lengths into which the MTM-EBG must be placed. The
MTM-EBG must be far smaller than the guided wavelength to be implemented in
this compact area and enable the same amount of phase to be incurred at different
frequencies. It must also be small in the direction transverse to propagation in order
to be embedded into microstrip TLs.

The properties of the MTM-EBG must be well known for it to be applied to a wide
range of devices. Bandgap and phase properties are important for different designs,
and both properties must be finely tuned in order to achieve operation at the intended
frequencies. For devices where operating frequencies are widely spaced, its frequency
response must be predictable over a wide frequency range.

Finally, the MTM-EBG has a simple structure that allows inexpensive and easy
implementation with various fabrication methods. It is uniplanar and via-less to
simplify construction, and the use of discrete lumped loading components can also
be avoided so that the structure is fully printed, meaning that fabrication can be
completed in a single step that is no more complicated than printing any conventional
device in the same way.

How the MTM-EBG was designed to have these properties and specifics of its
operation will be discussed throughout this chapter. First introduced by Barth and
Iyer in [2] and developed further in several subsequent works [1, 182], it has since
been shown to be a one-dimensional version of the UC-EBG [46, 183], which can
also be analyzed as an MTL structure supporting several modes. This work will
focus specifically on the one-dimensional MTM-EBG, however, since its properties
are sufficiently useful to render a wide range of devices multi-band. Its structure

contains a well-developed theory and richness of application to merit its own extensive
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Figure 3.1: (a) CBCPW TL. (b) Truncated CBCPW. (c) Truncated CBCPW em-
bedded in a microstrip TL.

investigation in this thesis.
3.1.2.3 Host Medium

A host medium describes an unloaded MTL, which is presently assumed to be infinite
in length along the direction of propagation, with electrically small gaps in between
adjacent conductors, similar to a 2-conductor transmission line. The host medium in
this case is chosen to be the conductor-backed coplanar waveguide (CBCPW) for an
important reason: it consists of three uniplanar conductors above a solid ground plane,
as shown in Fig. 3.1a in a printed configuration (any low-loss substrate may be used
between the upper and lower layers). Not only does this allow for simple fabrication
on standard substrates, but it also allows the MTL to be easily embedded into other
simple 2-conductor TLs, such as the PPW or microstrip TL. The process of embedding
into the latter is illustrated in Fig. 3.1; the CBCPW must first be truncated to the
width of the microstrip, and a finite-length section can be interfaced between input
and output lines. The utility of this will be discussed in detail throughout this work.

An MTL consisting of N conductors generally supports N —1 TEM (or quasi-TEM

if the substrate is inhomogeneous) modes. The CBCPW MTL therefore supports
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Figure 3.2: Depiction of electric-field lines of the three TEM modes supported by the
CBCPW MTL (microstrip-like, CPW-like, and CSL-like). Reproduced from [184]
(©2020 IEEE.

three quasi-TEM modes, the field distributions of which are shown in Fig. 3.2. Two
modes are primarily of interest: the CBCPW mode, which is characterized by a
potential on the central strip conductor (2) while all others (0, 1, and 3) are effective
grounds, and a PPW mode, where all three upper conductors (1, 2, and 3) are
equipotential, and the conductor backing (0) is the ground. The third supported
mode is a coupled slotline (CSL) mode, but this exhibits odd symmetry around the
central strip (different potentials on conductors 1 and 3), and as a result is neither
excited in the applications in this work nor couples with the other “even” modes, and
so does not need to be discussed further here.

Scattering allows even modes to couple when they are phase-matched since they
have similar field distributions around conductor 2. This important property is natu-
rally described with MTL theory, but some form of loading or discontinuity is required
to enable such scattering and provide interesting and useful dispersion properties.
The chosen loading scheme with this host medium gives insight into the origin of the
MTM-EBG, and is critical to how it ultimately operates.

A section of the truncated CBCPW is presented in Fig. 3.3a, with the constituent
conductors labeled from zero (reference conductor) to three. The MTM-EBG is based
on this host medium partially due to one important property: all reactive loading
can occur between the top three conductors, in a single plane. Consider the loading
configuration shown in Fig. 3.3b (for which the host medium section is assumed to be
periodic or embedded in a 2-conductor TL, where the capacitors will be terminated

in series to another conductor rather than simply remaining open-circuited). Since all
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Figure 3.3: (a) CBCPW host medium, and (b) host medium loaded with inductors
and capacitors to form an MTM-EBG unit cell. The four constituent conductors that
form the MTL model of this unit cell are labeled. Reproduced from [185] (©)2021
IEEE.

loading lies in the upper plane, fabrication is greatly simplified; expensive components
such as vias or complex multi-layered configurations are not required to realize this

structure.
3.1.2.4 Loading

While the host medium is continuous in the direction of propagation, periodic loading
affects the dispersion properties of the overall structure. A periodic arrangement of a
unit cell with the particular loading scheme presented in Fig. 3.3b is considered to be
the MTM-EBG. Specifically, this is the one-dimensional MTM-EBG since interest is
only taken in propagation along the direction perpendicular to a cross-section of the
host medium. Note that a two-dimensional version of the MTM-EBG is the UC-EBG
[46, 183].

Loading of the MTM-EBG is inspired by MTM principles, so to achieve left-
handed /backwards-wave operation, a TL-MTM requires shunt inductive and series
capacitive loading. For an MTL structure, however, not all propagating modes will
necessarily be loaded equally, so the loading should be discussed with respect to prop-
agating modes. Consider the loading scheme in Fig. 3.3b, where inductors bridge
across from conductor 2 to conductors 1 and 3, and capacitors are placed in series in

conductors 1 and 3. The first even mode to consider is the microstrip-like or PPW
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Figure 3.4: Ilustration of contradirectional coupling between a forward PPW mode
and a backward CPW mode within an MTL.

mode, in which conductors 1, 2, and 3 are equipotential. The inductors will have no
effect on this mode since no current flows through them. The capacitors will have
some effect on propagation (e.g., reduce phase velocity) but conductor 2 remains elec-
trically connected so a low-frequency cutoff is not anticipated, and backward-wave
propagation cannot be achieved.

Consider this loading scheme in the context of the CPW-like mode. In this case,
conductors 1 and 3 are considered grounds along with conductor 0, so the inductors
act as shunt elements to ground. Combined with series capacitors, MTM-like loading
is obtained, and backwards-wave propagation is expected over some frequency range.
This implies that the direction of power flow for the CPW mode in this range is
anti-parallel to direction in which phase is incurred.

Where the forward PPW-like mode and the backward CPW-like mode are phase-
matched, contradirectional coupling will occur, as illustrated in Fig. 3.4. This is
observed as a reflection of power, resulting in strongly suppressed forward power flow
over the length of a unit cell. A strong bandgap response in the coupled-mode system
is thus produced, consisting of both complex-mode and evanescent frequency regions,
where propagation is strongly reactively attenuated. Geometric features and loading
values of the unit cell determine the precise position and size of the bandgap, with
loading being the most important attribute to enable this functionality. Dispersion
engineering is required in the coupled-mode system so that the isolated modes interact
to produce a bandgap in a predictable frequency range, and the phase response over

the rest of the spectrum should be predicted as well. This particular loading scheme
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Figure 3.5: Basic fully-printed MTM-EBG unit cell embedded in microstrip.

is also critical to a uniplanar design, since loading the CPW mode rather than the
PPW is what allows all loading to be achieved in the top metallization layer of the
MTL.

Loading of the MTM-EBG unit cell in this scheme may be physically realized in
various ways. Capacitors can take various forms, the most basic of which is a lumped
chip capacitor that can be placed across a capacitive gap; similarly, chip inductors
can be used, though their values are more limited. This requires chip components
to be soldered into place, which is typical of many circuits but has some drawbacks.
Lumped components increase costs, they complicate the fabrication procedure, and
their maximum operating frequencies are constrained by their self-resonance frequen-
cies (typically several GHz). To mitigate these drawbacks, the MTM-EBG cells can
be designed for minimal reactive loading to enable the use of fully printed lumped
elements, such as strip inductors and gap capacitors. This creates a unit cell that is
completely printable as in Fig. 3.5, shown embedded in a microstrip TL for simplicity
even though several unit cells could be cascaded. To realize larger reactance val-
ues more complex structures such as interdigitated or parallel-plate capacitors may
be used, depending partially on fabrication methods and tolerances, but the basic

overall structure will not change.
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Figure 3.6: Symmetric model of MTM-EBG unit cell.

3.1.2.5 Reference Plane

It may be noticed that there is a difference between the proposed MTM-EBG unit
cell in Fig. 3.3b and Fig. 3.5: symmetry. The former places capacitors on one side
side of the unit cell, while the latter has four gap capacitors, two on either end of the
unit cell. Historically, the MTM-EBG has been presented symmetrically [1], either
with inductors placed in the center of the unit cell as shown in Fig. 3.6, or shifted
half a period with the capacitors nearer the center and the inductors on the unit
cell edges. Loading periodic structures symmetrically is typical, and provides some
advantages; for example, it is possible to predict I' and X-points of the unit cell
without a full dispersion analysis, and instead by setting boundary conditions on a
half-cell [33, 186]. Furthermore, the dispersion equation of the MTM-EBG discussed
below is simplified by using the symmetric structure.

It should be recognized that this does not present the most efficient practical
loading scheme. It is apparent that the central inductors can be combined in parallel
so that only two inductors, each with half the required inductance, are needed. This
is true as well for the capacitors; in an infinite cascade of unit cells, two capacitors
will be in series in conductors 1 and 3, meaning that only a single capacitor of half
the capacitance could replace them. For this reason, loading values of 2L and 2C" are

used, so that the overall loading of the MTM-EBG unit cell in this circuit model and
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the asymmetric model is the same.

Both MTM-EBG models describe identical structures, as long as an infinite cas-
cade of unit cells are assumed. However, consider the case in which a finite number
of unit cells are cascaded in the direction of propagation (z-direction). While the
capacitors can be combined between adjacent unit cells, the first and last unit cell
in the chain require a capacitor of 2C. It is inconvenient to introduce a different ca-
pacitor into an otherwise uniform set, and will also be more difficult to realize in a
printed manner, since twice the capacitance is required. It is therefore convenient to
combine both capacitors (and inductors) into as few components as possible in the
circuit model so that, upon physical realization, all implemented lumped elements
will be uniform and minimized. This motivates practical consideration of the loading
scheme in Fig. 3.3b, and it will be used in all realized configurations. Generally, then,
a symmetric model will be used when analyzing the dispersion properties of an MTM-
EBG, but an asymmetric model will be implemented in practice. An awareness of
the fact that all loading values will be halved when transitioning from the symmetric

model to the practical model is required.

3.2 Analysis

3.2.1 MTL Properties
3.2.1.1 Host Medium Properties

The MTM-EBG MTL equivalent circuit model is shown in Fig. 3.7, where a sym-
metric version of the structure is considered. Its N = 4 conductors are numbered,
starting with zero; the zeroth conductor can be considered the reference conductor
(and physically corresponds to the ground plane beneath the other three co-planar
conductors). It can be broken down into six cascading segments: capacitors, host
medium of length [/2, inductors, inductors, host medium, and capacitors. Properties

of each segment can be analyzed, starting with the host medium.

50



/2 /2

iHO
—0

Figure 3.7: MTL circuit model of a single MTM-EBG unit cell.
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Similarly to a 2-conductor TL, per-unit-length parameters can be calculated from
analysis of a cross-section of the MTL, and are a function of geometry and substrate
permittivity [17]. The per-unit-length matrices are used to calculate properties of the
MTL, particularly propagation constants of characteristic impedances of the modes
which will be found in the terminal domain; all of these matrices are of size N — 1.
These matrices can be determined analytically in simple cases, but in practice are
difficult to solve exactly, particularly for the quasi-TEM host medium that forms the
MTM-EBG. Instead, numerical methods will be used to determine the propagation
constant and characteristic impedance matrices of the host medium. This is done
by solving the static transverse fields of the host medium, for example with a finite-
element-method (FEM) solver, and producing impedance and admittance matrices
in the terminal domain, [Z] and [Y] respectively. Then, the propagation constants

and characteristic impedance matrices are determined from the relations [17]:
= (Y][2])2 (3.1)

Z0) = [Z][7) ™ (3.2)

Each of these matrices can be diagonalized to transform from the terminal do-
main to the modal domain, which allows the propagation constants and characteristic
impedances for each mode to be determined [187]. The diagonalization process in-

volves using an eigenmode solver to determine the modal properties (e.g., the modal
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propagation constants [yy]) along with a diagonalization matrix [Tp], as it solves the
equation

[vad] = [To][Tp] ™ (3-3)

The same procedure is applied to the characteristic impedance matrix, and these
quantities are used to characterize the host medium.

In anticipation of the loading of the host medium, a transmission matrix (analogous
to the ABCD matrix in 2-conductor TLs) is defined. It relates voltages and currents
at the input terminal of the MTL to voltages and currents at the output terminal,

making a square matrix of size 2(IN — 1). The transmission matrix [T] is generally

defined as

=[] .| = . (3.4)
r ] 1] LT

1% 1% (4] [B]] |V’

I
where the unprimed voltage and current are defined at the input terminal and the
primed voltage and current represent the output terminal (note that current is defined
to travel into the input terminal, and out of the output terminal). The transmission
matrix is written in the form of ABCD submatrices, each of which is a square matrix

of size N — 1. For a segment of the host medium of length [/2, the transmission

matrix takes the form:

Ty = cosh([7)1/2)"  —[Zo]sinh([~](/2) (3.5)

—sinh([4)1/2)[Zo] ™" cosh([7](/2)
Knowing the modal propagation constant and characteristic impedance matrices, this
transmission matrix can be determined with the hyperbolic trigonometric terms writ-
ten as [1, 17):
cosh([7]1/2) = %[TD] <ehMW2 + e_hmm) [Tp] ™ (3.6)

Siﬂh([’y]l/Q) — %[TD] (e[’mﬂl/Z _ e[’YMU/Q) [TD]fl (37)
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3.2.1.2 MTM-EBG Transmission Matrix

Transmission matrices can also be determined for lumped components in the MTL.
The process for doing this is similar to that of determining ABCD parameters in a
2-conductor TL. Consider the transmission matrix equation in (3.4). Each element

in the transmission matrix 7;; can be defined as:

Pi
Tij = - (3.8)
Qj Qr=0fork#j
where
1% %
P=1|_|,Q=1. (3.9)
1 I

From the circuit model for the MTM-EBG in Fig. 3.7, transmission parameters
are required for the capacitive and inductive segments in order to determine the full
transmission parameters of a unit cell. Using the definition in (3.8), these capaci-
tive ([T¢]) and inductive ([77]) transmission matrices for this particular arrangement
of reactive elements, i.e., 2 series capacitors in conductors 1 and 3 or two parallel

inductors between conductor 2 and conductors 1 and 3, are given by:

100 2150 0|
010 0 0 0

E .10)
000 1 0 0
000 0 1 0
000 0 0 1|
(1 0 0 00 0
0O 1 0 000
0 0 1 000

[TL}: L L g 100 (310
jool 2L
9l ol Gz 010
| 0 jﬁﬁO()l_
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Note that changes to the loading can easily be reflected in these matrices. For
example, if an MTM-EBG unit cell were to be designed an added capacitor in con-
ductor 2 that was aligned with the other capacitors in conductors 1 and 3, [T¢] would
require an adjustment (795 = 1/jw2C, the rest of the matrix remains the same)
while the other transmission matrices [T] and [17] remain unchanged. In this re-
gard, the MTM-EBG geometry in Fig. 3.7 is chosen due to particular advantages and
properties it provides, but related configurations are just as easily accounted for, and
sometimes required.

Finally, the overall transmission matrix [Thra—gpe] is simply a cascade of the
the constituent transmission matrices. The six segments of the MTM-EBG given in

Fig. 3.7 are cascaded to form:
[Tvry-esc) = [Te)[Tu)[Tu)[TL)[Tu][Tc] (3.12)

3.2.2 Periodic Analysis
3.2.2.1 Bloch’s Theorem

The MTM-EBG is a peridic structure and can be analyzed using Bloch’s Theorem,
which states that the voltage and current at unit cell n must be identical to the voltage
and current at unit cell n + 1, except with a phase delay due to a finite propagation

time [38]. This boundary condition can be represented as:

V_;; Vn_; 1 [A] [B} ‘77’1 —
S| = [TMTMfEBG] T = | e (3.13)
n Inta [C] [D]] | In

In this equation, g represents the Bloch propagation constants, and the MTM-
EBG transmission matrix is written in the form of the ABCD matrix, where each
submatrix is a 3 X 3 quadrant of the overall transmission matrix. For a non-trivial
solution of this eigenvalue equation to exist, the following determinant of the system
must be zero (note that [I] is the identity matrix).

([

- [I]e‘”Bd> =0 (3.14)
C] [D]
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This determinant can be simplified substantially due to the symmetry of the struc-

ture (for example, symmetry and reciprocity of the transmission matrix ensures that

[A] = [D]T), [1, 2] which results in:
det ([A] — [I]cosh(ypd)) =0 (3.15)
This forms the dispersion relation for the MTM-EBG.

3.2.2.2 Dispersion Diagram

Calculation of the complex Bloch propagation constants produces N — 1 = 3 values
at each frequency corresponding to the three TEM modes that are supported by the
host medium, and takes into account modal coupling as it occurs between the modes.
The resulting dispersion diagram, therefore, may have many curves, and can include
real (yp = «), imaginary (yp = ), or complex (v = a+ jf3) propagation constants.
An example of this is presented in Fig. 3.8, where several modes are observed. Note
also that the imaginary parts of the dispersion curves agree well with eigenmode
simultation results in HFSS for the same unit cell; this will be assumed to be true for
the remainder of presented results, as it has been demonstrated previously [1].
Modes can, on occasion, be difficult to distinguish from one another, since they
often couple and are not as well-defined in terms of modal voltages and currents as
in the unloaded host medium (although comparing associated eigenvectors to the
expected voltage distribution gives a good idea of what modes an eigenvalue is asso-
ciated with). For example, the voltage on conductors 1-3 for a PPW-like mode with
some coupling to a CPW mode will not be perfectly equal. They can be distinguished
by recognizing the modes in regions where they are not strongly coupled and then
following the traces into coupled regions, or by recognizing properties of the modes;
for example, a CSL mode will not couple with other modes, so is easy to recognize
(and it is not included in Fig. 3.8 as a result). Isolated modes can also be plotted

individually for comparison [184].
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Figure 3.8: Representative dispersion diagram of the MTM-EBG unit cell, showing
analytical and simulated data. The bandgap region is shaded. Reproduced from [188]
(©)2016 IEEE.

The CPW mode has MTM-based loading, so its curve is “backwards”, or has
a negative slope in the dispersion diagram. However, its strong coupling with the
PPW mode makes it more useful to discuss a coupled PPW/CPW mode rather than
distinguishing the two; this coupled mode is primarily responsible for the solid red
lines in Fig. 3.8. A bandgap in this coupled mode from approximately 2.9 GHz to
5.5 GHz is observed, and highlighted in purple. A complex mode is present within the
bandgap region, which represents the contradirectional coupling that occurs. Note
that when a bandgap region is discussed in this work, it always refers to a bandgap
in the coupled PPW/CPW mode, since this is the bandgap that an interfacing PPW
wave will observe.

A full dispersion curve is shown here for completeness, but in future dispersion dia-
grams, only the imaginary part of the PPW/CPW mode will be shown, for simplicity
and clarity. This will clearly outline the MTM-EBG’s bandgap location and indicate
phase that guided waves will incur when transmitting. This is sufficient detail for the

applications in this work.
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3.2.3 Individual Unit Cell

While dispersion analysis of the MTM-EBG assumes an infinite array of unit cells,
only a finite number of unit cells can realistically be used. Ideally, a single, electrically
small unit cell will have the same properties as the infinite array; this would provide
the greatest utility since it would allow control over propagation in the smallest
possible area. In practice, it has been shown that a single unit cell produces the
phase [189] and strong bandgap [185] predicted by theory, albeit with a reduced
bandwidth that approaches the theoretical prediction for a large cascade of unit cells
[188].

Consider the dispersion of the MTM-EBG unit cell with dispersion properties
shown in Fig. 3.8. The coupled system of even modes is presented, and the PPW
bandgap is highlighted. Fig. 3.9 compares S;; and S5; through both a single cell
and a cascade of three unit cells. Both cases produce a strong bandgap, but a wider
bandwidth is generated in the three unit cell case. In fact, the bandgap edges are
observed to approach the analytical prediction as the number of cells is further in-
creased. However, even a single unit cell is clearly capable of producing a strong
bandgap in the predicted region. As for the transmitting regions of the MTM-EBG,
the fact that the phase response through a single unit cell matches that predicted by
the dispersion diagram is clearly demonstrated in [189].

It is difficult to classify exactly what the MTM-EBG is when just a single unit cell
is present, since it is not a homogeneous MTM, is not a periodic EBG, and it does
not contain any obvious half-integer wavelength resonances. The term MTM-EBG
remains a good description based on its design principles and functionality, but a
question remains whether a better model exists to describe the operation of a single
unit cell.

This question is not obvious. Calling the MTM-EBG a simple resonator is dif-

ficult to justify since power is reflected from the unit cells and little stored energy
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Figure 3.9: Transmission of the PPW mode through one and three printed cells of the

MTM-EBG. The shaded bandgap region corresponds to that of Fig. 3.8. Reproduced
from [188] (©)2016 IEEE.

is observed; this will become apparent in later chapters, where field plots of several
MTM-EBG unit cells in their bandgap region are observed. Furthermore, the phys-
ical size of the MTM-EBG is often electrically small. The resonance would have to
come from the reactive loading itself, and while this is undoubtedly critical to the
bandgap formation, it is difficult to draw direct comparisons between the loading
values and bandgap frequency. Furthermore, if the resonance was solely due to the
loading elements, then changing the unit cell size would not have an impact on the
bandgap location; however, a simple test shows that this is not the case.

Filter theory provides another possible lens with which to analyze the MTM-EBG.
Filters may use a single element or a number of cascaded elements to produce a
specific filter response, with selectivity increasing with filter order. The MTM-EBG
shares some properties with filters in that an increase in number of elements creates a
steeper rolloff and stronger bandgap, as Fig. 3.9 demonstrates. However, the MTM-

EBG does this is an extremely compact space with few lumped reactances. Better
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modeling of all parasitic reactances in the MTM-EBG may allow it to be analyzed
as a filter, but the MTM-EBG is structurally quite different from a conventionally
anticipated filter design, and how it would be modeled as such is not obvious.

Dispersion engineering of the MTM-EBG generally provides a different focus than
filter theory. As analyzed in this work, the MTM-EBG can be designed for different
bandgap locations and bandwidths based purely on cell geometry and loading, and
phase information in the passband is maintained. Filter theory allows for control of
bandgap properties instead, including rolloff and bandgap strength. It may assume
a cascade of individual, unique filters that couple to produce this response, which
the dispersion engineering approach is not well-equipped to do. For the devices to
be presented in this work, however, dispersion engineering provides a clear design
advantage, since interest is taken in the passband and bandgap response, and specific
bandgap properties do not need to be highly engineered. Combined with the fact
that the ability of filter theory to model the MTM-EBG is questionable, the filter
approach will not be pursued further.

Any 2-conductor model, as previously discussed, will be unable to capture cou-
pling effects between the various conductors of the MTM-EBG, although modeling
the coupling with lumped elements will approach the MTL model as the number of
elements increases. This does not provide any significant advantages over the MTL
model. While it can safely be concluded that such a model lacks accuracy campared
to what has been established so far, verification of this is provided in Appendix A,
which compares results of a circuit simulator to the analytical model and a full-wave
simulation.

It is clearly difficult to find a simple and succinct theory of MTM-EBG operation
except with MTL analysis, and while it may be argued that periodic analysis is a poor
way to represent the properties of a single non-periodic unit cell, it does a better job
of predicting its bandgap and phase properties than other available methods. Using

the analytically derived dispersion properties, the remainder of this chapter will focus
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on practical use of the MTM-EBG to enable multi-band operation.

3.3 Embedded MTM-EBG Unit Cells

3.3.1 Implementation

MTM-EBGs were originally introduced for the suppression of noise in parallel-plate
waveguide environments [2], but this work intends to focus on their application in
microstrip-based multi-band devices, including circuit elements and antennas. Its
viability as a general-purpose solution depends on many factors, including physical
properties, which have been mentioned: the MTM-EBG is uniplanar and can be
completely printable, making it easy and inexpensive to fabricate.

The fact that a single unit cell alone can provide a strong bandgap is important,
but not sufficient on its own; a key to using the MTM-EBG in resonant devices in
particular is that the single unit cell is also electrically small. Embedding an MTM-
EBG into a segment of set electrical length would be impractical if the MTM-EBG
unit cell has a similar or larger electrical length. MTM-EBG unit cells that incur a
phase of less that 20° in parts of its passband while still maintaining a strong bandgap
at nearby frequencies are realizable, and this allows electrically small TL regions to
effectively be reconfigured as a function of frequency.

The small unit cell sizes allow MTM-EBG unit cells to be embedded directly into
microstrip or PPW segments, effectively giving that TL section a frequency-dependent
bandgap. However, the MTM-EBG unit cell also operates in its passband region, so
impedance matching becomes an important consideration. That good impedance
matching is ensured can be found from considering the MTM-EBG modes. A PPW-
like (or microstrip-like) field configuration propagates through the MTM-EBG, and
when coupled to the backward CPW mode, the bandgap in the PPW mode arises.
This also implies that the propagating mode in the MTM-EBG unit cell is PPW-like,

and therefore, has a similar field profile and therefore characteristic impedance to the
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TLs in which it is embedded [184, 189]. This leads to inherent impedance matching,
which is most easily observed from transmission simulations of MTM-EBG unit cells,
many plots of which are included in this work. Noting that this is true, it will be
assumed for the remainder of this thesis.

Viability finally depends on having a versatile design procedure, which is particu-
larly important in tailoring specific MTM-EBG unit cells for various implementations.
The analytical design procedure is key to this, since MTM-EBG unit cells will need
to be designed to have particular phase and bandgap properties. There is no guar-
anteed method to produce the desired properties, however; instead, a general design
procedure is given as follows.

The design process consists of choosing host-medium dimensions (i.e. the widths
of conductors 1-3) such that a unit cell (or integer number of unit cells) has the same
overall width as the microstrip or PPW geometry into which it will be embedded.
The length of the unit cell should be chosen to be approximately the same length as
the TL section that it replaces, although it will ultimately be slightly shorter than
this as the loaded unit cell will be more dispersive than the standard TL it replaces.
All geometrical features should be chosen to be large enough to allow fabrication with
available techniques.

It is then loaded with series capacitance and shunt inductance to get the desired
properties, with minimal inductance typically being chosen for simple printed realiza-
tion, and capacitance largely determining the bandgap location. Capacitance should
be kept small as well if possible, to allow for a printed realization. Tuning of reac-
tive values and geometric feature sizes allow a design that meets all properties to be
achieved. For general trends showing the effect that changing any given property of
the MTM-EBG has on its bandgap, the reader is referred to Table I from [190], or to
some of the plots below. These figures should provide the reader intuition into tuning
of the MTM-EBG.

Finally, a single-cell transmission simulation will ensure that the desired properties
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are achieved. In this work, this is done with a full-wave FEM solver, Ansys HFSS,
using lumped L and C values that agree with the analytical model. In the case of
creating a fully printed version of the MTM-EBG, the inductors and capacitors in the
simulation model can be replaced with strip inductors and interdigitated capacitors
(interdigitations are usually needed to produce the required capacitance, but gap
capacitors could also be used in some cases, or parallel-plate capacitors in multi-layer
designs). The inductance of the strip inductors can be estimated using empirical
formulas found in [191] and the design of interdigitated capacitors can be guided
by [192]. Thereafter, parametric tuning is used to achieve the previously designed
L and C values by simulating this unit cell and comparing its performance to the
lumped-element simulation. Lumped loading could be used instead, but rendering
the unit cell fully printed enables single-step fabrication, and allows the MTM-EBG
to be used at higher frequencies than discrete chip components alone would allow.

An example of the unit cell geometry, as designed with the analytical code, is
shown in Fig. 3.10a. On the given substrate, geometry of the upper three conductors
is chosen, as well as loading element values. This is then implemented as in Fig. 3.10b,
which shows the top of the MTM-EBG unit cell in fully printed form, embedded
in a microstrip TL. Dimension labels shown in this image will be used continuously
throughout this work. The fully printed version is limited in the possible capacitances
and inductances that can be achieved, and this is also dependent on how small of a gap
or interdigitations can be fabricated. Regardless, most structures in this work achieve
a fully-printed realization, and further discussion of limitations will be included as
needed.

A final note on this structure is that when embedded in a TL such as in Fig. 3.3b,
parasitic inductance is introduced at the transition between the PPW /microstrip and
the MTM-EBG unit cell nearer to the inductor. The parasitic inductances introduced
are in parallel with the strip inductors of width d3, and can be on the same scale.

There may be cases in which the parasitic inductance is sufficient for unit cell opera-
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Figure 3.10: (a) Profile view of MTM-EBG unit cell. Host medium consists of three
conductors above a ground plane, loaded with series capacitors and shunt inductors.
(b) Top view of MTM-EBG unit cell embedded in a microstrip, with strip inductors

and interdigitated capacitors. Propagation direction is indicated. Reproduced from
(193] (©)2023 IEEE.
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Figure 3.11: Two modes of operation for the MTM-EBG to enable multi-band op-
eration. (a) Exploiting the equiphase point to incur the same phase at two different
frequencies. (b) Employing the bandgap to transmit one frequency and reflect the
other.

tion, and the strip inductors are not required at all. This case will be discussed as it
arises, but note that it only applies to a single unit cell embedded in a TL, as other
situations (multiple unit cells, or a unit cell that interfaces with a TL on one side

only) will not have the same parasitic inductance.

3.3.2 Multi-Band Devices

Dispersion properties of MTM-EBG unit cells are manipulated to allow multi-band
operation, with the bandgap location and unit cell phase both important. There are
two primary ways to make a device multi-band. One is by recognizing that on either
side of the bandgap, equiphase points exist such that a section of MTM-EBG would
have the same phase at two different operating frequencies, as demonstrated in [184].
This approach involves replacing a section of TL with frequency-dependent length
with a section of MTM-EBG that achieves this electrical length at both operating
frequencies, and is illustrated in Fig. 3.11a. This is an effective approach, but suffers
from some drawbacks: operation occurs in dispersive regions on either side of the

bandgap resulting in narrow bandwidths, and only dual-band operation is possible.
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A second, more robust approach is focused on in this thesis, which involves render-
ing TL lengths frequency-dependent through operating alternately in the transmission
and bandgap regions of the MTM-EBG. The MTM-EBG can be considered to act as
an open circuit (OC) when it is in its bandgap region, which will effectively reflect
nearly all power incident on it. At a different frequency in which the MTM-EBG
is transmitting with a known phase, the power will pass through this TL segment,
allowing completely different routing of the signal and different operation as a result.
This approach tends to produce narrowband solutions in most cases as well, but also
has the advantage that the use of multiple different MTM-EBG unit cells can enable
more than two operating bands. This approach presents design challenges where it is
desirable for power to pass through the MTM-EBG at both frequencies, but details of
this approach will be discussed extensively in the coming chapters, and demonstrated
for a variety of practical devices.

In either case, the MTM-EBG unit cells will be embedded into an existing design
of a single-band device to render it multi-band. This means that the device and
MTM-EBG can be designed independently, which is advantageous because design
equations usually exist for conventional, single-band devices, and the MTM-EBG has

a well-understood and independent design procedure as well.

3.3.3 Alternate MTM-EBG Structures

The standard MTM-EBG unit cell, shown in Fig. 3.10, is used in most structures
in this work, but it is not the only possible configuration of the MTM-EBG. Other

options will be discussed here.
3.3.3.1 Physical Geometry

The host medium used in this work typically consists of a thin, low-loss substrate
with a uniform ground plane on the bottom and three conductors on the top surface

of the substrate. This is advantageous in that it is uniplanar and easily fabricated,
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and it can interact well with other planar structures. Any substrate can be used, but
it is typically easier to use substrates with lower permittivities, since the MTM-EBG
unit cell features can be larger. This is because the MTM-EBG unit cell is typically
the same width as the TL it is interfacing with. In microstrip configurations, the TL
narrows as permittivity increases, thereby reducing the required MTM-EBG width
simultaneously. Printed capacitors, however, may not shrink proportionately since
the fringing fields are largely in air; they will therefore become more difficult to
implement. The unit cell may be able to remain sufficiently wide for use in PPW
environments, such as its integration into patch antennas.

While most applications use the simple planar setup for the MTM-EBG, there are
cases where it is advantageous to alter the geometry. Consider the fact that antenna
bandwidth can be enhanced by reducing a substrate permittivity or increasing the
substrate height [130]. In this case, it may be beneficial to use an air dielectric
and mount an antenna with embedded MTM-EBG unit cells above a ground plane,
perhaps on a thin substrate for structural support. Analytically, this is not much
different than the standard case; the host medium properties will change, but analysis
remains the same otherwise. However, this increased complexity in the geometry
has other advantages. Mounting the upper three conductors of MTM-EBG unit
cell on a thin substrate allows both sides of the substrate to be used, for example
by implementing parallel-plate capacitors rather than interdigitated versions, which
allows for a much higher printed capacitance to be achieved. Furthermore, small
vias in the upper substrate could be introduced in the strip inductors to drastically
increase the achievable inductance.

The conductors are not even required to be coplanar; as long as the host medium
properties can be determined and the desired L and C' connections between conduc-
tors established, the MTM-EBG is capable of conforming to various topologies that
different devices may have.

Generally, the host TL is not required to be PPW or microstrip-like, as long as
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modal coupling can be enabled. For a discussion on MTM-EBG integration into other

TL types including stripline, CPW, and coaxial, see Appendix B.
3.3.3.2 Loading Schemes

The MTM-EBG need not be loaded in the precise way discussed so far. While the
production of a bandgap based on contradirectional modal coupling requires this
configuration generally, some tweaks could be made. For example, a capacitor could
be in the central strip (conductor 2) instead of the CPW grounds (conductors 1 and
3), or capacitors could be placed in all three conductors. The choice of loading is
reflected in the transmission matrices of the loading elements ([T¢] and [T%]), and is
easily accounted for.

Consider a comparison of having capacitors with capacitance C' in the usual lo-
cations (conductors 1 and 3, Fig. 3.12a), versus having a single capacitor with the
same C' in the central strip (conductor 2, Fig. 3.12b) alone. Dispersion properties for
this case are presented in Fig. 3.12c. It is observed that while a broad bandgap is
produced in the former case, an extremely narrow bandgap results in the latter. This
is likely due to decreased modal coupling as the fields around the central strip, which
are normally well-matched for the two modes, are disturbed. This small change in
loading scheme is therefore advantageous in cases where a narrow bandgap is preferred

184, 190].

3.4 Design Strategies

3.4.1 Effect of L and C

Physical dimensions of an MTM-EBG unit cell are critical to determining its prop-
erties; the strip width, capacitive gap size, and overall width are all crucial in de-
termining the host medium parameters, and length describes the periodicity of the
MTM-EBG during analysis. However, these properties tend to be limited by the
geometry into which the MTM-EBG is implemented. For example, an MTM-EBG
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Figure 3.12: Comparison of unit cell with (a) capacitors in conductors 1 and 3, and
(b) capacitor in conductor 2. (c) Dispersion diagram for unit cells with provided
dimensions. A 1.524 mm Rogers 3003 substrate is used.
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Inductors

Figure 3.13: MTM-EBG unit cell structure with dimensions and propagation direction
indicated. L and C values are swept in Fig. 3.14 and Fig. 3.15, respectively. Rogers
3003 with a height of 1.524 mm is used as the substrate.

in a TL should have the same width as the TL, and if printed capacitors are to be
used, the CPW grounds should be as large as possible to provide room to implement
them. There is usually some room to adjust these physical dimensions, but there is
much more freedom to affect the unit cell’s properties by changing reactive loading,
particularly if it is implemented in lumped form. The effects of changing these prop-
erties, therefore, merit special consideration. The unit cell shown in Fig. 3.13 will be
used to investigate these effects.

Unit cell inductance L generally has a small effect on the phase or bandgap proper-
ties of an MTM-EBG unit cell. What it does do to the isolated CPW mode is give it
a steeper negative slope, but in terms of the coupled mode, this is primarily observed
as a marginal increase in bandgap bandwidth and a slight downshift of the bandgap.
Phase in the passband remains relatively unchanged, so the effect of changing L is,
overall, not substantial. All of these effects are observed in Fig. 3.14, which compares
the dispersion properties (based on analysis) to the transmission properties (based
on simulation) of a single unit cell. As expected, the bandgap of the single unit cell
is smaller than predicted, as expected, and only marginally shifted for a wide range
of L values, which are swept from 0.2 nH to 2.0 nH.

Due to its minimal effect, it is generally advantageous to use as small as possible

of an L value in order to easily realize it in printed form. In fact, in many cases,
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Figure 3.14: MTM-EBG unit cell dispersion and transmission properties for various
L values. Based on the unit cell in Fig. 3.13, with C' = 0.5 pF".

L is chosen to be in the 0.1 nH-0.3 nH range, where it can be realized as a simple
strip inductor between the central strip of the MTM-EBG and the CPW grounds.
This implementation is simple, easy to implement, and generally has a minor effect
on dispersion properties.

Unlike L, the unit cell capacitance C' has a major effect on the bandgap location
of the MTM-EBG. As shown in Fig. 3.15, increasing C' rapidly shifts the bandgap
downwards, with a 0.4 pF change in capacitance resulting in a bandgap downshift of
about 2 GHz for this unit cell, and this is the best way to set a bandgap location
once physical dimensions are chosen. As the bandgap central frequency decreases, so
does bandwidth; other parameters must be adjusted again if a specific bandwidth is
required, or else a different loading scheme could be chosen. Implications of this are
that at higher frequencies, small capacitances are required and can be easily printed;
for example, C' = 0.2 pF' may be sufficient for a given unit cell to produce a bandgap
in the 5 GHz range. To get a bandgap closer to 1 GHz, however, a C value of

around 1-2 pF will be required, which may either require substantially more space to
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Figure 3.15: MTM-EBG unit cell dispersion and transmission properties for various
C values. Based on the unit cell in Fig. 3.13, with L = 0.2 nH.

create in printed form, or may necessitate the use of lumped components as frequency
decreases. Regardless, using C' to effectively set the bandgap location is a valuable

design tool to create an MTM-EBG with desired properties.

3.4.2 Simplified Design Procedure

While many variations of the MTM-EBG unit cell are used, there are similarities
between them, particularly for unit cells on the same substrate and using the same
loading element geometries, such as interdigitated capacitors. For any of the cir-
cuit element devices, for example, an MTM-EBG unit cell will be embedded into
a (typically) 50 © microstrip TL which limits the possible host-medium geometry,
and capacitor value will primarily determine the bandgap location, which is between
1 GHz and 6 GHz for all devices in this work.

The design of an MTM-EBG unit cell typically involves the following steps:
e Determine host medium parameters from simulation.
e Using analytical process, choose unit cell length [, inductance L, and capacitance

71



C to produce required dispersion properties.
e Simulate single unit cell with lumped reactive elements and verify properties.

e Systematically convert lumped elements into printed elements, ensuring prop-

erties of the unit cell do not change.

The resulting MTM-EBG unit cell can now be embedded into the structure of choice.
For subsequent designs with similar physical properties, some of these design steps
can now be skipped, even if the MTM-EBG requires a bandgap in a different location.

Consider the following simplified design procedure:
e Take simulation results of similar unit cell with fully printed features.

e Adjust unit cell length [ to change the phase of the unit cell at the required

operating frequency.

e Change the bandgap location by adjusting the parameter that controls the

printed unit cell capacitance, gc.

A unit cell with desired properties can rapidly be produced in this way, keeping in
mind that the last two steps may have to be done iteratively.

This approach is not suitable when MTM-EBG geometry changes substantially, for
example in a multi-layer design that uses parallel-plate capacitors, or when the MTM-
EBG host medium changes substantially (e.g., a much wider unit cell is required in
a patch antenna than in a microstrip), since in these cases an analytical approach
finds the required solution much more directly, and with less tuning. However, it is
certainly an approach a designer could take when designing multiple unit cells, or it
can even be used to create a design chart, an example of which will be included in

Chapter 4.
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3.4.3 Design Tools

The simulations included so far use full-wave solver Ansys HFSS. This provides ac-
curate simulations, but can take several minutes to simulate an MTM-EBG unit cell,
particularly with fully printed features. A design requiring a large amount of capaci-
tance in printed form becomes inefficient to simulate, so it is important that analytical
code is accurate, to reduce iterations and tuning of the unit cell. In simulations where
many MTM-EBG unit cells are required, for example in practical circuit elements or
antennas, simulations may take on the order of hours or even days to complete.

One way to speed up the process is to simulate with printed features on the
final structure only, and complete most simulations with assigned reactive sheet
impedances instead. This can greatly reduce simulation time, but it requires a thor-
ough understanding of how to convert from such models into realistic designs. Overall,
however, full-wave solvers are the most accurate means of completing these simula-
tions, and typically few design iterations are needed due to the strong analytical
nature of the MTM-EBG, which makes the long simulation times tolerable.

In some cases, an MTM-EBG unit cell or cells are interfaced with TLs in which the
TL is tuned, while the MTM-EBG does not need to be. For example, at frequencies
where an MTM-EBG is in its bandgap region, other parts of the circuit such as TL
length on either side of the MTM-EBG may require tuning. In this case, it can be
more efficient to export the S-parameters of a single unit cell, and integrate them into
a microwave circuit solver, such as Pathwave ADS. Treating the MTM-EBG as a black
box allows its position in a TL system that can easily be handled by such solvers to be
altered rapidly, and quick iterations of the system can optimize its performance. This
method was used particularly with multi-band circuit elements that contain many
MTM-EBG unit cells, such as the tri-band matching network discussed in Chapter 4.

While the first and most important tool is the analytical description of the MTM-

EBG, circuit solvers and full-wave simulators can render design rapid and accurate.
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Many different designs are a result of this, with excellent agreement to measurements

throughout this thesis.

3.5 Tunability

The ability of the capacitors alone in the MTM-EBG unit cell to drastically shift
bandgap location suggests that a capacitively tunable version of the MTM-EBG could
be implemented. On its own this presents interesting possibilities, such as a tunable
filter created from the insertion of a unit cell directly into a simple TL [190]; however,
embedded in devices such as antennas, this is more complex, as a shift in bandgap
location does not necessarily correspond to the desired change in antenna resonant
length. This particular problem will be explored in detail in Chapter 5. Suffice
for now to acknowledge that tunability presents an array of new opportunities for
MTM-EBG implementation.

Tuning can be achieved in many ways, for example mechanically, electrically, or
with ferroelectric substrates. Mechanical tuning of the MTM-EBG has been demon-
strated in [190], and provides an excellent solution for a small number of unit cells
arranged in a convenient orientation so that they can all be tuned simultaneously.
When this is not the case, or when the large space taken up by the tuning mechanism
is prohibitively large, electrical tuning through varactors provides a better solution.
This is typically much cheaper and easier to implement than a ferroelectric substrate
as well. For these reasons, electrical tuning will be the only method used in this work.

The possibility of tuning is raised here because it has implications on MTM-EBG
design. Varactors cannot simply take the place of the usual capacitors in conductors
1 and 3, since conductor 2 will short them out at DC (where the inductors will act as
short circuits). Some sort of capacitor will need to be added to conductor 2 as well
to ensure that the varactors can be properly biased.

Consider Fig. 3.16. Two dispersion curves are shown, corresponding to two illus-

trated unit cells: the solid red lines represent a typical MTM-EBG unit cell, while
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Figure 3.16: Effect of adding a 0.1 nF decoupling capacitor into conductor 2. (a)
Unit cell designs, which are identical other than the capacitor in the central strip.
(b) Dispersion properties.

the dashed blue line depicts the same unit cell but with an additional capacitor in
conductor 2. This additional capacitor is three orders of magnitude larger than the
capacitors in conductors 1 and 3, and acts as a DC decoupling capacitor; notice
that makes the MTM-EBG act as a DC OC, but has almost no other effect on the
dispersion properties of the unit cell. Even larger capacitors would have less of an
effect, and the low-frequency I'-point would approach zero. This demonstrates that

decoupling capacitors can easily be used with little effect on the MTM-EBG design

to allow a varactor to be biased, and thus electrical tunability can be achieved.
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Chapter 4

Multi-Band Circuit Components

4.1 Methodology
4.1.1 Embedded MTM-EBGs

As has been established, an MTM-EBG can be used as a section of microstrip with
two possible frequency-dependent states; it has a transmitting, or “on”, state, where
it transmits with some phase ©, and a bandgap, or “off”, state, where all power is
reflected. These two states occur at different frequencies, in between which the MTM-
EBG unit cell will have regions of partial transmission and reflection. Generally, for
multi-band circuit elements, successive frequency bands are spaced far enough apart
that it can be assumed to be working in one of the two switch states. The effects
of partial transmission or reflection will be observed in some cases, and these will
be discussed as they appear; otherwise, the MTM-EBG will be assumed to be fully
transmitting or fully reflecting at frequencies of interest.

Multi-band circuit elements use the MTM-EBG in its two states to effectively
superimpose multiple circuits, each operating at different frequencies, which are de-
signed with traditional methods. Physical dimensions of any microstrip-based circuit
containing TLs change as a function of frequency, so superimposing multiple circuits
means changing the properties of TL segments to provide the correct phase at each
frequency. Within those frequency-dependent segments is where MTM-EBG unit

cells enable multi-band operation; when embedded in the TLs, their state at each fre-
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quency (and phase response when in the transmitting state) allows the TL properties
to change drastically as a function of frequency, thus preserving the desired electrical
properties at each.

MTM-EBG unit cells are designed to be embedded directly into the constituent TL
segments of circuit elements. In terms of designing such a unit cell, this immediately
provides a constraint on the width of the unit cell as transmission lines tend to be
narrow. Exact dimension depends on usual properties of the TL, including substrate
permittivity, thickness, and the characteristic impedance. Regardless, this limits the
ability to implement printed capacitance and inductance in the MTM-EBG, based
purely on spatial constraints. These loading values should therefore be designed to be
as small as possible. This is easier at higher frequencies but becomes a challenge as
the desired bandgap location decreases in frequency, since a lower bandgap typically
corresponds to a larger capacitance.

Despite this, all proposed devices in this chapter use fully printed MTM-EBG
unit cells. When possible, a minimum feature size of 0.2 mm is maintained, but some
devices use 50 um features to produce more capacitance in a smaller area. While laser
milling provides the ability to fabricate these features, other fabrication methods may
not. Lumped capacitors could alternatively be used in these cases.

In some cases, the idea of extending the capacitive region outside of the width of the
transmission line was explored to increase capacitance further. This was successful
in lowering the MTM-EBG bandgap frequency without providing any substantial
mismatch in the TL, and will be discussed in more detail when required below.

A final comment on embedding MTM-EBG unit cells into transmission lines is that
a single unit cell is typically used. This is because frequency-dependent devices typi-
cally demand a specified phase condition to be met, for example to incur 90° through
a particular constituent TL. For the MTM-EBG to achieve this phase condition, pos-
sibly in combination with some standard microstrip TL at one or both frequencies,

it will typically need to incur less phase, or in other words, it needs to be electrically
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0 a ! OM ! 0b

Figure 4.1: MTM-EBG unit cell embedded in microstrip TL (top view) that transmits
at f1 and presents a bandgap at f,. Phase in each region of the TL is indicated.

small. This is easier to achieve with a single unit cell than with two or more, with

the tradeoff being a reduced bandgap size and rolloff.

4.1.2 Device Design

All circuit elements in this chapter utilize the bandgap properties of the MTM-EBG
unit cell at one frequency and the transmission properties at another to obtain multi-
band operation (for a case where transmission at both operating frequencies is used,
see [184]). Design of such devices then becomes quite straight forward. Consider an
MTM-EBG embedded in a TL segment that transmits with a phase ©,, at f; and
presents a bandgap at f,. According to Fig. 4.1, the phase between ports 1 and 2
amounts to ©,+0,; + 6, at fi, while f; reflects power back to port one with a phase
of 20,, assuming that the MTM-EBG operates as a pure OC. Port 2 may be an actual
port, but could also be an OC in the case of a microstrip stub, and ©, and/or ©, may
be zero. This extremely simple accounting of phases from each constituent microstrip
and MTM-EBG section provides the basis for a variety of devices presented in this
section, and can be expanded in the similar way to microstrip lines with more than
one different embedded MTM-EBG unit cell to provide different operation at several
frequencies. The analysis can further be simplified by assuming that an MTM-EBG
at fi transmits with approximately the same phase as an underlying microstrip, which
is a good assumption as long as f; and f, are spaced a reasonable distance apart (i.e.,
f1 is operating far from the dispersive region near the bandgap).

Once an MTM-EBG unit cell has been embedding into a structure minor tuning
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is typically required for a few reasons. One is that the MTM-EBG does not act as
a pure OC, but can be modeled as a small reactance (typically inductive) instead.
Secondly, parasitics are introduced by the connection to the adjoining TL. Tuning for

both these effects is typically minor, and can easily be accounted for in simulations.

4.1.3 Choice of Substrate

Many factors complicate the decision of choosing a substrate for the coming applica-
tions. For practical purposes a commonly-used substrate is preferred, as well as one
with well-defined properties and low losses at microwave frequencies. It should be
available and amenable to most types of fabrication.

Higher-permittivity substrates (e.g., €. around 6 to 10) are often preferred for
circuit elements, since they provide miniaturization. This can be a disadvantage
for MTM-EBG-based devices, however, since narrower trace widths are required to
achieve the same characteristic impedance as permittivity increases. Since MTM-
EBG unit cells are embedded into the constituent microstrip TLs, this further reduces
its physical size, which can render fabrication more challenging, or lumped reactances
more difficult to implement in the space.

The chosen substrate that meets these requirements is Rogers RO3003, which has
a relative permittivity €, = 3 and a loss tangent tan d = 0.0010. A substrate height of
60 mils was used, and it is clad in 1 oz rolled copper (or 1/2 oz copper in some cases,
but this will be indicated). This substrate allows wide enough 50 © microstrip lines
to support an embedded MTM-EBG unit cell, and is high-performance otherwise. It

is suitable for nearly all applications in this work and will be used throughout.

4.2 Microstrip Stubs
4.2.1 Dual-Band Stub

To clearly show the design principles of stubs with embedded MTM-EBG unit cells, a

rectangular stub for use in a dual-band bandstop filter at 2.4 GHz and 5.8 GHz will be
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Figure 4.2: Representative depiction of the design of a dual-band microstrip stub.
Quarter-wavelength stubs at (a) fi; and (b) fy are effectively combined into a (c)
dual-band stub using an embedded MTM-EBG unit cell, which has a bandgap at f;
and a specified phase at fs.

demonstrated. A conventional stub connected in parallel with a microstrip line acts
as a bandstop filter for the frequency at which it is a quarter wavelength in length; on
the chosen substrate with a microstrip of 50 €2 characteristic impedance, the required
microstrip stub length is 19.5 mm at 2.4 GHz and 7.6 mm at 5.8 GHz. Both of these
resonances will be achieved in a single microstrip stub with an embedded MTM-EBG,
and the total stub size will be smaller than a conventional stub at 2.4 GHz.

The MTM-EBG unit cell is designed such that it produces a bandgap at 5.8 GHz,
and transmits at 2.4 GHz. The phase of the MTM-EBG is designed to be equivalent
to the phase difference between the two stub lengths at 2.4 GHz, meaning that the
unit cell replaces this section of microstrip entirely (i.e., additional stub length at
2.4 GHz beyond the MTM-EBG unit cell is not required). This concept is illustrated
in Fig. 4.2, where the ability of an MTM-EBG to enable two effective lengths is
illustrated. Note that this picture is an accurate representation of electrical lengths,
but the physical length of the dual-band stub b in Fig. 4.2¢ will be shorter than the
physical length of the single band stub in Fig. 4.2b, since the MTM-EBG is more
dispersive than the length of microstrip it replaces.

The dispersion properties of this unit cell are presented in Fig. 4.3 along with the
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Figure 4.3: Dispersion diagram of MTM-EBG unit cell used for dual-band rectangular
stub design, and S-parameters of a transmission simulation for a single unit cell. The
predicted bandgap location is shaded. Reproduced from [193] (©)2023 IEEE.

transmission parameters of a single unit cell, where it is seen that a strong bandgap is
maintained at 5.8 GHz, even though the MTM-EBG bandgap bandwidth is reduced
as compared to the theoretical result. Minor adjustment of geometric features of
the stub are required to account for parasitics and ensure the stub has the correct
phase at each frequency, and this involves marginal adjustments to the stub length
a, the MTM-EBG length [, and the printed capacitor length go. Dimensions of the
fully-printed unit cell that achieves the desired stub filtering response are given in the
first column of Table 4.1 (corresponding to dimension labels in Fig. 3.10b), and the
simulated and fabricated dual-band, bandstop filters are shown in Fig. 4.4.

To observe the bandgap properties of the MTM-EBG unit cell, simulated complex
electric field magnitudes are presented in Fig. 4.5. A quarter-wavelength standing-
wave resonance is observed at each frequency as a null is produced at the microstrip

junction, and the MTM-EBG clearly shows strong bandgap behaviour at the higher
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Table 4.1: MTM-EBG Unit Cell Dimensions in Multi-Band Microstrip Stubs, Given

in mm

DB Rect. Stub DB Rad. Stub TB Stub, TB Stub,
MTM-EBG A MTM-EBG B
l 8.00 5.40 2.70 3.90
w 3.70 6.28¢ 3.74 3.74
5 0.60 0.30 0.20 0.20
Jgc 2.47 1.52 1.11 1.35
Jr 0.40 0.60 0.50 0.50
dy 0.25 0.26¢ 0.05 0.05
ds 0.20 0.20 0.05 0.05
ds 0.40 0.20 0.10 0.10

% Average value

frequency; this confirms that it is operating as intended. The dual-band filter was
fabricated and measured with an Agilent PNA-X Network Analyzer, the setup of
which is shown in Fig. 4.6, and S-parameters of the dual-band filter are presented
in Fig. 4.7. Simulation and measurement data for the stub filter show excellent
agreement and demonstrate strong insertion losses, well over 20 dB at each design
frequency. The 10-dB bandwidths are fairly narrow in each band due to the MTM-
EBG being more dispersive than an equivalent length of microstrip, and a comparison
to the bandwidths of conventional stubs is presented in Table 4.2. The dual-band
filter, however, maintains large enough bandwidths to cover multiple channels in each
band, rendering it useful for many applications.

The dual-band filter is, in total, 16.05 mm in length, which is 17.7% shorter than a
conventional microstrip stub filter at the lower operating frequency. Embedding the
MTM-EBG unit cell into the stub not only provides added functionality, but also re-
duces the stub footprint and can be fabricated in exactly the same way. Therefore, the

dual-band stub provides many advantages over the canonical design for applications
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(a)

Figure 4.4: (a) Simulated dual-band bandstop stub filter, consisting of a stub of
length a = 8.05 mm topped with an MTM-EBG unit cell with dimensions given in
Table 4.1. (b) Fabricated stub filter.

(a) (b)

Figure 4.5: Complex electric field magnitudes of the dual-band rectangular stub in a
plane bisecting the substrate, plotted on a logarithmic scale, at (a) 2.4 GHz and (b)
5.8 GHz.
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Figure 4.6: Measurement setup of the dual-band rectangular bandstop stub filter.

in which a mild reduction in bandwidth can be tolerated.

4.2.2 Dual-Band Radial Stub

In cases where larger stub bandwidths are desired, radial stubs that are flared with
some angle a can be used with largely the same approach. An MTM-EBG unit cell
that has a bandgap at 5.8 GHz and a specified phase to account for the difference in
conventional stub radii is needed. In this case, however, the radial stub has a large
arc length, so three MTM-EBG unit cells are placed azimuthally along the curve, and
the geometry of the unit cell becomes radial. The unit cell properties are still modeled
with the rectangular circuit model, and previous works show that this remains a good
approximation [2, 194, 195]. A small amount of additional tuning is required as a
result.

The simulated and fabricated dual-band radial bandstop stub is shown in Fig. 4.8,
with all MTM-EBG dimensions given in Table 4.1. The total length of the dual-

band stub is 12.0% shorter than a conventional radial stub at the lower operating
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Figure 4.7: Simulated and measured S-parameters of the dual-band, rectangular
bandstop stub filter. Operating frequencies are indicated by vertical black lines.

frequency. Notice that while features such as the unit cell width and capacitive teeth
extend radially outward, the capacitive gap in between the teeth (ds) is left at a
constant width of 0.2 mm for consistent fabrication.

S-parameters of the dual-band radial stub filter are presented in Fig. 4.9, and
once again, excellent agreement is observed between simulation and measurement.
Strong bandstop responses are produced at the two operating frequencies with larger
bandwidths than in the dual-band rectangular case, particularly in the lower band;
the bandwidth around 2.4 GHz is more than doubled, showing an increase of 131.6%.
Filtering bandwidth around the higher operating frequency is partially dependent on
the MTM-EBG bandgap size (since the MTM-EBG must produce a bandgap over
the whole filtering bandwidth to preserve the shorter effective stub length), so the
bandwidth increase is less dramatic. Regardless, significant bandwidth improvement
of 33.9% is observed. The bandwidths of the radial stub are included in Table 4.2

for comparison, and in cases where dual-band filtering is required, bandwidth of the
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Table 4.2: Stub Filter 10-dB Bandwidths

Stub BW at 24 GHz BW at 3.6 GHz BW at 5.8 GHz
Single-band Rect.® 518 MHz/21.6% 715 MHz/19.9% 978 MHz/16.9%
Single-Band Rad.* 1235 MHz/51.5% 1382 MHz/38.4% 1496 MHz/25.8%

Dual-Band Rect. 365 MHz/15.2% N/A 469 MHz/8.1%
Dual-Band Rad. 845 MHz/35.2% N/A 628 MHz/10.8%

Tri-Band Rect. 320 MHz/13.3% 131 MHz/3.6% 299 MHz/6.0%®
@ Different stub simulated at each frequency. *BW given at design frequency of 5.0 GHz

(a)

Figure 4.8: (a) Simulated and (b) fabricated dual-band bandstop stub filter with
radial geometry, with v = 90°, » = 9.29 mm, and h = 1.90 mm. Dimensions of the
MTM-EBG unit cells are provided in Table 4.1

application determines which stub geometry should be used.

Finally, note that the small notch near 4.1 GHz is a result of a weakly-excited trans-
verse resonance across the radial stub (the distance from the leftmost to rightmost
vertices approximates a guided half-wavelength). As expected, this is not observed in
the rectangular stub case, and only results in a small amount of loss at that frequency.

It could be shifted by adjusting the stub angle « if need be.
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Figure 4.9: Simulated and measured S-parameters of dual-band, radial bandstop stub
filter. Operating frequencies are indicated by vertical black lines.

4.2.3 Tri-Band Stub

While the use of a single MTM-EBG unit cell renders a bandstop stub filter dual-band,
two embedded unit cells enable tri-band operation (or, generally, N unit cells facilitate
operation in N + 1 bands). The tri-band design shown in Fig. 4.10 will demonstrate
this by acting as a filter at 2.4 GHz, 3.6 GHz, and 5.0 GHz simultaneously. This design
also tackles the challenge of creating large printed capacitances in small MTM-EBG
unit cells by creating interdigitations with a 50 pm feature size. This could not
be achieved with chemical etching or physical milling, but can achieved with laser
milling. Specifically for this fabrication, an LPKF Protolaser U3 laser milling system
was used, which can achieve a minimum feature size nearly down to 10 pum. Note
that 1/2-oz rolled copper (17 um thickness rather that the 35 pm thickness used in
previous designs) was used on the R03003 substrate to reduce the amount of copper
required to be etched from the capacitive gaps.

Two MTM-EBG unit cells are used: MTM-EBG A, which has a bandgap at
5.0 GHz, and MTM-EBG B which has a bandgap at 3.6 GHz. The way in which
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(a)

Figure 4.10: (a) Simulated layout and (b) fabricated tri-band stub, each with closeups
of the embedded MTM-EBG unit cells to show the 50 um features. Reproduced from
[196] ©2018 IEEE.

the bandgap locations as well as phase properties of each unit cell result in a quarter-
wavelength of phase at each operation frequency is demonstrated in Fig. 4.11. This
dispersion diagram shows curves for each of the MTM-EBG unit cells as well as for
the stub itself, and operating frequencies are indicated by dashed horizontal lines.
As expected, both MTM-EBG unit cells are in their bandgap region at the higher
operating frequency, and the microstrip region of the stub (which is @ = 9.9 mm in
length) incurs the required 90° of phase. At 3.6 GHz, MTM-EBG B remains in its
bandgap region, but the stub and MTM-EBG A incur 67° and 23° of phase respec-
tively, for a total of 90°. Both MTM-EBG unit cells transmit at 2.4 GHz, and they
combine with the stub to produce the third 90° phase condition. Dimensions of the
MTM-EBG unit cells (after minor tuning) can be found in Table 4.1.

Complex electric field magnitudes are presented in Fig. 4.12 to again confirm that
both MTM-EBGs are providing the expected bandgap response, and this is compared
to the fields of respective conventional stubs. Despite the small MTM-EBG lengths,
three individual resonances are clearly supported. Miniaturization of the stub is
apparent in Fig. 4.12a as well, since tri-band filtering is achieved with a stub that is

15.4% shorter than a conventional stub at the lowest frequency.
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Figure 4.11: Dispersion diagram including all individual segments of the tri-band
stub. Bandgaps for each unit cell are highlighted.

Agreement in S-parameters between the simulated and measured results is evident
in Fig. 4.13. Three stop bands centred at the given operating frequencies are clearly
visible, each demonstrating insertion loss better than 20 dB and return loss below 1
dB. The fabricated device displays a slight frequency shift (below 2.2%) that is likely
the result of some substrate debris in between the small capacitive digits. Fig. 4.14
compares S-parameters for three respective conventional stubs and the tri-band de-
vice; it is apparent that the MTM-EBG-based device exhibits higher selectivity as
compared to the individual single-band devices, and exact bandwidths are included

in Table 4.2.

4.2.4 Additional Stub Properties

Some further stub filter properties merit discussion. Many of these concepts can

easily be transferred to other MTM-EBG-devices as well, so while these filters act as
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Figure 4.12: Complex electric-field magnitudes at tri-band stub resonances (left)
versus corresponding conventional devices (right); excitation is at the right port. (a)
2.4 GHz resonance, (b) 3.6 GHz resonance, (c¢) 5.0 GHz resonance. Reproduced from
[196] ©2018 IEEE.

a good example, these ideas can be taken more generally.
4.2.4.1 Loss in Resonant Structures

Field profiles of these multi-band stub filters show that a resonant length is observed
at each operating frequency. When transmitting, the MTM-EBG unit cells have
strong fields throughout, and in their bandgap region, some strong fields are observed
penetrating into the MTM-EBG unit cells’ capacitors, while fields throughout the
cell are small but non-zero. With strong fields existing in the MTM-EBG and in
particular in proximity to its finer features, it is worth investigating whether this
significantly contributes to any dissipative loss.

Simulated and measured loss is shown for the dual-band rectangular stub filter in

Fig. 4.15, calculated with the standard power loss definition of
PL - 1 - |SH|2 - |821|2. (41)
Note that all realistic material losses (conductor and dielectric) are included in simu-
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Figure 4.13: S-parameters of the simulated and fabricated tri-band stub. Data re-
produced from [196] (©)2018 IEEE.

lation. For the most part, especially under 5 GHz, losses in the dual-band stub filter
are comparable to those in the standard filters, at below 10% of the total power.
Interestingly, measured losses are even lower than simulated in this range, indicating
that losses are slightly overstated in the simulation models. Loss increases near the
upper filtering resonance in all cases, and this is particularly true for the measured
data which begins to diverge from measurements; however, the likely candidate for
the disagreement is the subminiature version A (SMA) connectors used, which are
only rated up to 6 GHz.

While loss in the dual-band case is not insignificant, it is comparable to conven-
tional stubs and it can be concluded that the presence of MTM-EBG unit cells does
not substantially increase dissipative losses in the system, even with strong fields
present in the MTM-EBG. This is true whether or not the MTM-EBG unit cells are
transmitting or in their bandgap region. Similar results are observed for all multi-

band stub filters in this work.
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Figure 4.15: Simulated and measured loss of dual-band rectangular stub filter, com-
pared to conventional stub filters at the chosen operating frequencies.

4.2.4.2 Harmonic Bands

The focus of all presented stubs has been to create a quarter-wavelength resonance
at each of the desired operating frequencies. Discussion of harmonic bands has been
neglected since this is not the primary intended function of the devices, but it merits
discussion. For a standard microstrip stub, filtering is expected at all odd harmonics
(or near to the odd harmonics in a realistic case); for example, an HFSS simulation of
a stub that is a quarter wavelength at 2.4 GHz shows that additional filtering bands
are produced at 7.0 GHz, 11.1 GHz, 15.0 GHz, and so on. A stub that is a quarter
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Figure 4.16: Broadband response of dual-band rectangular stub.

wavelength at 5.8 GHz, by contrast, has no harmonic bands below 15 GHz. Now,
what happens for a dual-band stub that operates at both 2.4 GHz and 5.8 GHz?

Consider the broadband response of the dual-band rectangular stub presented in
Fig. 4.16. The designed first-order filtering bands are observed at the two intended
operating frequencies, and then weak filtering bands at 9.3 GHz and 13.1 GHz are
additionally observed. Note that neither of these higher bands are harmonics of
the design frequencies. That is to be expected, since the dispersion of the MTM-
EBG is not uniform, but contains a non-periodic bandgap instead, around which it
is dispersive. In other words, no harmonics related to the 5.8 GHz band are to be
expected since the MTM-EBG unit cell would require a periodic bandgap for this to
be the case, and dispersion of the MTM-EBG unit cell at 2.4 GHz (which is evidently
a factor since the overall stub length is shorter than a conventional stub alone) causes
the upper bands to shift from their expected harmonic locations.

In some applications, these properties could be extremely useful. Consider as an
example the design non-linear devices, such as power amplifiers, in which intermodu-
lation distortion is a problem and needs to be filtered out. An appropriately dispersive

MTM-EBG-based stub filter could theoretically be used to transmit at the operating
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frequency while simultaneously filtering out the higher-order intermodulation prod-
ucts that can occur at or near harmonic bands, thereby improving performance. Al-
ternatively, a frequency may be filtered out (for example, an unwanted band received
by a broadband antenna), but its harmonic band will still be received.

Another simple application of the MTM-EBG that takes advantage of its non-
harmonic properties would be to implement single-band filtering directly into a TL
that is being used for broadband applications with an embedded unit cell directly in
the main TL. Such a simple device would provide filtering at the desired frequency,
but not at the harmonics. This contrasts with other resonant filtering devices such

as the SRR, in which harmonics will have to be considered at higher frequencies.
4.2.4.3 Bandwidth

The issue of bandwidth can easily become convoluted to discuss since the term may
refer to several different parts of the structure. The bandgap bandwidth of the MTM-
EBG unit cell itself is one context in which the term is used; this refers explicitly to
the bandwidth for which the MTM-EBG is reflecting power (or in its bandgap region).
This bandwidth is obtained from dispersion diagrams for an infinite cascade of unit
cells, or with transmission simulations for a finite number of unit cells, in which case
a 10-dB bandwidth is usually defined. Bandgap bandwidth of the MTM-EBG is
designable from dispersion analysis, and can be chosen to be large or small based
on physical dimensions and loading; a single unit cell will have a smaller bandgap
bandwidth that is related to this, but approaches it as a large number of cascaded
unit cells are used.

Oftentimes in this work, bandwidth to refers to the frequency range over which a
device operates to a given specification. For example, the stub filters have a 10-dB
bandwidth over which they reflect power, or an antenna might have a reflection or
gain bandwidth to meet some specification. The overall device bandwidth may be

related to the bandgap bandwidth of a constituent MTM-EBG unit cell, but is not
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required to be. The relation between the two, in fact, can be fairly complex, especially
since the design process is intentionally simplified to focus on two primary operating
frequencies, rather than two frequency bands.

To determine the relationship between MTM-EBG bandgap bandwidth and device
bandwidth, consider the dual-band rectangular stub, starting with the 2.4 GHz band.
A single-band rectangular stub has a 10-dB device bandwidth of 518 MHz/21.6%
around this frequency, while the dual-band stub filter observes a device bandwidth of
365 MHz/15.2%. The MTM-EBG is transmitting at this frequency, so its bandgap
would only cause a reduction in device bandwidth if these two quantities overlap.
The dispersion diagram in Fig. 4.3 suggests that this is not the case, as the lower
edge of the MTM-EBG 3-dB bandgap bandwidth is found above 4 GHz, well above
the upper edge of the 10-dB device bandwidth, at 2.61 GHz. The reduction in band-
width is caused instead by the fact that the MTM-EBG unit cell is more dispersive
than the underlying microstrip at this frequency, which inherently causes a reduction
in device bandwidth. Further from the MTM-EBG bandgap, the dispersion more
closely approaches that of a microstrip, so this leads to a general principle in cases
where the MTM-EBG transmits at one of the operating frequencies: the further the
spacing is between operating frequencies, the more device bandwidth can be obtained
at a frequency where the MTM-EBG 1is transmitting. Of course, increased dispersion
also manifests as a smaller physical size, so there is a trade-off between circuit size
and bandwidth. Given that the MTM-EBG is embedded into the circuit to render it
multi-band, however, miniaturization is primarily achieved by realizing dual-band op-
eration in the space of a single-band device, and any miniaturization due to dispersion
is typically secondary.

The 5.8 GHz band of the rectangular stub can now be considered. This is the band
in which the MTM-EBG does observe a strong, though not uniform, bandgap. Its
bandgap bandwidth is now a limiting factor of the device bandwidth, since the de-

vice will only operate as expected over this range. Ideally, the MTM-EBG bandgap
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bandwidth should be larger than the bandwidth of a conventional device, so that
the dual-band version has the potential to achieve a similar bandwidth. In prac-
tice, however, a conventional stub filter at 5.8 GHz was simulated to have a band-
width of 978 MHz/16.9%, while the dual-band stub filter has a device bandwidth of
469 MHz/8.1%. This large difference merits further investigation.

First, a look at the dispersion diagram shows that the conventional device band-
width is well covered by an infinite cascade of MTM-EBG unit cells, while a trans-
mission simulation shows that the strength of the bandgap varies widely over that
range. The stub filter was optimized for operation at 5.8 GHz so the MTM-EBG
has its strongest bandgap at that frequency, but it falls to below the 10-dB insertion
loss mark quickly, so significant reflections off the MTM-EBG will occur beyond that
mark. A way to model this, as discussed, is to think of the MTM-EBG in its bandgap
region as a lumped impedance rather than as an OC; alternatively, being aware of
what the MTM-EBG bandgap bandwidth is can lead to an estimation of what the
maximum device bandwidth will be as a result.

Confirmation that the MTM-EBG bandgap bandwidth limits the device bandwidth
around 5.8 GHz comes from the radial stub filter. The radial stub filter bandwidth
around 5.8 GHz is 10.8%, which is not a huge increase over the rectangular stub at this
frequency, which has a bandwidth only 2.7% lower. By comparison, the difference
in bandwidth between conventional rectangular and radial stubs at this frequency
is 8.9%. Around the lower band, which is not limited by the MTM-EBG bandgap
bandwidth, conventional devices see a 29.9% increase in bandwidth with a change
in geometry from rectangular to radial, while the dual-band versions see a more
comparable 20.0% bandwidth increase. Clearly, the MTM-EBG bandgap bandwidth
plays a significant role in the device filtering bandwidth around 5.8 GHz.

This effect is magnified for the tri-band stub. The middle band has a narrow
bandwidth, but this is to be expected, since the MTM-EBG has a narrower bandgap

bandwidth as its center frequency is shifted down. MTM-EBG B has a bandgap
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at 3.6 GHz, so this is the unit cell that limits the filtering bandwidth around this
frequency.

General conclusions can be drawn from this study, allowing the question of band-
width to require less rigorous consideration for future devices. First, when the MTM-
EBG is in its bandgap region, its bandgap bandwidth tends to limit device bandwidth.
When it is transmitting, the device bandwidth will be more comparable to that of its
conventional counterpart. This approximation becomes more accurate for operating
frequencies that are further separated. Additionally, the MTM-EBG may constrain
device bandwidth substantially as its bandgap frequency is lowered, since its bandgap

bandwidth reduces commensurately.

4.3 Dual-Band Matching Network

4.3.1 Approach

The stubs presented so far are resonant stubs for filtering applications, chosen as a
simple example where the ability of the MTM-EBG to enable dual-band behaviour
is clear. While this is useful in many applications, it is by no means the only or
even primary use of microstrip stubs; they also act as distributed reactive elements
when not operating at resonance, which makes them amenable to applications such
as impedance matching. This section will focus on the use of non-resonant multi-
band stubs; the chosen example is the stalwart double-stub tuner, where two stubs
separated by some fixed distance are used to match to an arbitrary input impedance.
Dual-band operation will again be achieved using stubs with embedded MTM-EBG
unit cells. A rigorous design procedure for the matching network is also developed,
and minimization of dissipative loss in the system is examined. The versatility of
this approach is further demonstrated in the subsequent section with the design of a
tri-band matching network.

A dual-band double-stub tuner using embedded MTM-EBGs will be designed to
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match a 50 () system impedance to an arbitrary, frequency-dependent load. The
arbitrarily chosen load consists of a 100 €) resistor in series with a capacitive pad
that is w = 3.7 mm wide by /. = 2 mm long, with a d, = 0.9 mm diameter metallic
via in the center that provides inductance. The load is modeled in Fig. 4.17a, while
Fig. 4.17b shows a fabricated structure that is used to extract the load impedance
for comparison to simulation. The fabricated load is measured with a PNA-X, and
results are de-embedded from the measurement plane (the location where the SMA
connector dielectric begins) to the reference plane [197]. The real and imaginary parts
of the input impedance a distance of ¢; = 10 mm from the gap beneath the resistor
is shown in Fig. 4.17c; the reason for presenting the impedance at this location will
become apparent in the following subsections, as this is the impedance for which
matching will ultimately be sought.

Matching to this load with a traditional double-stub tuner at one frequency is well
understood, and a solution can be obtained through the use of a Smith Chart or with
closed-form equations [56]. Two possible stub-length solutions exist for a given load
impedance and stub separation distance, with the choice of solution typically being
decided as the one with a smaller footprint. It is possible to have a load impedance
fall in a “no-solution” region for which matching is not possible, although if the
distance between the load and first stub is not fixed, the load impedance can always
be transformed through some TL length into a region where solutions can be found,
i.e. by changing c¢;.

Creating a dual-band matching network requires two single-band solutions to be
superimposed, as enabled by embedded MTM-EBG unit cells. Generally, each so-
lution will be matched to a different impedance, as observed in Fig. 4.17c. The
arbitrary load impedance (dependent on ¢;), the many possible single-band solutions,
and MTM-EBG design renders the creation of a dual-band matching network a com-
plex problem. A systematic approach to all parts of this problem, resulting in an

optimized solution, must be developed.

98



Resistor

(a)

Meas. plane De-embed 1Reference plane

! 22.2 mm
(b)
100

—_— 50 T \ R

C—} = . ¥ |

8 e

= -

s 0 =

= -7

5] A === Real, sim.

(=% - L g

E 5o Leue— = = Imag., sim.
=== = Real, meas.
===+ Imag., meas.

-100 - - . . :
1 2 3 4 5 6 7

Frequency [GHz]
()

Figure 4.17: (a) Model of frequency-dependent load consisting of a 100 — € resistor
over a gap of [, = 0.7 mm, a capacitive plate with dimensions of w = 3.7 mm by
lc =2 mm, and a via of diameter d = 0.9 mm. (b) Fabricated load showing mea-
surement plane and reference plane to which results are de-embedded. (c) Simulated
and measured input impedance a distance of ¢; = 10 mm from the load. Reproduced
from [193] (©)2023 IEEE.
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4.3.2 Optimization Algorithm

Dual-band matching to the frequency-dependent load is sought at 2.4 GHz and
5.8 GHz. Single-band solutions must be found at each frequency, and then a double-
stub tuner must be designed and rendered dual-band through the use of MTM-EBG
unit cells. Since it is only the stubs that contain embedded MTM-EBG unit cells,
both solutions must have the same distance between the load and first stub (¢;) and
the same stub separation distance (hereafter called cs).

For any given c¢; value, the load impedance must be in the solution region at each
frequency. The value of ¢, is typically chosen to be either A\,/8 or 3),;/8 (where A,
is the guided wavelength), since these distances result in a matching network that
is less frequency-sensitive [56]. For a dual-band network with arbitrary operating
frequencies this will not typically be possible, so a ¢y value that optimizes bandwidth
in both bands should be found.

Another constraint arises from the fact that stub lengths at each frequency should
be sufficiently different to allow an MTM-EBG unit cell to be embedded in that space.
For example, assume that the single-band solutions determine the stub nearest to the
load must be a; in length at the higher frequency, and as in length at the lower
frequency. If as > aq, then an MTM-EBG unit cell must be designed to provide a
bandgap at the higher frequency and transmit at the lower frequency to effectively
provide the correct stub length at each (or vice versa if a; > ap). The difference in
stub length |ay — ai| must, therefore, be above a threshold that allows the required
MTM-EBG to be embedded in that space. The same applies to the stub nearer to
the generator; if the stub lengths at the higher and lower frequency are b; and b,
respectively, then |by — by| must also be larger than the determined threshold. What
this threshold should be is a design choice; the amount of space that an MTM-EBG
unit cell takes up depends on the bandgap frequency, whether printed or lumped

capacitors are used, and what the minimum fabricated feature size is.
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Figure 4.18: Representative depiction of microstrip dual-band matching network. A
single-band double-stub tuner at (a) f; and (b) fy are effectively combined into a (c)
dual-band double-stub tuner, enabled by embedded MTM-EBG unit cells that have
a bandgap at f; but transmit with a designed phase at f;. Load impedance and the
distance between the load and nearest stub, ¢;, are lumped into a frequency-dependent
Z1,. Reproduced from [193] (©)2023 IEEE.

While the constraint on the difference in stub length may seem restrictive, it is
typically not difficult to overcome. For a given c¢; and ¢, two solutions are avail-
able at each frequency, resulting in four possible combinations of solutions. Out of
these combinations, it is likely that at least one meets the threshold for both stubs.
A representative depiction of solutions that meet these requirements are shown in
Figs. 4.18a and 4.18b, while Fig. 4.18¢ schematically demonstrates how MTM-EBG
unit cells can be embedded to effectively render the double-stub tuner dual-band.

Note that the circuit operating at the lower frequency may not have the longer
stubs, since the stub lengths are not resonant and may be anything between 0 and
Ay (although the lower frequency tends to have longer stubs since ), is larger at
this frequency). It is also possible that the solution at one frequency has one longer
stub and one shorter stub as compared to the solution at the other frequency. The
optimization code allows for this possibility, and it is easily accommodated for by
ensuring that any embedded MTM-EBG unit cell has a bandgap at the appropriate

frequency required to facilitate this.
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Taking these various restrictions into consideration, a large solution space still
remains. Since closed-form equations provide solutions to the double-stub tuner for
any choice of load impedance and stub separation distance, an algorithm can be
written to determine an optimal solution within this space. The algorithm sweeps
through values of ¢; and ¢, in small increments (from 0 to A, at the higher operating
frequency), and finds the single-band solutions (if they exist) at both frequencies for
each increment. Four solution combinations result at each step. A threshold for
lag — aq| and |by — by| is determined, and any solution that does not exceed both of
these thresholds is discarded. A set of possible solutions for the given load arises.

Out of the possible solution set, the optimal solution is determined to be the one
with the largest bandwidth in the searched parameter space (although for cases where
specific bandwidths, return losses, or physical constraints are specified, a different
optimization parameter can just as easily be used). This is achieved by first finding the
frequency response of each of the possible solutions using circuit theory in combination
with simulated values for the frequency-dependent load, de-embedded as necessary
to the proper ¢; length. The 10-dB return loss bandwidth for each solution can
then be determined, and the solution that provides the highest combined bandwidth
while maintaining a minimum fractional bandwidth around each operating frequency
is chosen.

The parameters fed into this algorithm can be adjusted in cases where they do
not produce a solution, but in the large solution space available, this would mainly
occur in cases where the stub difference threshold or minimum fractional bandwidth
parameters are extreme. A more advanced optimization algorithm could also be used,
but since all calculations are based on closed-form equations, a simple brute-force
algorithm like the one described is quick and easy to implement.

The algorithm was run to find a solution for the dual-band matching network at
2.4 GHz and 5.8 GHz with the load impedance response that is shown in Fig. 4.17. The

stub difference threshold was set to 6 mm, and fractional bandwidths of at least 25%
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in each band were required. The optimal solution has values of ¢; = 10 mm (the load
impedance is plotted at this reference plane in Fig. 4.17c) and ¢; = 14.37 mm. The
stub lengths for the optimal solution at 5.8 GHz are determined to be a; = 4.07 mm
(stub nearest to load) and b; = 14.69 mm (stub nearest to generator), and stub
lengths at 2.4 GHz are a; = 31.98 mm and b, = 36.55 mm. The stub difference
threshold is well exceeded in each case. The predicted 10-dB return loss bandwidth

is 39.6% (950 MHz) and 29.0% (1680 MHz) at 2.4 and 5.8 GHz, respectively.

4.3.3 MTM-EBG Implementation

Now that complementary single-band solutions have been found, MTM-EBGs must be
inserted into each of the stubs to produce an integrated dual-band matching network.
The MTM-EBG unit cells should be the same width as the microstrip (3.7 mm in
this case) and be shorter than the stub length difference threshold (6 mm). Since the
MTM-EBG in each stub requires the same bandgap frequency, the same unit cell can
be used for simplicity.

A fully printed MTM-EBG unit cell that meets these requirements can be found
from Fig. 4.19, where the bandgap center frequency and 10-dB insertion-loss band-
width is given as a function of capacitor length go. The unit cell is 4 mm in length,
and all other dimensions of the unit cell are provided in the first column of Ta-
ble 4.3. Fig. 4.19 shows that reducing capacitance (i.e., reducing g¢) results in the
bandgap center frequency shifting upwards, and the absolute bandwidth correspond-
ingly increasing. The strength of the bandgap remains nearly constant, with peak
insertion loss between 26 dB and 28 dB. Note that since the unit cell is embedded
into a microstrip, either end of the unit cell appears shorted; however, this actually
provides, parasitically, the required inductance between the three MTM-EBG con-
ductors, which is in parallel with the strip inductors seen in previous designs. Since
the unit cell is electrically small, the strip inductors can be lumped in with the par-

asitic inductance of the short (which is of a similar magnitude), and thus are not
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Figure 4.19: MTM-EBG bandgap center frequency (solid red) and 10-dB insertion-
loss bandwidth (dashed blue) as a function of printed capacitor length go. Insets
show what the embedded MTM-EBG unit cell looks like for go = 1.5 mm and
gc = 3.5 mm. This plot only applies to an MTM-EBG on the chosen substrate with
the dimensions given in Table 4.3. Reproduced from [193] (©)2023 IEEE.
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independently required in the unit cell design.

Inset in Fig. 4.19 are images of what the unit cell looks like for some different
go values. Since go cannot exceed the length of the unit cell itself, this particular
unit cell design is unable to provide a bandgap below approximately 5 GHz. For the
present design, a bandgap at 5.8 GHz is needed, so this unit cell (with g. = 3 mm) is
sufficient. In cases where lower-frequency bandgaps are needed, three options become
available: i) reduce the size of the capacitive interdigitations to increase capacitance;
ii) use discrete lumped capacitors rather than printed elements; or iii) redesign the
unit cell (and, if necessary, the stub difference threshold) so that there is space for
larger printed capacitors.

The MTM-EBG with the appropriate bandgap location can now be embedded into
the matching network. It is placed at the end of the shorter stubs of length a; and by,
so that they remain the correct electrical length at the operating frequency of 5.8 GHz.

For operation at 2.4 GHz where the MTM-EBG transmits, appended microstrip lines
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Table 4.3: Dimensions of MTM-EBG Unit Cells in Multi-Band Matching Networks,
Given in mm

MTM-EBG A MTM-EBG B

l 4.00 6.00
w 3.70 3.70
s 0.30 0.30
ge 3.00 5.25
gL 0.70 0.70
d, 0.20 0.20
ds 0.20 0.20

incur the remainder of the required phase. The dual-band double-stub tuner with
embedded MTM-EBG unit cells is depicted in Fig. 4.20a.

All that remains at this stage is to tune the structure. The main reason that
tuning is required is that the analytical description of the double-stub tuner used in
the design algorithm does not include T-junction parasitics, and simple T-junction
models that can be included in the analysis do not provide a sufficient increase in
accuracy to render tuning unnecessary. The T-junctions are just as easily tuned out
after the initial dual-band design. A simple way to do this is to reduce the length of
each transmission line leading into a T-junction by some distance z. This amounts
to reducing c; by = and cy by 2x, where the value of = is on the order of 0.7 mm
for the present design, and ensures that the matching bands occur at the designed
frequencies. Further tuning of a, as, by, and by can fine-tune the results, but the
tuning is minor, below 0.04), at the higher operating frequency. Dimensions of the

final dual-band matching network design are provided in the caption of Fig. 4.20.

4.3.4 Summary of Procedure

To summarize the design process for a dual-band matching network in full:
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Figure 4.20: (a) Simulation model and (b) fabricated dual-band matching network.
MTM-EBG A dimensions are given in Table 4.3, and other dimensions are: a; =
2.75 mm, ay = 31.00 mm, by = 13.37 mm, by = 39.75 mm, ¢; = 9.34 mm, and
c2 = 12.67 mm. Reproduced from [193] (©)2023 IEEE.

1. Establish (e.g., by way of specification) the frequency-dependent load impedance,

and the two frequencies to which it must be matched. Choose a substrate.

2. Use an algorithm to determine viable solutions, i.e., solutions at each frequency
with the same ¢; and ¢y that have a minimum difference in stub length |as — a4 |

and |by — by| based on the realistic size of an MTM-EBG unit cell.

3. Restrict viable solutions to ones that meet a minimum bandwidth requirement
around each frequency, determined with circuit analysis. Choose a single so-
lution out of these to optimize a particular trait of the system, e.g., largest

combined bandwidth, or smallest circuit size.

4. Design an MTM-EBG unit cell with required bandstop properties and physical
dimensions, using the same unit cell for both stubs if possible. A design table

or graph like the one in Fig. 4.19 may be used.
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5. Embed the MTM-EBG unit cell into the stubs at the required positions.

6. Simulate and tune the final structure to produce dual-band impedance matching

around both desired operating frequencies.

4.3.5 Results
4.3.5.1 S-Parameters

The final matching network was fabricated, as shown in Fig. 4.20b, and measured.
Simulation and measurement results are presented in Fig. 4.21a, where very good
agreement is observed, particularly above the -10 dB S}; level. For comparison, sim-
ulated matching networks of the single-band double-stub tuners are overlaid around
their corresponding operating frequencies. Matching bands of the dual-band network
present -10-dB bandwidths of 44.3%/1063 MHz and 22.1%/1284 MHz in the lower
and higher bands, respectively. These bandwidths are similar to those predicted
analytically, although a reduction in the upper band occurs since the predicted re-
sponse is only valid within the bandgap bandwidth of the MTM-EBG A unit cell.
Large bandwidths are otherwise preserved, in contrast to the resonant bandstop stub

filters.
4.3.5.2 Loss Mechanisms and Mitigation

Two narrow bands that also appear to exhibit strong matching are additionally ob-
served, one at 4.14 GHz and the other at 6.74 GHz. The origin of these features merits
further investigation, specifically to determine whether the power is successfully de-
livered to the load in these bands, or if some resonant feature is causing dissipation
instead; S7; alone does not distinguish these cases. As such, dissipative loss in the
network is investigated in simulation. It is observed by comparing the net power flow-
ing through a plane perpendicular to the direction of propagation at different points
in the system. Consider a plane near the source; net power through this plane indi-

cates power that makes it into the network, which may either be delivered to the load
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Figure 4.21: (a) Simulated and measured Sj; of the dual-band matching network
compared to single-band matching networks (one each for matching at 2.4 GHz and
5.8 GHz, each plotted only over a frequency range of interest). (b) Simulated loss in
dual- and single-band matching networks. Reproduced from [193] (©)2023 IEEE.
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or dissipated by loss. Subtract from this the net power through a plane next to the
load (which gives the power delivered to the load), and the value that remains is the
loss; this is then normalized to the total input power, and reported as a percentage.
For the dual-band network, this loss value is given in Fig. 4.21b, where it is found
that loss in the matching bands of the dual-band network is comparable to loss in
single-band networks, around 10%. Note that realistic conductor and dielectric losses
were modeled in these simulations.

What is also notable from this comparison is that loss spikes dramatically around
resonant features corresponding to low reflection in the 4.14 GHz and 6.74 GHz bands.
This indicates that a majority of power is not being delivered to the load at these
frequencies, but is rather dissipated. As a result, the low Si; in these bands cannot be
attributed to matching. The mechanism behind the loss is discovered by investigation
of the complex electric field magnitudes at these two frequencies, shown in Fig. 4.22.
A standing wave is observed at 4.14 GHz above the MTM-EBG unit cell in the stub
on the left that corresponds approximately to A,/2 at this frequency, while a standing
wave occurs in the upper part of the stub on the right at 6.74 GHz, corresponding to
a length of A\,. In each case, the MTM-EBG is partially transmitting, allowing the
standing waves to form and to ultimately dissipate power.

It is important to ensure that these lossy resonances do not interfere with matching
bands, and since their source is known, this can easily be achieved. Consider the
resonance at 6.74 GHz. If the length of the stub nearer to the load (which supports
the dissipative resonance) changes slightly, the resonance should shift correspondingly,
and this is demonstrated in Fig. 4.23. It is observed that as the stub length increases,
the resonance and loss peak shift downwards, eventually causing loss in the matching
band and effectively shrinking it. The amount of loss decreases nearer to 5.8 GHz
as the MTM-EBG presents a stronger bandgap and thereby limits the amount of
power coupling into the resonance, but the effect is still detrimental. Finally, notice

that the change in stub length only has a minor effect on the matching band around
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Figure 4.22: Complex electric field magnitudes of the dual-band matching network
at frequencies of loss-causing resonances. Reproduced from [193] (©)2023 IEEE.

2.4 GHz, since the change in stub length is electrically small near this frequency. It
can therefore be ensured that the spikes in dissipative loss are shifted away from the

matching bands.

4.4 Tri-Band Matching Network
4.4.1 Design Steps

The concept behind the dual-band matching network can be expanded to by adding
a second MTM-EBG unit cell to each stub, rendering them, and therefore the entire
network, tri-band. As with stubs themselves, N unit cells in each stub results in
N + 1 possible operating frequencies, although the solution space in the optimization
algorithm shrinks as it may become difficult to fit all MTM-EBG unit cells into the
stubs. The design procedure used in the dual-band case still applies anyways, with
logical modifications to support tri-band operation. The design procedure is adjusted

accordingly, and is carried out as follows:

1. Specify the problem: tri-band matching at 2.4 GHz, 3.6 GHz, and 5.8 GHz on
Rogers 3003, designed to match to the load shown in Fig. 4.17.
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Figure 4.23: (a) Si; and (b) loss for different lengths of as in the dual-band matching
network. Reproduced from [193] (©)2023 IEEE.
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2. Modify the algorithm to determine viable tri-band solutions, i.e. solutions at
each frequency with the same ¢; and ¢y that have a minimum difference in stub

lengths a;/as/az and by /by/bs of 6 mm.

3. Find solutions achieving a minimum fractional bandwidth around each fre-

quency of 18%. Choose a solution where combined bandwidth is maximized.

4. Design two MTM-EBG unit cells with required bandstop properties and physi-
cal dimensions, using the same unit cells where possible for both stubs. In this
case, unit cell A is the same as in the dual-band case, where unit cell B has a

bandgap at 3.6 GHz.
5. Embed the MTM-EBG unit cell into the stubs at the required positions.

6. Simulate and tune the final structure to produce tri-band impedance matching

around all desired operating frequencies.

The tri-band matching network produced by this procedure is shown in Fig. 4.24,
and MTM-EBG dimensions are provided in Table 4.3.

4.4.2 Results
4.4.2.1 S-parameters

Simulated and measured S1; of the tri-band matching network are shown in Fig. 4.25a.
Three bands are clearly observed with excellent agreement between the simulated
and measured data. A -10 dB S3; bandwidth of 16.8%/402 MHz is observed around
2.4 GHz, while the 3.6 GHz band has a bandwidth of 237 MHz/6.6%; this is limited
by the bandgap of MTM-EBG B, which is small compared to that of MTM-EBG
A (following the trend in Fig. 4.19). The highest band has a broad bandwidth of
25.2%/1462 MHz, although loss spikes near the bottom of the band (see Fig. 4.24b);
it is therefore more accurate to consider the matching band to start at the S7; local

maximum at 5.42 GHz, which gives a matching bandwidth value of 18.3% /1061 MHz.
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Figure 4.24: (a) Layout of the tri-band matching network, where a; = 10.8 mm,
as = 15.5 mm, a3 = 23.0 mm, by = 12.5 mm, by = 21.1 mm, bs = 27.5 mm,
c1 = 4.9 mm, and ¢ = 9.2 mm. Dimensions of MTM-EBG A and B are given in
Table 4.3. (b) Fabricated device. Reproduced from [193] (©)2023 IEEE.

4.4.2.2 Loss

Loss in the network as shown in Fig. 4.24b demonstrates that while the middle band
appears quantitatively similar in terms of Sq; to the 4.14 GHz resonance in the dual-
band case, it does not experience a high level of loss, making this truly a matching
band. The other operating frequencies also have loss comparable to conventional
devices, despite some high losses in regions between bands.

The tri-band design serves to further outline the merits of using non-resonant stubs
with embedded MTM-EBG unit cells for multi-band matching, and demonstrates the
wide applicability of this approach. Again, note that implementation of the tri-
band matching network also does not require an increase in circuit board space as
compared to a conventional double-stub tuner with this particular layout. The ability
to embed so much additional functionality in a similar amount of space without
greatly increasing fabrication complexity is a key element of these MTM-EBG-stub-

based structures.
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Figure 4.25: (a) Simulated and measured Sy; of the tri-band matching network. (b)
Simulated loss. Reproduced from [193] (©)2023 IEEE.
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Paper Year Bands Frequencies Load 10-dB  Substrate Area Area

[GHz] BW [%] €r [mm?] [Ag]®
[84] 2015 2 2.4/3.6 complex 4/3 3.55 22x12  0.33x0.18
[90] 2015 2 1.00/2.42  complex  11/5 A7 120x155 0.87x1.12
[85] 2017 2 0.9/1.5 complex  7/5 435 110x30  0.69x0.19
[91] 2020 2 1.0/2.5 complex  34/28° 4.35 85x15  0.59%0.10
[95] 2016 3 1.0/2.0/2.5 real 44/16/7 3.48 80x100 0.50x0.62
[96] 2017 3 1.8/2.4/5.8 real  28/18/7 2.2 70x70  0.62x0.62
[97] 2017 4 1.5/2.45/3.5/4.5 real 8/7/5/2 2.33 18x73  0.14x0.56
This work (DB) 2021 2 2.4/5.8 complex  44/21 3 29x44  0.40x0.61
This work (TB) 2021 3 2.4/3.6/58  complex 17/7/25 3 21x31  0.20%0.43

@ )\, is the wavelength in a bulk medium of corresponding €, at the lowest operating frequency.
15-dB bandwidth reported.

Table 4.4: Comparison of multi-band matching networks in recent literature.

4.4.2.3 Comparison to Other Matching Networks

The matching networks in this work are compared to other multi-band matching
networks in the recent literature in Table 4.4. All other matching networks are fabri-
cated on a single printed circuit board (PCB) layer, although some use shorted stubs
or vias for matching purposes, which complicates fabrication. Simulated results are
compared in all cases for consistency. The comparison shows that the proposed multi-
band matching networks operate comparably to other designs while maintaining some
advantages over each, such as remaining compact, being able to match to complex
loads, and presenting a larger matching bandwidth than most designs. Furthermore,
the present work offers superior versatility, as the multi-band matching networks are

suitable for matching to two, three, or even more frequency bands.

4.5 Wilkinson Power Divider
4.5.1 Design

Adding MTM-EBG unit cells into terminated OC stubs is intuitive, in that the stub

possesses a different electrical length at each frequency of interest. Many devices
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require power to transmit through the section of specified electrical length, and this
poses a greater challenge. Consider the WPD, a three-port device based on two
quarter-wavelength transmission line sections of impedance /27, between ports 1 and
2 and ports 1 and 3, respectively, as well as a fixed 27 resistor between ports 2 and 3
[56]. With the usual system impedance of 50 €2, the quarter-wavelength transmission
lines segments have a width of 2.13 mm, and a 100 € resistor separates the two
branches. The branch lengths of conventional WPDs are calculated to be 20.10 mm
and 9.65 mm, respectively, for the lower and higher operating frequencies. As with
other devices, the MTM-EBG should create the necessary frequency dependence to
simultaneously achieve both of these solutions.

To render this device dual-band, the quarter-wavelength transmission lines should
provide the required phase of 90° at both frequencies. There are two ways to achieve
this: the first uses equi-phase points supported by the MTM-EBG on either side of
the bandgap to render the quarter-wave section dual-band. This method has been
used to render a quadrature hybrid coupler and impedance transformer dual-band
[184].

The second method of making a device dual-band is more similar to the approach
used for the stubs, and will be demonstrated here. This involves using MTM-EBGs to
allows signals at frequencies f; and f, to travel along separate paths. Importantly, a
path that transmits f; must reflect f, and vice versa, so that the signals are separated;
then, the phase response for each frequency can be individually tailored before the
signals are recombined. The quarter-wave segment of the WPD is divided into two
paths to achieve this [198]. Each path requires “gateway” MTM-EBG unit cells at
each end to allow transmission of signals at one frequency but prevent propagation
of signals at the other. Furthermore, these MTM-EBGs, along with any TL segment
that also contributes to total branch length, provide a total phase of 90° for the signal
it is transmitting. Both the bandgap and passband response of the MTM-EBG are

critical to the functionality of the device, and the MTM-EBG unit cells must be
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electrically small to be embedded in a short ()\,/4) and relatively high-impedance
(v/2Z,) microstrip.

The dual-band WPD, designed to operate at 2.4 GHz and 5.0 GHz, is presented
in Fig. 4.26a. The two possible signal paths are indicated. Signals at 2.4 GHz
are directed along the outer (long-dash line) paths, while 5.0 GHz signals take the
inner (short-dash line) paths. Correspondingly, MTM-EBG A possesses a bandgap
at 2.4 GHz, while MTM-EBG B has a bandgap at 5.0 GHz. The phase incurred
in each branch can be accounted for by adding up the phase through each section
along the appropriate path. Specifically, along the outer branch in Fig. 4.26a, the
90° phase must be incurred through a combination of the microstrip between the two
embedded MTM-EBG B unit cells (40.2° at 2.4 GHz), the small MS segments that
connect Port 1 and Port 2/3 to MTM-EBG B (28.0°), and the MTM-EBG B unit
cells themselves (10.9° each). The inner branch consists of MS segments (39.0° at
5.0 GHz) and MTM-EBG A (51.0°). Dispersion diagrams of both MTM-EBG unit
cells designed to meet these specifications are given in Fig. 4.27, with the operating
frequencies (horizontal black lines) and bandgap regions (shaded) indicated.

The MTM-EBG unit cells themselves require substantial loading which is difficult
due to their small size, but they are still designed to be fully printed. To facilitate
this, 50 um feature sizes were used (RO3003 with 1/2-o0z rolled copper was used
to facilitate fabrication of these small features), and the unit cell structure shown in
Fig. 4.26b was employed. Meandered inductors were implemented in MTM-EBG A to
obtain a greater inductance, and the capacitor was flared out beyond the width of the
unit cell. This was found to have a minimal effect on the impedance or performance
generally of the MTM-EBG unit cell.

Whereas the presented WPD is dual-band, more bands may be added theoretically
added through the inclusion of additional branches. Two distinct MTM-EBG unit
cell designs are required for every additional branch, with each unit cell possessing

a bandgap to prevent signals at other operating frequencies from entering the new
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Figure 4.26: a) Dual-band WPD layout, with different MTM-EBG unit cells for the in-
ner (containing MTM-EBG A) and outer (containing MTM-EBG B) branches. Paths
for high-frequency (short dash) and low-frequency (long dash) power flow are indi-
cated by arrows. b) General MTM-EBG unit cell layout used in the WPD branches.
Reproduced from [184] (©)2020 IEEE.
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Figure 4.27: Dispersion diagrams for a) MTM-EBG A and b) MTM-EBG B, with de-
sign parameters for each given in Table 4.5. Highlighted regions indicate the bandgap
and the horizontal (black) lines show the two operating frequencies. Solid (red) lines
and dotted (blue) lines give the imaginary and real parts of the propagation constant,
respectively. Reproduced from [184] (©)2020 IEEE.
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Table 4.5: Dimensions of MTM-EBG Unit Cells in WPD

Parameter MTM-EBG A MTM-EBG B

[ 4.90 mm 2.00 mm
w 2.13 mm 2.13 mm
5 0.10 mm 0.10 mm
gL 0.60 mm 0.50 mm
gc 2.55 mm 1.10 mm
d 0.05 mm 0.05 mm
hr, 2.00 mm 0.05 mm
Ty 0.15 mm 0.10 mm
To 0.58 mm 0.68 mm

branch. For N arbitrary operating frequencies, 2(N — 1) different MTM-EBG unit
cells are required. Practically, such a design would be easier to achieve with lumped
elements, since the branches and MTM-EBG unit cells are very compact.

The dual-band WPD was simulated and tuned, and resulting dimensions of the
MTM-EBG unit cells are given in Table 4.5. The approximate loading values of
the printed capacitors and inductors in MTM-EBGs A and B, respectively, are
La=25nH,C4 =19pF, Ly = 1.3 nH, and Cg = 0.8 pF.

4.5.2 Results

Simulation results of the dual-band WPD are shown in Fig. 4.28 (red solid curves)
and detailed in Table 4.6. Insertion losses of 3.42 dB and 3.92 dB at 2.4 GHz and
5.0 GHz, respectively, are seen, while return loss and isolation remain better than
17 dB at the operating frequencies. Performance at both operating bands is com-
parable to that of the well-known conventional microstrip-based divider, but with
narrower bandwidths. Once again, this is to be expected due to the limited bandgap

bandwidths and operation in dispersive regions of the MTM-EBG unit cells. How-
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Figure 4.28: Simulated, experimental, and corrected simulated (including 7-pm over-
milling in capacitive gaps) S-parameters of the dual-band WPD. The vertical (black)
lines indicate the operating frequencies of 2.4 GHz and 5.0 GHz. Reproduced from
[184] (©2020 IEEE.
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Figure 4.29: Fabricated dual-band WPD. The inset magnifies MTM-EBG B, showing
the 50 pm features. Reproduced from [184] (©)2020 IEEE.

ever, the power divider bandwidths are still suitable for applications such as indoor
WiFi, for which channels have a specified maximum bandwidth of 160 MHz.

The fabricated dual-band WPD is shown in Fig. 4.29, and experimentally obtained
S-parameters are presented along with the simulated results in Fig. 4.28 (blue dash-
dotted curves). Whereas simulated and measured data demonstrate generally good
agreement, a frequency shift of under 4% is observed for both operating bands. The
measured insertion losses, given in Table 4.6 and recorded at the shifted operating
frequencies, report values very similar to those simulated. Upon inspection using a
microscope, it was determined that the capacitive gap widths (d) were over-milled
by approximately 7 pm, which is within the tolerance specifications of the U3 laser-
milling system. When incorporated into the simulations (green dotted “corrected
simulation” curves), the agreement is noticeably enhanced. To avoid over-milling in
the fine features of future designs, either larger features sizes could be demanded or
else surface-mount elements employed, the latter of which would require some addi-
tional fabrication steps but simplify unit-cell design. This WPD design is compared to

other proposed multi-band power dividers in Table 4.7, which shows that it exhibits
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Table 4.6: Simulated and Measured S-Parameters of the Dual-Band WPD at Fre-
quencies of Peak So;

Simulated Measured
Parameter 2.40 GHz 5.00 GHz 2.45 GHz 5.15 GHz
Sy1 (dB) -44.18 -19.22 -30.14 -19.59
So1 (dB) -3.42 -3.92 -3.23 -3.86
Saz (dB) -25.83 -17.01 -28.85 -14.56

Table 4.7: Proposed Dual-Band WPD compared to similar equal-power division dual-
band devices in recent literature

fi/f2/ .. [GHz] [S11] [Sa1 ]| [Sas| Circuit Size
This Work 2.45/5.15 30.1/19.6 3.23/3.86 28.9/14.6 0.20 A\gx 0.13 A,
[100] 1.0/2.0 22.8/19.4 3.17/3.27 30.1/23.4 0.20 Ayx 0.49 X,
[101] 1.0/2.7 28.0/22.0 3.1/3.3 39.0/28.0 Not Reported
[103] 1.0/1.8 25/43 3.1/3.2 26.0/32.0 0.31 Agx 0.17 ),
[110] 1.32/2.44/3.56/4.68 22.0/30.0/30.0/18.0 3.43/3.75/4.09/4.75 15.0/27.0/30.0/25.0 0.45 A\gx 0.54 X4
[199] 2.5/5.4 39.1/25.1 3.2/3.5 30.7/33.5 0.23 Agx 0.17 ),
[200] 0.9/3.5 16/31 3.1/3.2 26/24 0.18 Ayx 0.16 ),

comparable performance with a very compact footprint, with all sizes reported in
terms of the MS-like mode’s guided wavelength A, for a fair comparison with respect

to choice of substrate.
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Chapter 5

Multi-Band Antennas

5.1 Antenna Design Methodology

5.1.1 Design

The design of a dual-band microstrip patch can be compared, in a way, to the design
of the resonant stub filters (of course, there are plenty of extra considerations with an
antenna - input impedance, radiation properties, gain, etc.). Consider a basic, half-
wavelength microstrip patch antenna. Embedding an MTM-EBG unit cell onto the
radiating edge of the patch provides it with two resonant lengths: a lower frequency
resonance when the MTM-EBG is transmitting, and a higher-frequency resonance
when the MTM-EBG is in its bandgap region. A simple, microstrip-fed version of
this patch is represented in Fig. 5.1, with the MTM-EBG on the right side of the

patch. At the most basic level, this concept is the basis of this chapter.

LR W

2@f,

Figure 5.1: Schematic of microstrip patch antenna with embedded MTM-EBG region
on the radiating edge for dual-band operation.
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Another way to look at this is with the standard patch antenna cavity model
[174]. The MTM-EBG allows the perfect magnetic conductor (PMC) boundary on
the radiating edge of the antenna to effectively be shifted as a function of frequency,
allowing the fundamental transverse magnetic (TM;o) mode to be supported at two
independent frequencies (for a rectangular patch). The fact that the same mode is
excited for both frequencies implies that they will have similar radiation patterns.
The patch is dual-frequency, but single-mode; this contrasts with many multi-band
antennas in the literature, which rely on the excitation of various modes and produce
drastically different radiation properties in different bands.

Furthermore, effectively superimposing two antennas onto each other allows the
same area to support both resonances, and neither is greatly miniaturized or created
through extreme loading of the patch, either of which would affect key antenna pa-
rameters. The antenna becomes slightly miniaturized at the lower frequency due to
the dispersion of the MTM-EBG, but not to the extent that gain or input impedance
are significantly reduced. Miniaturization comes mainly from the fact that a single
antenna can support two different TM;y modes, so a single antenna is needed rather
than multiple antennas. Due to their superposition, they can typically both be excited
with the same, simple feed as well.

The creation of these antennas involves choosing the operating frequencies and
designing an MTM-EBG unit cell that provides a bandgap at the higher operat-
ing frequency while incurring the desired phase at the lower operating frequency to
produce a resonance in both bands. Location of the MTM-EBG unit cells (e.g., deter-
mining which patch edge or edges they should be placed on) has an effect on matching
and radiation properties, and these will be explored for various antenna designs. Tra-
ditional patch antenna design challenges must simultaneously be considered, such as
ground plane size and feed mechanism. These will be explored, and implemented in
different ways, for the antennas to come.

This work goes beyond the combination of two antennas into a simple dual-linear-
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polarized antenna. While based on the same design concepts, circular polarization is
also explored, as well as a tri-band antenna design for GPS frequencies. A dual-band
and simultaneously dual-linearly-polarized antenna (i.e., an antenna that supports
four independent and isolated TMjy modes in the same amount of space) is also
demonstrated, which poses a number of different design challenges. A tunable version
of this antenna is ultimately presented. The fundamental principles of antenna design

remain the same in all cases, but each presents unique challenges.

5.1.2 Considerations

5.1.2.1 Feed Mechanisms

The goal of this section is to develop simple, uniplanar, and compact antennas, and
to meet this goal, a simple feed design is also required. A few basic methods are com-
monly used for feeding microstrip antennas, and perhaps the simplest is a microstrip
feed, in which a patch is fed by a microstrip on the same plane as the antenna. This
allows for easy fabrication and integration with connecting microstrip circuitry such
as feed networks, but presents the disadvantages of rendering the patch asymmetrical
and allowing the feed to contribute spurious radiation, particularly if the substrate
is thickened to improve patch bandwidth [130]. To match a microstrip feed to the
antenna, either a matching network (often stub-based) is required, or the feed can
be inset into the antenna such that the input impedance at resonance matches the
characteristic impedance of the feed.

Pin feeds, in which a pin passes through a hole in the ground plane and connects
to an antenna directly, are another simple way of feeding an antenna. The pin itself
may come directly from a coaxial cable or be implemented as a via to a circuit layer
below the ground plane. While this increases fabrication complexity in comparison to
a microstrip feed, it has advantages of not affecting the antenna geometry at all, and
keeping the feed shielded from the antenna so that it has a minimal impact on radia-

tion properties [131], even with an extensive feed network (assuming that the ground
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plane is large). The location beneath the antenna at which the pin passes through the
ground plane determines impedance matching, and this method is relatively simple
and compact to implement.

Similar to using pin feeds in that the feed and patch are separated by a ground
plane is aperture coupling, which is even simpler to realize. Aperture coupling leaves
a small gap, which may be a variety of shapes, in the ground plane through which
power is resonantly coupled to feed the antenna. Although this can result in greater
bandwidth than either of the other feeding methods [130], the aperture should be
resonant at or near the antenna operating frequency, and that makes this method
unsuitable for multi-band applications. As a result, microstrip and pin coupling were
employed in this work rather than aperture coupling. Direct-contacting feeds were
also preferred to other non-contacting feed types such as proximity coupling.

Baluns were not required for these structures as unbalanced currents were generally
not a major issue for most of the presented designs. The only exception came in the
design of a dual-band antenna where an unshielded microstrip to end-launch SMA
connector was required, but the effects of this were fairly minor and will be presented
below. In general, however, baluns are not required, which assists in minimizing

design complexity and antenna size.
5.1.2.2 Return Loss

For most antennas in this section operation is considered to be across a 10-dB re-
turn loss bandwidth, unless otherwise indicated. Achieving good return loss at both
frequencies is an important consideration of this work, and presents some challenges.
It is addressed in different ways, depending on the feed type. For linearly-polarized
antennas, the MTM-EBG unit cells help facilitate matching in each frequency band,
while dual-linear-polarized or circularly polarized antennas often require high levels
of symmetry in the radiator, and feed location becomes the primary method of en-

forcing impedance matching. There is an optimal feed location where the reflection
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coefficient will be minimized since the feed will match to a 50 €2 input impedance
enforced by the patch resonance, although this location may be different for each
resonance. (Note that the choice is often made not to insert the feed at a location
of perfect matching, but rather at the location that maximizes bandwidth [175]; for
a b0 €2 system impedance, this means the pin should be located at a position where
the antenna input impedance is closer to 60 €2. Regardless of the choice, however, an

optimal pin location can be found.)
5.1.2.3 Operating Frequencies

How far apart frequencies can be spaced is a question of matching. Since there is
an optimal pin position to feed each operating frequency, two superimposed T M,
resonances with similar frequencies will have similar optimal pin positions; thus, an
average pin position that accommodates both resonances can be chosen. As the
spacing between operating frequencies increases, so does the difference in optimal pin
location. The compromising pin position will match more poorly to each resonance
as the optimal location diverges, thus reducing impedance matching and bandwidth.
However, adding a matching network that ensures power is delivered to the antenna
at both operating frequencies can accommodate the difference in pin position and
allow the operating frequencies to be widely spaced. Therefore, the restriction is only
a serious problem in cases where a matching network cannot be used, and otherwise, a
multi-band matching network was presented in the previous chapter that can ensure
good matching for a patch antenna regardless of pin position. Examples of patch
antennas with integrated matching networks will be demonstrated in this chapter.
Different problems arise as frequencies become closely spaced. If f; and f; are
in close proximity, the resonant cavity will be a similar size at both frequencies.
Physically, this raises the problem of requiring extremely small MTM-EBG unit cells
that may be difficult to realize. As discussed previously, methods exist to reduce

MTM-EBG length such as using lumped components or other compact capacitor
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tyypes, and this mitigates the problem to some extent, as will be seen later in the
design of a GPS antenna. A second solution would be to make the resonant cavity
an extra half-wavelength in length at the lower frequency to give plenty of room to
embed MTM-EBG unit cells, but this involves exciting a TMsy mode at this frequency,
which will have different radiation properties. Regardless, a second problem remains:
the approximation that an MTM-EBG unit cell transmits power at one frequency
and presents a bandgap at the other does not apply for closely-spaced frequencies,
since in practice, the transmission response of a finite number of MTM-EBG unit
cells, and especially a single unit cell, has a gradual band edge. As a result, only
partial transmission and reflection would be observed at each of the closely-spaced
frequencies. These techniques, therefore, are more suited to widely spaced frequencies
- or at least, frequencies spaced sufficiently far apart enough that the MTM-EBG unit

cell is not operating near its band edge.
5.1.2.4 Radiation properties

Most MTM-EBG-based antennas presented in this section are designed for linear po-
larization, or dual-linear-polarization if two feeds are introduced to excite orthogonal
linear polarizations along different axes of the patch. The two-feed configuration can
easily be converted to circular polarization with quadrature-phase inputs. Such a
feed can be realized by dividing an input signal with and a wideband or multi-band
quadrature hybrid coupler (such as the MTM-EBG-based version presented in [184]).
Axial ratio (AR) is used to quantify the polarization purity, and circularly polar-
ized antenna have a defined AR bandwidth such as AR < 3 dB (some applications
with more stringent demands will define an AR bandwidth for which AR < 2 dB or
less). For the MTM-EBG-based antennas in this work, the broadside AR bandwidth
with the quadrature-phase inputs is typically larger than the narrow -10 dB reflection
coefficient bandwidth, so circular polarization can effectively be produced.

Circular polarization could also be achieved with a single feed and an altered
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patch geometry, for example with slots or chamfered corners [174]. A challenge of
this approach is ensuring that circular polarization is produced in both bands despite
limited flexibility in creating frequency-dependent enabling features. AR bandwidth
may be smaller than reflection coefficient bandwidth in this case, which can contribute
to significant polarization losses at one or both operating frequencies. As a result,
these methods of rendering the patches circularly polarized require more investigation
and optimization, and are left for future work.

Patch antennas are resonant, and similar excited modes will have similar properties.
Since all operating frequencies of an MTM-EBG-based multi-band antenna rely on
the same fundamental cavity mode, it can be expected that the patch antennas will
have the same properties at each resonance, and furthermore that these properties
will be similar to conventional patches. Broadside radiation is therefore observed at
all frequencies with a similar shape in the E- and H-planes, while backlobes depend
largely on ground plane size.

The antennas also produce similar gain to conventional patches, although minor
gain reductions can be expected. At the lower frequencies, this can be attributed
to a slight reduction in patch size due to dispersion of the MTM-EBG unit cells.
At higher frequencies, an MTM-EBG unit cell in its bandgap region stores some
amount of energy in its capacitors, and with realistic materials this contributes to
losses, resulting in a slight reduction in gain and efficiency. Overall, however, very
comparable performance to conventional patch antennas is expected. All of these

properties will be explored thoroughly in this chapter.

5.2 Dual-Band Linear Patch Antenna

5.2.1 Design

The first patch antenna to be designed is a dual-band linear patch fed by a microstrip

TL, similar to the design concept shown in Fig. 5.1 but with a feed inset distance used
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for impedance matching. Standard patch antenna design equations are used to deter-
mine patch length and width, and feed inset distance is determined to match to the
50 © microstrip feed [174]. Patch length primarily determines the patch resonance,
so this is the parameter that will be made frequency-dependent through the use of
MTM-EBG unit cells. Patch width on the other hand plays a role in determining
the input impedance profile of the antenna, and has a corresponding effect on band-
width as well. This parameter must be the same for both frequencies to superimpose
the two designs, so a compromising width much be chosen; this will affect the feed
inset location as well. To get around this limitation, future designs could use the
recently-developed 2D MTM-EBG unit cell that suppresses power flow along both
of its axes; this is related to the UC-EBG, and has recently been established with
similar analytical rigor as the MTM-EBG [183].

Feed inset distance depends on the input impedance of the patch antenna as a
function of location. The input resistance of a patch is typically approximated as
a cosine squared function, [174] although for microstrip-fed antennas it has been
shown that dependence on a cosine to the fourth power provides a more accurate
representation [201, 202]. In either case, input resistance at resonance is maximized
at the patch edge and decreases to zero near the center of the patch; the antenna
feed location should be chosen accordingly. MTM-EBG unit cells can be employed to
improve matching at both operating frequencies by not simply adding them to one
side of the patch to affect its resonant length, but by placing them on both resonant
edges. Combined, they allow the patch to have two resonant lengths, and the unit
cell on the feed side renders the feed inset parameter frequency-dependent as well,
providing the freedom to effectively match both bands.

The patch is designed to operate at 2.5 GHz and 5.0 GHz on the same substrate
used in the previous section: 60 mil Rogers 3003, clad in 1/2-0z rolled copper. As a ba-
sis for comparison, corresponding conventional higher-frequency and lower-frequency

patch antennas were designed with parameters [,, w,, and i, (see Fig. 5.2) chosen to
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Figure 5.2: Top view of proposed dual-band antenna consisting of a microstrip-fed
patch with MTM-EBG sections placed on the radiating edges. Reproduced from [188]
(©)2016 IEEE.

Table 5.1: Antenna design values (in mm) for the conventional patch antennas and
the dual-band antenna. Refer to Fig. 5.2 for parameter descriptions.

Conv. Low Freq. Conv. High Freq. Dual-band

L 35.15 16.67 16.80
w, 43.32 21.21 21.00
i 10.40 4.80 4.50
w; 2.00 2.00 1.62
wy 3.76 3.76 3.76

achieve resonance at the above frequencies — the design parameters are given in Ta-
ble 5.1. Inset length was determined by design equations in [174], and tuned to adjust
for changes in patch width. The width of the patches are set to be the same, and
a width similar to the optimal width for the higher-frequency antenna was chosen.
Other widths could have been chosen as well, for example, something more similar
to the optimal width at the lower frequency, but this results in a high-frequency an-
tenna that is much wider than it is long, causing higher-order transverse modes to
be excited and high levels of cross-polarization. The narrower patch instead causes a

slight reduction in gain at the lower frequency due to its overall smaller size.
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With the single-band antenna parameters set, MTM-EBG unit cells can finally be
designed. First, an MTM-EBG unit cell is designed for the feed side of the patch to
enable good matching at both frequencies. The difference in inset length is expressed
as an electrical length, and an MTM-EBG cell is designed from its dispersion diagram
to have this phase at the lower frequency. The remaining difference in electrical length
between the two patches is encompassed by an MTM-EBG unit cell that is embedded
in the opposite edge of the patch. Of course, both MTM-EBG unit cells must have a
bandgap at the higher operating frequency. The resulting dual-band patch is shown
in Fig. 5.2, and now electrically resembles each of the individual patches at their
respective operating frequency. The result of this process, as described in the next
section, is a well-matched, fully printed antenna that operates in a standard TMj
patch mode for both frequencies. Additionally, due to the dispersive nature of the
MTM-EBG, the patch is moderately miniaturized at the lower frequency, with respect
to the conventional low-frequency patch.

Dimensions of the dual-band patch are provided in Table 5.1, while remaining
dimensions of the two MTM-EBG unit cell designs are given in Table 5.2 (capacitance
for each unit cell was designed to be 0.54 pF, but the unit cells end up having slightly
different capacitor lengths go due to minor parametric tuning). The width of the
MTM-EBG unit cells were constrained to provide an integer number of unit cells on
each patch edge, and dimensions were kept at or above 0.2 mm for ease of fabrication.
PCB chemical etching was the chosen method of fabrication for this antenna, and the
minimum dimension of 0.2 mm nears the limits of what can be achieved with such a
method. Plots of the complex electric field magnitude in a plane through the centre of
the substrate at the two resonances in Fig. 5.3 provide compelling evidence that the
patch operates as intended; the MTM-EBG unit cells clearly demonstrate a strong

bandgap at 5.0 GHz, as expected.
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Table 5.2: Design values for the proposed antenna’s two MTM-EBG regions, in mm.

Front side Feed side

l 5.90 5.50

w 7.00 7.00

s 0.20 0.20

i 0.80 0.80
go 1.70 1.60
dy, ds, ds 0.20 0.20

e ——

Ly

n

(a) (b) (c) (d)

Figure 5.3: Simulated complex electric-field magnitudes (displayed on a logarithmic
scale) shown at the resonance frequencies of a) the conventional 2.4 GHz patch, b)
the MTM-EBG patch at 2.4 GHz, ¢) the conventional 5.0 GHz patch, and d) the
MTM-EBG patch at 5.0 GHz. Reproduced from [188] (©)2016 IEEE.

5.2.2 Results
5.2.2.1 S-parameters

The dual-band MTM-EBG antenna shown above was simulated, fabricated, and mea-
sured. Sp; data shown in Fig. 5.4 demonstrates that the MTM-EBG antenna is well
matched, exhibiting a return loss better than 10 dB in all cases although for a narrow
bandwidth. The narrow bandwidth can be attributed both to the dispersive nature
of the MTM-EBG unit cells when compared to underlying patch regions, and to the

fact that the matching location for the microstrip feed is near the center of the patch,
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Figure 5.4: Simulated and measured Sj; of the MTM-EBG patch: a) lower-frequency
band and b) higher-frequency band. Simulation represents the originally designed
antenna, while the corrected simulation curve takes into account fabrication errors in
the printed antenna. Reproduced from [188] (©)2016 IEEE.

where input resistance varies more rapidly as a function of frequency.

The operating frequency is shifted up for the higher-frequency resonance by about
3% in the fabricated structure. Inspection of the fabricated prototypes under a mi-
croscope suggested that this up-shift may be attributed to an over-etching of the ca-
pacitor interdigitations and inductive strips of the two MTM-EBGs by approximately
18-22% (i.e. both features were approximately 40 pm narrower than intended). These
imperfections, caused by the chemical etching process in the fabricated antenna seen
inset in Fig. 5.5, were then incorporated into the simulations, and the corrected Si;
data (also included in Fig. 5.4) show much better agreement with measurement. Other
antenna designs presented in this thesis are laser-milled to reduce the likelihood of

this sort of fabrication error.
5.2.2.2 Radiation Properties

Radiation patterns of the dual-band patch antenna were determined through mea-

surement in an anechoic chamber, the setup for which is shown in Fig. 5.5, and
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Figure 5.5: Experimental setup of the antennas in an anechoic chamber. Inset: the
fabricated MTM-EBG antenna. Reproduced from [188] (©)2016 IEEE.

compared to simulation. Conventional patched were also fabricated and measured
for comparison. Antenna measurements initially showed high cross-polarization, and
a combination of simulations and rigorous measurements suggested that this was due
to radiation from unbalanced currents along the coaxial feedline. A solution to this
for the lower-frequency resonances was to attach ferrite beads to the feedline; this
directly contributed to a reduction in cross-polarization. The ferrite beads were not
rated for 5 GHz but when attached very close to the antenna still contributed to
the reduction of cross-polarization, if to a lesser extent than at the lower frequency.
Therefore, they were included in all measurements of the antennas.

Overall, simulated and measured radiation patterns (normalized to the maximum
co-polarized radiation intensity) exhibit excellent agreement, as shown in Fig. 5.6,

and many of the finer details such as small lobes and nulls are present in both cases.
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Table 5.3: Maximum antenna gain (in dBi), co-pol and cross-pol, from simulation.

Max. co-pol Max. cross-pol

Conv. Low-Freq 5.3 -23.2
Conv. High-Freq 7.6 -13.0
MTM-EBG Low-Freq. 2.6 -27.5
MTM-EBG High-Freq. 6.6 -13.7

There are only two notable disagreements; the first is a null in the back-fire direction
of every antenna which is attributed to blockage due to the metallic mounting ap-
paratus in the anechoic chamber. The other major disagreement is seen in the back
lobes of the H-planes for the higher frequency resonances, where measurement shows
significantly higher radiation intensity than simulation. Since both the conventional
and MTM-EBG antennas exhibit this behaviour, it could be a result of the continued
existence of unbalanced currents on the feed line, which maintain a presence due to
the less-than-optimal performance of ferrite beads at this frequency. Overall how-
ever, the measurements both successfully verify the simulation results and confirm
that the MTM-EBG antenna produces patterns that are very similar to those of the
corresponding conventional patch antennas; in other words, the presence of an MTM-
EBG that is either transmitting or in its bandgap region does not significantly affect
the radiation pattern of the antenna.

The simulated maximum total gains (which generally occur at broadside for co-
pol, but peaking at side lobes for cross-pol; see radiation patterns in Fig. 5.6) are
compared in Table 5.3. While the higher-frequency gain of the MTM-EBG patch
antenna is within 1 dB of that of the conventional patch, the lower frequency gain is
approximately 2.7 dB below that of the conventional patch. While the MTM-EBG
patch antenna still remains an effective radiator at this frequency, the degradation in
performance is likely due to small scattering losses in the fine features of the MTM-
EBG and to the decrease in electrical size of the antenna [203].

A comparison of this antenna with a sample of other multi-band antennas found
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Figure 5.6: Simulated and measured normalized radiation patterns of conventional
and dual-band antennas, with patterns recorded at the peak return loss frequency: a)
lower-frequency conventional patch E-plane, b) lower-frequency conventional patch H-
plane, ¢) lower-frequency MTM-EBG patch E-plane, d) lower-frequency MTM-EBG
patch H-plane, e) higher-frequency conventional patch E-plane, f) higher-frequency
conventional patch H-plane, g) higher-frequency MTM-EBG patch E-plane, h) higher-
frequency MTM-EBG patch H-plane. Reproduced from [188] (©)2016 IEEE.
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Table 5.4: Comparison of MTM-EBG antenna to other examples of multi-band patch
antennas.

Op. Freq. 6dB BW Gains Feature Patch Size Substrate
(GHz) (%) (dBi) (mm) €
[139] 3.70/4.95/5.50  12.2/9.1/7.2 82/8.0/7.9  uniplanar 355 x 26.0 1.00
[146] 1.08/1.94/2.40 0.8/2.3/2.2 1.9/0.6/6.2 stacked  44.0 x 44.0  2.20
[147] 2.45/5.80 26.1/17.2 5.2/-0.3 uniplanar  32.0 x 28.0 1.38
[149]  3.66/5.3/5.8/7.03 3.8/4.9/1.74/1.1 7.41/7.7/5.55/1.0 uniplanar 28.0 x 25.7  2.20
MTM-EBG 2.4/5.2 1.9/3.6 2.6/6.6 uniplanar  28.2 x 21.0 3.00

in the literature is presented in Table 5.4. In terms of performance, it can be seen
that the MTM-EBG antenna is comparable to these other antennas, demonstrating
improvements variously in different categories. Since this antenna has a systematic
design procedure, however, it may be better-suited to a broader array of applications
as it offers great flexibility in choosing the operating frequencies. Further antenna
designs in this chapter will illustrate the design flexibility that the MTM-EBG pro-

vides.

5.3 Dual-Band, Dual-Polarized Antenna
5.3.1 Theory

The microstrip-fed, dual-band antenna is advantageous in many ways, but even more
functionality can be extracted from a similar footprint by superimposing another,
orthogonally polarized antenna into the same space. The result is a simultaneously
dual-band and dual-polarized antenna (DBDPA), which effectively supports four in-
dependent resonances in the space of a single antenna. Confusion may be caused
by the fact that some antennas in the literature are designated dual-band and dual-
polarized when the two bands simply support different polarizations, but to clarify,
each band of the DBDPA supports both polarizations simultaneously.

A DBDPA requires four radiating resonances, and all four should ideally have sim-
ilar radiation characteristics. For resonances of the same frequency but orthogonal

linear polarizations, this is achieved by ensuring that the patch exhibits 90° rotational
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MTM-EBG

Patch

Figure 5.7: Schematic of patch surrounded by a region of MTM-EBG unit cells,
which transmit at a low frequency and have a bandgap at a high frequency. Resonant
frequencies and feed points are indicated for both bands, as well as for the horizontal
polarization and vertical polarization. This structure forms the DBDPA.

symmetry and that this symmetry remains unbroken by the feed mechanism. Attain-
ing similar radiation properties at two frequencies is typically a more complicated
task, particularly to ensure that the half-wavelength cavity mode (TM;y mode) is ex-
cited at both frequencies. A single feed must also be able to excite both resonances for
a single polarization, and these feeds must be well-isolated from each other, despite
their close proximity.

These design constraints are all achieved by embedding MTM-EBG unit cells into
a pin-fed square patch antenna, which will be described in detail below. Importantly,
the antenna meets these requirements while remaining printable and smaller than a
conventional square patch operating at the lower frequency. This antenna is designed
to be pin-fed, and the feeding pins connect to a microstrip feed on a layer below the
patch ground plane. The shielded arrangement isolates the radiating element from
the feed and enables the use of different substrate permittivities, if necessary, for
surface-wave suppression on the antenna side and feed miniaturization below.

The DBDPA will be designed around frequency bands for WiFi and fixed wireless
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LTE and LTE-U radio platforms, centered on 3.6 GHz and 5.8 GHz. Choosing differ-
ent bands than the previous antenna also serves to highlight the freedom in choice of
frequency bands since the MTM-EBG can be robustly dispersion-engineered to enable
nearly arbitrary selection of these operating frequencies, within the limits described
previously. Feeding both bands is slightly easier in the pin-fed case as well, since a
pin feed is less intrusive on the antenna structure, and matching is simplified as a
result. The proposed DBDPA will be constructed on Rogers RO3003, clad in 1-oz

rolled copper.

5.3.2 Implementation

5.3.2.1 Design

The concept of the DBDPA is based on the combination of conventional pin-fed
square patches, facilitated by MTM-EBG unit cells. In this section, design of the
patch itself will be considered; the following sections will discuss the feed structure
and ground plane. Conventional square patches can easily be designed with a cavity
model of the patch, and should be approximately half a wavelength in size [174]. On
Rogers 3003, patches with lengths of 23.5 mm and 14.2 mm radiate at 3.6 GHz and
5.8 GHz, respectively. The difference in length between these patches is 9.3 mm,
which, assuming each patch is exactly A\,/2 at its respective operating frequency,
translates to 71.2° at 3.6 GHz. Therefore, if a series of MTM-EBG unit cells are
arranged circumferentially around a 14.2 mm patch such that they have a bandgap
at 5.8 GHz and provide a phase of 35.6° at 3.6 GHz (since they will be on both sides
of the patch), then dual-band, half-wavelength resonances will be present along both
axes, at both frequencies. This concept is illustrated schematically in Fig. 5.7, which
indicates the resonant cavities of all frequencies and polarizations.

The band structure of the required MTM-EBG is presented in Fig. 5.8a, where the
bandgap location at 5.8 GHz and correct phase at 3.6 GHz are observed. The single-

cell transmission simulation in Fig. 5.8b confirms that a strong bandgap is produced at
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Figure 5.8: (a) Dispersion diagram for the MTM-EBG unit cell used in the DBDPA,
and (b) Sy; and S; of a single unit cell. Operating frequencies are indicated by hor-
izontal dashed lines, and the bandgap region is highlighted and labeled. Reproduced
from [185] (©)2021 IEEE.
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Figure 5.9: Patch antenna with rounded corners, and feed pin location indicated.
Constituent MTM-EBG unit cell with dimensions is inset. Reproduced from [185]
(©2021 IEEE.

5.8 GHz, while transmission occurs at 3.6 GHz. Two unit cells are placed along each
edge of the patch, with interdigitated capacitors and strip inductors of approximately
0.4 pF and 0.3 nH, respectively, replacing each discrete lumped loading element to
ensure the antenna can be fully printed. A minimum feature size of 0.2 mm was again
chosen which offers the possibility of fabricating the antenna using several common
methods, although laser milling was chosen for this device. Minor tuning of the MTM-
EBG is required once it is embedded into the antenna, and this is done through slight
modifications of the capacitor length (g¢) and to the length of the unit cell itself (7).
The final structure is presented in Fig. 5.9, along with an inset of the MTM-EBG;
corresponding dimensions are provided in Table 5.5.

Fig. 5.10 shows the simulated complex magnitude of the electric fields at each reso-
nance for the vertical polarization excited by the indicated feed, and this confirms that
fields are more contained in the central region of the patch at the higher frequency,
while they pass throughout the full structure at the lower frequency. Characteristic

TM;o patterns are observed at each frequency. It should be noted that, although
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Table 5.5: Dimensions of MTM-EBG Unit Cell in DBDPA

Parameter ~ Value | Parameter  Value
[ 3.58 mm Jgo 1.83 mm
w 7.10 mm dy 0.20 mm
s 0.80 mm do 0.20 mm
Jgr 1.00 mm ds 0.30 mm

not discernible in Fig. 5.10, some energy is stored in the capacitors, in particular
at 5.8 GHz where they help create the MTM-EBG bandgap; however, this does not
greatly affect the radiation properties of the patch.

After embedding MTM-EBG unit cells along each side of the patch, the question
of how to design adjoining corner regions (as indicated in Fig. 5.9) remains. Three
possible options were considered: leaving the square region free of all copper, filling
it entirely with copper, or transitioning with rounded corners, the last of which is
shown in the figure. All three corner options resulted in similar radiation properties,
but the rounded corners produced the least cross-polarization by a small margin. As
such, this option was chosen.

It should be emphasized that the design cannot tolerate asymmetries. Since the
patch relies on orthogonal excitations, any asymmetry will cause a difference in pat-
tern shape of one polarization compared to the other, and introduce higher levels of
cross-polarization to one or both. Additionally, asymmetries will disrupt a uniform
half-wavelength resonance that enforces port isolation (the mechanism for this will be
discussed shortly), and will allow power to easily couple from one feed to the other.
Asymmetries could include slots, pins, or stubs on the patch itself, parasitic elements
to improve bandwidth, or the feed structure.

This completes the design of the patch itself. The antenna is very compact; its

total footprint is 21.36 mm?, which is 17% smaller in area than a conventional square
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Figure 5.10: Complex electric field magnitudes (in V/m, logarithmic scale) in a plane
bisecting the substrate at 3.6 GHz (left) and 5.8 GHz (right). Arrows indicate the
excited feeds. Reproduced from [185] ()2021 IEEE.

patch on the same substrate at the lower operating frequency.
5.3.2.2 Feed Design

The proposed DBDPA cannot be fed directly with a microstrip in the same plane
as the patch, since this would break the symmetry of the structure. Pin feeds were
chosen instead, and this was preferred to aperture-coupled feeds due to their greater
bandwidth, providing better matching in both bands. A pin for each polarization
of diameter p; = 0.90 mm is offset from the centre of the patch by a distance of
pe. =2.90 mm, as indicated in Fig. 5.9. These pins are able to impedance match
at both frequencies since the optimal feed location for each resonance is near this
position already (p. = 3.3 mm and 2.4 mm for the conventional 3.6 GHz and 5.8 GHz
patches, respectively). It is observed in Fig. 5.10 that each pin lies in the null of the
orthogonal resonance, where the input resistance for this mode is zero; this ensures
that high isolation between ports is achieved at each operating frequency, even though

the two feeds are physically close together.
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Figure 5.11: Exploded feed structure of the proposed DBDPA. Each layer is separated
by a dielectric sheet with drilled holes through which the pins pass. Reproduced from
[185] (©)2021 IEEE.

The pin could be the central conductor of a coaxial cable, so that the entire struc-
ture consists of a single dielectric layer with a conductor backing that contains a
small aperture through which the pin passes. A cable of small diameter, such as
micro-miniature coaxial (MMCX), would be required to ensure that both feeds can
be attached at the optimal feeding locations, since the diameter of other connec-
tors such as SMAs would require the pins to be separated by a far greater distance.
However, a pin-to-microstrip arrangement was preferred for two reasons. Firstly, a
microstrip below the patch ground plane is isolated from the radiating element, al-
lowing a different substrate to be used for feed miniaturization, and enabling planar
array feed networks such as that in [189] to be integrated. Secondly, the microstrip
can easily be matched to an SMA connector from the bottom layer, which facilitates
proper measurement calibration with standard equipment. Regardless, either feed
structure could be chosen for a given application.

The pin-to-microstrip feed is pictured in Fig. 5.11, where the pin connection of
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Table 5.6: DBDPA Dimensions, not including the MTM-EBG.

Parameter Value Parameter Value
L, 21.36 mm Da 1.86 mm
L; 14.20 mm w 3.70 mm
L, 60.20 mm hq 8.00 mm
Pe 2.90 mm hy 15.00 mm
Pd 0.90 mm « 30°
dy, 3.00 mm

the patch and microstrip through a circular aperture in the ground plane can be
seen. The top layer consists of the patch alone, while a middle layer is a solid ground
plane with two holes through which the pins pass. 50-{2 microstrip lines on the
bottom layer are linearly tapered towards the the pins, electrically connecting the
top and bottom layers. The tapered microstrip structure has been tuned for optimal
matching, and was found to match very well to conventional square patches in both
bands. A good reflection coefficient for the DBDPA, presented below in Fig. 5.15,
confirms that power is effectively being coupled from the feed into the patch. The
two substrate layers of the structure, which are to be placed back to back, are shown
in Fig. 5.12, and dimensions are provided in Table 5.6. Note that the microstrip
lines are terminated in end-launch SMA connectors, which require a cutout of the

top substrate to accommodate the SMA legs.
5.3.2.3 Ground Plane

The remaining design question involves the size of the ground plane, L,. This requires
a closer look at the antenna radiation characteristics (which will be shown in full
shortly), since the ground plane can affect both gain and pattern shape. Furthermore,
since some applications may require specific ground plane sizes, either for compactness

or due to the presence of a larger conductor behind the antenna, performance as a
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Figure 5.12: (a) Top and (b) bottom views of DBDPA. The middle ground plane can
only be seen near standard SMA connectors on the top layer, and connecting feed
pins are not visible. Reproduced from [185] (©)2021 IEEE.
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Figure 5.13: (a) Broadside gain of DBDPA at 3.6 GHz (LF) and 5.8 GHz (HF), for
both co- and x-pol, and (b) E- and H-plane total 3-dB beamwidths at each frequency,

versus ground plane size, L,. The vertical dashed lines indicate the chosen ground
size. Reproduced from [185] (©)2021 IEEE.

function of ground plane size is important to study. Note that in the following studies,
the patch is always centered on the ground plane, regardless of size.

The effect of ground plane size on gain is plotted in Fig. 5.13a, and it is observed
that broadside (co-polarized) gain remains fairly constant across of wide range of pos-
sible ground sizes, particularly at 3.6 GHz. At 5.8 GHz, there is a difference of about
2 dB between maximum and minimum gain values. Broadside cross-polarization lev-
els remain more than 19 dB below co-polarization levels for all ground plane sizes.

Fig. 5.13b plots the E- and H-plane 3-dB beamwidths as a function of ground plane
size. It is observed that the slight reduction in broadside gain at 5.8 GHz corresponds

to wider E-plane beamwidths, indicating that the reduced gain is due to a change
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in beam shape rather than some form of loss, but the patterns otherwise remain
fairly constant in shape as ground plane size increases. This indicates that while the
pattern changes slightly for different ground planes, it still remains patch-like and is
not greatly affected by the choice.

A patch with L, = 60.2 mm is chosen, and this size is indicated by a vertical line
on both plots in Fig. 5.13. This size is chosen for several reasons, although most
importantly because it is near the maximum gain at 5.8 GHz, and presents similar
pattern shapes at both frequencies. Implementation constraints were considered as
well; if the ground size gets too small, the SMA connectors get closer to the patch
and the cutout region begins to interfere with the patch itself. Furthermore, other
parameters such as front-to-back ratio are improved with a larger ground plane, so
making the ground as large as possible (without reducing the gain significantly at

5.8 GHz) optimizes performance. This completes the design of the proposed DBDPA.

5.3.3 Results
5.3.3.1 S-parameters

The DBDPA described above was simulated with Ansys HFSS, and then fabricated on
Rogers 3003 using an LPKF Protolaser U3 laser milling system to pattern the copper.
The antenna was fabricated in two parts and then assembled, rather than using a more
complicated three-layer system; however, recall that only a single board would be
needed if MMCX feeds were chosen rather than the pin-to-microstrip configuration.
In this fabrication, one substrate includes the patch itself with a ground beneath
it, and the other contains the microstrip feed structure, also above a ground plane.
Circular apertures were etched into each ground plane for the feed pin to pass through,
and the pin hole itself was drilled. The boards were then placed back to back such that
the pin holes were aligned, and a 0.9-mm diameter wire was fed through the holes and
soldered into place on each side. This provided some structural stability to the boards

and ensured they were pressed tightly together, but for added mechanical stability
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during measurements, the edges of the boards were taped together as well. The
fabricated structure, after assembly, is pictured in Fig. 5.14, which can be compared
to the simulated model in Fig. 5.12.

The fabricated antenna shows slight discolorations, and this is caused by regions
where the laser etching singed the substrate (or the glue bonding the substrate and
copper), which occurred either because minute differences in copper height or slight
flexing of the board that caused the copper to etch away slightly more quickly in
some regions. It has little to no effect on measurement results. One laser property
that does affect the results, however, is a very slight over-etching of the metallic
features due to the finite laser beam waist (about 12 pum). While this generally has
an insignificant effect on the performance of a device, it does cause a very slight
reduction in capacitance in the capacitive gaps, and causes up to a 0.6% frequency
shift in the upper band [184, 196]. To counter this, the fabricated antenna has a
capacitor length d; = 1.85 mm, rather than the 1.83 mm used in simulation. This
ensures the DBDPA will operate in the intended bands.

A vector network analyzer was employed to find the reflection coefficient of the
antenna, as well as port-to-port isolation; the results of both simulation and measure-
ment are presented in Fig. 5.15, and symmetry of the antenna ensures that reflection
coefficient at both ports is the same. The simulated and measured curves appear to be
in very good agreement; Sy is similar both in terms of shape and magnitude. While
the upper frequency band shows nearly perfect agreement between the measured and
simulated data, the lower band experiences a 0.4% frequency shift. Despite this, S,
remains well under —10 dB at the desired operating frequency. —10 dB bandwidths
of the antenna are around 50 MHz at each frequency; these small values are char-
acteristic of MTM-EBG-based devices, due to their dispersive nature. However, for
applications such as WLAN, 20-40 MHz channels are commonly used, so this selec-
tivity can be advantageous. Isolation in both bands exceeds 24 dB, and maximum

isolation exists near the resonances due to the strong null produced at the orthogonal
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Figure 5.14: (a) Top and (b) bottom views of the fabricated DBDPA. Reproduced
from [185] (©)2021 IEEE.
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Figure 5.15: S-parameters of the DBDPA in each frequency band. Reproduced from
[185] (©)2021 IEEE.

feed’s location. Specific values related to the S-parameters can be found in the first

three rows of Table 5.7.
5.3.3.2 Radiation Properties

To determine gain, the DBDPA was placed in an anechoic chamber and directly
measured with calibrated standard-gain horns. The simulated and measured gain
patterns for the E- and H-planes are presented in Fig. 5.16, and important quantities
related to these results fill the remainder of Table 5.7. While the patterns for one
polarization are shown, symmetry ensures that the patterns of both polarizations are
identical in simulation, and identical within the limits of fabrication and measurement
tolerances in practice. Similar gain patterns are observed for both frequencies, as was
intended in the design, confirming that a standard patch-like TM;q mode is effectively
radiating in each band. Measurement results show a very similar pattern shape, with
some minor differences in cross-polarization being attributed to spurious radiation

from the cables and connectors. The reduced gain observed in measurements of
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Table 5.7: DBDPA Properties

3.6 GHz, 3.6 GHz, 5.8 GHz, 5.8 GHz,
sim. meas. sim. meas.
Peak RL 21.8dB 17.8dB 25.7dB 35.1dB
10-dB Bandwidth 50 MHz 41 MHz 49 MHz 52 MHz
Efficiency 0.87 N/A 0.79 N/A
I[solation 25.3dB  33.0dB 244dB 34.8dB
20-dB Iso. BW! 500 MHz 430 MHz 550 MHz 510 MHz
Broadside Gain 6.4 dBi 5.3 dBi 5.3dBi 4.7 dBi
Max. x-pol., E -16.3 dBi -15.8 dBi -24.3dBi -19.1 dBi
Max. x-pol., H -15.6 dBi -16.5dBi -12.8 dBi -11.3 dBi
3-dB Beamwidth, E 85.6° 75.0° 100.8° 99.6°
3-dB Beamwidth, H 75.7° 60.6° 82.8° 79.3°
Front-to-Back 226dB 30.0dB 12.0dB 13.0dB

L As seen in Fig. 5.15; actual isolation BW is larger.

0.6 dBi to 1.1 dBi is largely caused by tolerances inherent to direct gain measurements,
including those associated with standard gain horn calibration and the sensitivity of
near-to-far-field transformations on measurement geometry and setup.

The DBDPA presents a simulated efficiency of 87% at 3.6 GHz, and 79% at
5.8 GHz. For the given substrate permittivity and height, efficiencies under 90%
and 85% are predicted at these two frequencies, respectively, for a conventional patch
[130], which indicates that dissipative losses within the patch are minimal. This is
another indication that MTM-EBG devices do not greatly increase loss in a system,
and operation compares well to conventional devices at the frequencies of interest as
a result.

Simulated results of the proposed antenna are compared to various recent works

in Table 5.8. In each category (with the exception of bandwidth), its performance is
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Figure 5.16: Simulated and measured E- and H-plane gain patterns of the DBDPA
for the a) 3.6 GHz resonance, and b) 5.8 GHz resonance. Reproduced from [185]
©2021 IEEE.
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Table 5.8: Comparison of Dual-Band, Dual-Polarized RF Antennas in Recent Liter-
ature

[165] [168] [170] [166] 167] This Work
Centre Freq.’s [GHz] 0.92/1.8 10/12 2.45/3.5 2.4/5.4 1.38/1.57 3.6/5.8
RL [dB] 22/37 30/30 12/17 19/16 15/16 22/26
10-dB Bandwidths [%] |  14.1/24.7 7.3/1.76 16.5/18.6 15.6/9.3 2/1 1.4/0.8
Isolation [dB] 45/43 NA 21/24 24/27 NA 33/35
Max. Gain [dBi] 11.8/7.0 7.7/8.5 3.2/5 7.2/73 2/7 6.4/5.3
Max. Cross-Pol. [dBi] NR -5/-12 17/1 -13/-13 -11/-12 -15.6/-12.8
Beamwidth, E. [°] 63/85 80/55 various modes 80/50 various modes 86,/101
Beamwidth, H. [°] 56/44 70/60 various modes 80/50 various modes 76/83
Front-to-Back 21.2/23.1 18/16 NA 22/20 NA 22.6/12.0
Antenna LxWxH [Mo]' | 0.51x0.26x0.06 1.76x0.43x0.25 0.32x0.23x0.01  0.35x0.35x0.09  0.22x0.22x0.03  0.26x0.26x0.02

L Free-space wavelength

comparable to or better than several of the presented antennas. It is perhaps struc-
turally most comparable to [170] which employs a single dielectric sheet, but this
antenna has varied performance as a function of polarization, and radiation is not
constant across the spectrum as various modes contribute. Some electrical charac-
teristics of [166] are similar to the proposed antenna, but this AMC-backed stacked
design is difficult to fabricate and requires a large and complex feed mechanism. Ad-
vantages of the proposed DBDPA are therefore apparent for applications requiring
small bandwidths, as it demonstrates good performance in both bands and polariza-
tions while following a well-understood and versatile design procedure, and maintains

a uniplanar, compact layout.

5.3.4 DBDPA with Matching Network

A drawback of the DBDPA design is that the pin position is fixed at both frequencies,
and as discussed earlier, this limits the potential separation of operating frequencies.
In fact, even the chosen frequency bands are expected to suffer from minor mismatches
due to the chosen pin location, since it is not optimal in either band.

A solution to the impedance matching problem was presented in Chapter 4 with

the double-stub matching network. This can easily be applied to the DBDPA to
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Figure 5.17: DPDPA with matching network for (a) a pin position from patch center
pe = 4.1 mm (Design A) and (b) p. = 5.6 mm (Design B). The DBDPA is on the top
layer, while the matching networks are on the bottom layer, below a ground plane.

demonstrate a) that impedance matching can indeed be achieved for any feed location
even if it is not inherently matched at both frequencies already, b) that the double-
stub matching network can easily be adapted to any matching problem, and c¢) that
MTM-EBGs are well-suited to enable fully multi-band networks, as two radically
different applications are combined for a dual-band system.

To demonstrate this, the same DBDPA as was presented in the previous section is
fed in two different non-optimal locations, each one getting closer to the patch edge
and presenting different levels of matching. S-parameters are presented in each case,
and input impedance can be extracted at each port. Then, following the design pro-
cedure outlined in Chapter 4, a dual-band matching network is designed to maximize
power delivered to the antenna.

While the optimal pin location was determined to be p. = 2.9 mm, two different
pin locations are chose: Design A sets p. = 4.1 mm while Design B has pin loca-
tion p. = 5.6 mm. The change in pin location is not huge, but brings the pin feed

successively closer to the patch edge, as shown in Fig. 5.17. These images also show
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Table 5.9: Matching Network Dimensions for DBDPA With Different Feed Positions.

Parameter Design A Design B
De 410 mm  5.60 mm
a; 9.24 mm  16.7 mm
as 19.15 mm 21.04 mm
by 876 mm 12.06 mm
ba 17.86 mm 17.09 mm
c1 798 mm  4.62 mm
Co 24.2 mm 16.24 mm

the appropriate feed network that was designed for each patch. While these images
are one-dimensional and show the outlines of both the patch and feed network in the
correct orientation, recall that the patch is on the top substrate layer, while the feed
network lies below a ground plane that separates the two layer. Dimensions of the
feed network are included Table 5.9, with dimensions corresponding to those given in
Fig. 4.20a. The MTM-EBG unit cell used in both matching network designs is also
the same as the unit cell used for the dual-band matching network, since a bandgap
in the same location is required.

S-parameter results for Designs A and B are presented in Fig. 5.18. The reflection
coefficient is presented for the unmatched case as well as the case where a matching
network in present. It is clear that as the pin moves away from the optimal location
matching progressively gets worse, but it is restored almost entirely when the match-
ing network is included. Design A presents 10-dB bandwidths of 47 MHz and 52 MHz
while Design B shows 46 MHz and 54 MHz bandwidths, each around the upper and
lower operating frequencies, respectively. These bandwidths are comparable to those
achieved with the inherently matched pin, which indicates that good matching could
be achieved for an antenna regardless of feed position; or, more generally, that this

matching technique is applicable to a wide range of antenna designs. These results
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Figure 5.18: Simulation results of the DBDPA with different pin feed locations p.,
both with and without a matching network. (a) p. = 4.1 mm (Design A) and (b)
pe = 5.6 mm (Design B).
also support the idea that bandwidth is limited by the MTM-EBG dispersion prop-

erties rather than poor impedance matching, since even with the matching network,

bandwidth is not substantially increased compared to the original case.

5.4 GPS Antenna

The design of multi-band GPS antennas provides some challenges as compared to the
DBDPA, although it is fundamentally very similar; it consists of a patch antenna with
a ring of MTM-EBG unit cells on the outer edge that enable multi-band operation.
The GPS antennas presented here will aim for tri-band operation, specifically at
GPS L1 (center frequency of 1575.42 MHz), L2 (1227.60 MHz), and the recently-
introduced L5 (1176.45 MHz) frequency bands. These bands are spaced substantially
closer together than the frequencies chosen for the DBDPA, particularly L2 and L5.
This challenge can be tackled in several ways: broadband operation to cover all

bands (not likely achievable with MTM-EBG-based approaches), tri-band operation
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which requires two different MTM-EBG unit cell rings [195], or dual-band operation
with increased bandwidth, so that the lower band covers L2 and L5 simultaneously.
The dual-band case also presents the advantage of covering the European Galileo
navigation system bands E5a (1176.45 MHz) and E5b (1207.14 MHz), which lie on
or between L2 and L5. The dual-band version will be investigated as it presents the
important challenge of increasing antenna bandwidth.

In terms of implementation, a GPS antenna must meet certain criteria. GPS an-
tennas require right-hand circularly polarized (RHCP) radiation, rather than simply
linear polarization. A two-pin feed can still be used to realize this, but with each pin
fed simultaneously with a phase difference of 90°. Overall, the system only needs one
input signal, with a quadrature hybrid coupler dividing power to each feed. This can
again be achieved in a printed form (using a multi-band or broadband coupler) or else
with coaxial cables that connect to a coupler; the latter was chosen for these designs.
The quadrature coupler was not included in simulation, but coaxial feeds with the
appropriate phase condition were used. The goal of this section will be to produce a
GPS antenna that has matching greater than 10 dB at each operating frequency and

realized broadside gain as high as possible.

5.4.1 Bandwidth-Enhanced Antenna Design

A dual-band GPS antenna that covers three GPS bands must have an impedance
bandwidth of at least 51.15 MHz in its lower band, which is the separation between
L2 and L5; this translates to a minimum of 4.3% bandwidth around an intermediate
frequency. This requires a substantial bandwidth enhancement of the MTM-EBG-
based antenna as compared to the dual-band patch antenna or DBDPA, which are on
the order of 1%. Some ways the bandwidth of a patch antenna can be improved are
by lowering the substrate permittivity, and increasing the substrate height [130, 174].
Using an air dielectric can achieve both of these goals, and although this complicates

fabrication, it is worthwhile if a useful GPS antenna can be produced.
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Figure 5.19: Side view of the GPS antenna structure, not to scale.

Structurally, an air dielectric simply consists of a suspended a copper trace above
a ground plane, but the copper needs some sort of mechanical stability. Foam di-
electrics exists that have a relative permittivity approaching unity, but these can be
expensive or not robust, and often do not typically come with affixed copper sheeting.
Instead, it is common to suspend a very thin dielectric sheet with the copper etching,
since the sheet will have very little impact on the effective dielectric constant of the
antenna, but will provide rigidity to mount and etch the copper. Suspension of the
thin dielectric/upper conductor can be achieved in several ways, including mounting
the thin dielectric on an aforementioned rigid foam sheet or 3D printed insert in be-
tween the layers, or with nylon screws near the edges of the structure that have little
to no effect on performance.

In terms of MTM-EBG design, this approach has an important secondary benefit.
Since the upper conductors lie on a thin substrate with both sides available for etching,
it is possible to realize the MTM-EBG capacitance in a parallel-plate form. This has
the potential to produce much greater capacitance that interdigitations can provide,
allowing for more flexible MTM-EBG design, including the larger capacitances needed
to provide a bandgap at L1. The achievable capacitance is also influenced by the thin
dielectric used, as this will have a minimal effect on antenna performance due to its
thickness relative to the air dielectric, but a large effect on the capacitance, since it

fills the space between capacitive plates.
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A representative side view of the antenna structure with the parallel-plate capac-
itors is presented in Fig. 5.19, which is not to scale but exaggerated in order to
clearly see the layers and pin feed. The thin dielectric chosen for this application is
a 0.254 mm thick sheet of Rogers RO3006 (e, = 6.15, tand = 0.0025) clad in 1/2-0z
copper, with the primary patch etched into the upper metallization layer of the thin
substrate and capacitive plates on the bottom side. The air dielectric has a height of
14 mm, chosen to provide sufficient bandwidth for for the patch lower band to cover
L2 and L5.

The patch was designed similarly to the DBDPA except with circular geometry,
with the lower frequency taken to be the average of L2 and L5, and the upper fre-
quency centered directly on L1. 20 MTM-EBG unit cells are placed azimuthally
along the edge of the central patch region (enough that each individual unit cell can
be approximated as rectangular), and they are designed to have a bandgap at the
upper frequency and transmit with the required phase in the lower band, as usual.
A full view of the antenna is presented in Fig. 5.20a, where the thin dielectric above
the ground plane is observed. Fig. 5.20b shows a transparent version of the antenna
in greater detail, so that the structure can easily be seen. The L1 patch radius is
pr = 53 mm with the pin placed a distance of p. = 50 mm from the center, and a
standard 50 €2 coaxial cable is used as a feed. The ground plane radius is 120 mm.

A clearer view of the MTM-EBG itself is presented in a close-up view of a corner
of the patch in Fig. 5.21, where the capacitive plate region, which is on the bottom
layer of the thin substrate, is highlighted. The MTM-EBG has a length [ = 9.7 mm,
go = 4.6 mm, k; = 1.0 mm, and ky = 0.465 mm. Other MTM-EBG dimensions, fol-
lowing naming conventions used throughout this work, are s = 0.2 mm, g, = 0.4 mm,
and d3 = 0.3 mm. The added radius of the thin substrate beyond the outermost edge
of the MTM-EBG, r;, is 20 mm in this case, but has a minor effect on results; it can

be expanded to enable nylon screws to hold it in place further from the patch itself.

The MTM-EBG has a height larger than its length or width, and the effect of
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Figure 5.20: (a) Conventional view of GPS patch antenna above ground plane, and
(b) top view with semi-transparent layers.
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Thin Substrate Ground plane

Figure 5.21: Close-up view of a segment of the GPS antenna, showing the MTM-EBG
unit cells.

this is weaker modal coupling, and therefore a weaker overall bandgap. Its single-cell
insertion loss in a transmission simulation is around 10 dB, which is much weaker
than in other unit cells used to this point. The effects of this will be observed shortly.
It is also worth noting that the feed location is near the edge of the patch, which was
required to match to 50 € for this geometry. The feed locations could be moved closer
to the center of the patch with an appropriate matching network, but the MTM-EBG-
based version would require a feed layer below the ground plane to implement this.
This could be achieved in the same way it was for the DBDPA, but a direct coaxial

connection was preferred for this structure.

5.4.2 Results

The GPS antenna was simulated and tuned in Ansys HFSS, and S-parameter results
are presented in Fig 5.22, with operating frequencies indicated. The lower band
demonstrates a 70.8 MHz/5.9% 10-dB bandwidth, which is sufficient to cover L2 and
L5; the upper frequency is centered on L1 and has a bandwidth of 12.9 MHz/0.8%.
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Figure 5.22: S-parameters of the of the GPS antenna, L1, L2, and L5 frequencies
indicated by dashed vertical lines.

The increased substrate height and reduced permittivity evidently has a large effect
on bandwidth at the lower frequency, but less so in the upper band; this is to be
expected, since the upper band bandwidth remains primarily a function of MTM-EBG
bandgap bandwidth, the strength of which is reduced by the large substrate height.
It is possible that bandwidth could be improved with a matching network, but as
discussed, this requires a different feeding configuration, which was not implemented
here.

Isolation is also reduced for this antenna, as the substrate height does not enforce
such a strong null at the patch center. Despite this, good isolation of over 16 dB is
observed at L1 and L5, while isolation greater than 12 dB is produced at L2. Since
the antenna is ultimately fed by a single feed with quadrature power division into the
two ports, this parameter is less important than in previous designs, but is useful to
consider if the bandwidth-enhancement approach was used in other structures, such
as the DBDPA. Exact values for return loss and isolation are provided in the first
couple rows of Table 5.10.

Gain patterns are presented in Fig. 5.23. All three frequencies present nearly

10 dB RHCP gain, much higher than typical GPS antennas that often have values
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Table 5.10: Properties of GPS antenna with air dielectric.

L1 L2 L5
Return Loss 11.6 dB 12.8dB 11.9dB
Isolation 16.8 dB 12.1dB 18.4dB

Broadside Gain | 8.9 dBi 94 dBi 9.6 dBi
Realized Gain 85dBi 89dBi 9.3 dBi

3-dB Beamwidth 49° 54° 58°
Axial Ratio 29dB 42dB 2.8dB
Efficiency 71.6% 97.5% 98.3%

nearer to 0 dB, and have small backlobes and low gain at the horizon; this last
property in particular is important since it reduces multi-path interference. There is
a significant amount of cross polarization, although the co-/cross-polarization ratio
at broadside is between 12 dB to 18 dB, with L2 performing the worst in this regard.
Axial ratio (AR) is relatively poor as a result of the left-hand circular polarization
(LHCP) contribution; it is provided in Table 5.10, along with many other relevant
properties. There is a solution to this problem, however, that would bring the AR
down to nearly 0 dB, and that is to use a four-pin feed, with the additional two being
placed symmetrically around the patch; each successive pin would have a phase lag
of 90°. This provides an additional degrees of symmetry, and would nearly eliminate
broadside LHCP, thus improving AR significantly. Of course, this requires a more
complex feed structure as well, but it could be done to improve patch performance.
Finally, broadside realized gain, separated again into RHCP and LHCP compo-
nents, is plotted as a function of frequency in Fig. 5.24. As expected, this peaks
in between L2 and L5 where matching is greatest, but 8.5 dB or greater is still
observed at all operating frequencies. The design of this GPS antenna, and the gen-
erally good performance, demonstrates that it is possible to improve bandwidth of

an MTM-EBG-based antenna using conventional techniques, even if just over the
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Figure 5.23: GPS gain patterns at (a) L1, (b) L2, and (c) L5.
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Figure 5.24: Broadside RHCP and LHCP realized gain of the GPS antenna, with the
three operating frequencies indicated by dashed vertical lines.

lower operating band. It is likely that performance can be enhanced further through
improved feeding or matching techniques, and it is worth noting that improving band-
width at the lower band somewhat degrades performance in the upper band, as the
MTM-EBG is less effective and return loss and efficiency are reduced. Regardless,
this design met the initial goal of providing circular polarization with high realized

gain and good matching at GPS L1, L2, and L5 bands.

5.5 Tunable DBDPA

5.5.1 Tuning Mechanism

With multi-band antennas now well-established, a further step is to render them
tunable. This can be achieved by realizing the capacitances in the MTM-EBG with
varactors. The MTM-EBG bandgap region is strongly dependant on the value of
the series capacitors, and thus changing the capacitance causes the bandgap location,
and therefore the supported higher-frequency resonance, to shift. The lower frequency
operates far from the bandgap region of the MTM-EBG and thus a change in capaci-
tance results in only a minor change in phase across the MTM-EBG unit cells, leaving

this operating frequency nearly unchanged. Therefore, the upper frequency can be
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M Varactor M Decoupling capacitor

Figure 5.25: Tunable version of the DBDPA, using varactors in the MTM-EBG unit
cells rather than interdigitated capacitors, and decoupling capacitors in the MTM-
EBG strips.

tuned while the lower frequency remains constant. This could have various applica-
tions, for example in CBRS where spectrum is dynamically allocated, or as a dynamic
channel that filters out other nearby frequencies, due to its high selectivity. Another
possible application is in sensing, where a substance or even ambient conditions cause
a change in the MTM-EBG’s capacitance, while the constant lower frequency acts as
a baseline or data channel.

The tunable antenna is based on the DBDPA, with varactors replacing the printed
capacitors. An image of the patch face with varactors included is shown in Fig. 5.25.
A problem with this, as discussed in Chapter 3 is that both sides of the MTM-
EBG are normally electrically connected. This is resolved by inserting decoupling
capacitors into the MTM-EBG strips, which renders the unit cell an OC at DC, but
has a minimal effect on dispersion properties at the frequencies of interest. These are
also included in the image, and decoupling capacitors of 10 uF' are used.

Patch operation is otherwise unchanged, as the varactors with the same capacitance

as the interdigitated capacitors in the DBDPA will result in the same operation. In
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order to electrically tune them, however, a full bias network is required.

5.5.2 Bias Network

A voltage must be applied across the varactors to enable tuning, but this creates a
major challenge, since any added component to the patch that causes asymmetry
will result in poor port isolation and polarization purity. This indicates, first of all,
that the voltage source and most of the associated circuitry must be with the feed
network, below the patch ground plane. However, metal contacts are needed both to
the patch and MTM-EBG edges to apply the DC voltage.

Since the feeding pins already contact the patch, they can be used to apply the DC
voltage. The voltage can be applied directly to the feed lines, as long as decoupling
capacitors isolate this from the input ports. Next, the MTM-EBG unit cells must
be grounded at DC. Consider adding a high-impedance, quarter wavelength shorted
stub to the patch layer at the lower patch operating frequency of 3.6 GHz. This stub
is directly connected to the MTM-EBG and will provide a DC ground through a via,
while at 3.6 GHz, the stub will act as an open circuit and therefore have minimal
impact on patch operation (unlike attaching vias directly to the MTM-EBG, which
drastically affects all resonances). At the higher operating frequency, the MTM-EBG
unit cells will be in their bandgap region and effectively cut off the stubs as well,
minimizing their effect on performance at this frequency as well.

An exploded view of the DBDPA with biasing network is shown in Fig. 5.26. The
top layer consists of the patch with shorting stubs, two of which were included to pre-
serve some degree of symmetry. Below this, separated by the usual layer of 1.524 mm-
thick Rogers RO3003 substrate, is the ground plane, containing holes through which
the pins pass. The bottom layer includes the microstrip feed TLs with a decoupling
capacitor, and the DC biasing pads which include choke inductors to isolate the area
from AC. Simply applying a voltage across the pads biases the varactors.

Note that fabrication complexity increases somewhat to realize the tunable DBDPA
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Figure 5.26: Exploded view of the tunable DBDPA. The top layer includes the patch
and DC shorting stubs, the bottom layer includes the microstrip feeds with the re-
mainder of the bias network, and a ground plane with holes for the feed pins separate
the layers.

Three vias are required, as well as a number of discrete loading elements that must
be soldered on to both the top and bottom sides of the board. This is a required
trade-off to achieve the required functionality of an antenna that is simultaneously
dual-band and dual-polarized, with the upper band being independently tunable of

the lower band for both polarizations.

5.5.3 Results

S-parameters of the tunable DBDPA are presented in Fig. 5.27 for a range of different
varactor capacitances between 0.44 pF and 0.54 pF. The upper band is swept from
5.60 GHz to 5.97 GHz with excellent matching in all cases, and isolation is at the
same level as for the initial DBDPA, although it is not included in the plot. The

lower band maintains a reflection coefficient better than -10 dB for all varactor values
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Figure 5.27: Sy, of the patch antenna for different varactor capacitances, C.

at 3.6 GHz, although a very minor shift of this band is apparent, and keeping the
reflection coefficient at this level is what determines the frequency range across which
the upper band can be swept.

The voltage required to across sweep the nearly 400 MHz upper-frequency range
is typically a few volts or less, but depends on the actual varactors chosen. They are
further assumed to be lossless in the simulation, but for varactors of these values loss
can be significant, which will degrade antenna gain at all frequencies. Solutions to
this are to find low-loss varactors, or else redesign the MTM-EBG unit cell to require
larger C' values, as varactor losses are typically relatively smaller in this case. Note
that the decoupling capacitors in the MTM-EBG are also assumed to be lossless, and
realistic modeling will have similarly deleterious effects on gain on efficiency; this is
best mitigated by choosing small decoupling capacitors associated with lower loss.
Regardless, this antenna acts as a proof of concept for the tunable case.

Fig. 5.28 displays the radiation patterns of the tunable DBDPA for three different
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varactor values: 0.48 pF, which resonates at 5.8 GHz, and the lower and upper var-
actor limits, 0.44 pF and 0.54 pF, respectively. Gain patterns at the lower frequency
(3.6 GHz) are shown in Fig. 5.28a, while the higher frequency patterns (5.60 GHz,
5.80 GHz, and 5.97 GHz) are shown in Fig. 5.28b. Co- and X-pol in E- and H-planes
are included, and note that patterns for both polarizations are identical, although
only one excitation is included here.

Neither directivity nor maximum gain change substantially for any of the reso-
nances, demonstrating that this is an effective tuning method where radiation per-
formance is constant across the tuning band, at both frequencies. Final steps for
implementation of this antenna are incorporating realistic losses into lumped ele-
ments, fabricating the antenna, and measuring its performance. While this remains
to be done, the tunable DBDPA provides further evidence of the versatility of the

MTM-EBG, by providing a new and unique application based on the same principles.
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Figure 5.28: (a) E- and H-plane gain patterns for various varactor capacitances C' at
the lower radiating frequency. (b) Gain patterns at upper frequency resonances.
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Chapter 6

Conclusion

6.1 Summary

The main goal of this thesis was to take a newly-developed technology with a number
of advantageous physical properties, the MTM-EBG, and apply it to create multi-
band version of a wide set of planar microwave antennas and components. Although
the invention of TL-MTMs has let to the creation of many novel structures and
technologies, few have been developed generally enough to create a suite of different
circuit elements and antennas, and none have done so while remaining uniplanar,
fully printable, and designed with a theory that allows rapid determination of its
dispersion properties.

Chapter 2 begins by investigating current approaches to producing multi-band
microwave devices, including recent techniques involving MTMs and EBGs. A com-
prehensive investigation of multi-band circuit components and antennas follows, with
a particular focus on planar structures since these are required in many modern sys-
tems, from 5G to IoT to various communication systems and protocols. These devices
are categorized, and advantages and drawbacks of individual structures and methods
are discussed.

The MTM-EBG is introduced in Chapter 3. While the theory and analysis is not
new, a focus is taken on highlighting important characteristics and properties that di-

rectly relate to integration into realistic devices. This includes discussions comparing
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the properties of individual unit cells to the properties of an infinite periodic array
of unit cells, and investigates implementation strategies that rapidly lead to results.
Intuition for designing MTM-EBG unit cells for operation at arbitrary frequencies is
developed.

Design strategies are finally used to produce a suite of circuit components in Chap-
ter 4, starting with the humble microstrip stub filter. Embedded MTM-EBG unit
cells render stub filters dual- and tri-band, and a radial version presents the opportu-
nity to increase filter bandwidth. An impedance matching network is next proposed
based on the double-stub tuner, which directly uses design ideas developed in the
multi-band stub filters but in a much more complex system. Despite many design
options and variables, a simple algorithm is proposed to rapidly produce an optimized
solution, and the result is a dual- or tri-band matching network for arbitrary complex
and frequency-dependent impedances. Finally, a dual-band WPD serves to illustrate
how the MTM-EBG can be integrated in a completely different type of system, and
tackles challenges of using extremely small unit cells in a compact area. All devices
are uniplanar and fully printed, and most are additionally miniaturized compared to
their respective conventional, single-band versions.

Chapter 5 switches the focus to multi-band antennas, starting with a simple dual-
band, microstrip-fed patch antenna. An improved and simultaneously dual-band
and dual-polarized antenna is next presented, which features four resonances that
all radiate in the T'M;y mode. Two pin feeds excite both frequencies of a single
polarization each, and the pin mechanism allows the feed structure to be separated
from the antenna itself. This enables easy integration of a matching network with the
DBDPA, and the MTM-EBG-based double-stub tuner was combined to the DBDPA
to demonstrate this. All of these antennas have small bandwidths, but that was
addressed with the design of a GPS antenna that covers L1 in the upper band, and
L2 and L5 in a broader lower band. Significant bandwidth enhancement was achieved

to produce this antenna while maintaining high RHCP gain, as is required for this
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application. Finally, focus returned to the DBDPA as it was taken one step further
with the introduction of varactors into the MTM-EBG unit cells, and a bias network
was designed to allow them to be electrically tuned. Both polarizations of the upper
band of the DBDPA were able to be tuned simultaneously over a broad frequency
range, while the lower band remained stable.

The main drawback remains the limited bandwidth that most of the devices dis-
play. This was partially addressed in the matching network where reasonably large
bandwidths were produced, and the tunable DBDPA may be used in such a way
that large bandwidths are not required. The GPS antenna with air dielectric was
the most successful in using traditional techniques to improve antenna bandwidth,
and while a substantial increase was observed in the lower band that covered L2 and
L5, it remains narrowband around L1. This makes these devices particularly suitable
to applications where high selectivity is desired, and the bandwidth of the presented
structures is still sufficient for many commercial systems.

Advantages of the MTM-EBG-based devices, however, are many. First and fore-
most, the design of these devices is soundly based on theory, and no ad-hoc design
procedures are needed as a result. The diversity of circuit components and antennas
demonstrated reinforce the theoretical nature of the work, and suggest that further
variability is possible, in terms of both structure and frequency bands. The other
main advantages are related to implementation, as nearly all devices are uniplanar
and fully printed for easy and scalable fabrication, and compact, with multi-band
devices generally taking up less space than their single-band counterparts. These de-
vices also tend perform well, and are perfectly suited to many existing and emerging

multi-band applications.

6.2 Limitations

Taking this work as a whole, advantages of using the MTM-EBG are clear, but reflec-

tion on some universal limitations is merited. Limitations on bandwidth have been
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well established (and overcome in some cases), but the claim of general applicability
should be assessed.

Firstly, do limits exist for the type of devices that can be improved with the
MTM-EBG? It is clear that devices which present terminated guided-wave structures
present the best opportunities for implementation; that is, stubs, patch antennas, and
so on. However, the WPD provided a counter example where transmission through
a TL was required at both frequencies. This case is clearly more complex, but the
implementation of multi-band versions is limited by the ability to embed MTM-EBG
unit cells into small spaces. Signal-routing in this way suggests other opportunities as
well, however; for example, the MTM-EBG would be a suitable candidate for creating
simple diplexers that a divide a signal based on frequency. In fact, this application
does not require the MTM-EBG unit cell to be electrically small, so many unit cells
could be introduced to create a bandgap response with a steep rolloff.

Generally, limitations on the MTM-EBG will be dependent on how much space
there is to implement a unit cell. The use of high-permittivity substrates or the
need for an extremely small electrical length places physical limitations on the MTM-
EBG size, making fabrication difficult or impossible. These limitations are met more
quickly for fully printed unit cells, but ultimately are reached even if discrete chip
components are used.

The spacing of adjacent operating bands is similarly limited by the ability to imple-
ment an MTM-EBG unit cell in a small physical area. Assuming transmission at one
frequency and rejection at the other, an MTM-EBG unit cell generally needs to be im-
plemented in an area related to the difference in guided wavelength at each operating
frequency. As this distance shrinks, MTM-EBG unit cells have a decreasing amount
of space for implementation. This is compounded by the fact that the transmitting
band approaches the MTM-EBG band edge and becomes increasingly dispersive, re-
quiring even physically smaller unit cells to achieve the same electrical length. The

limit where it becomes untenable to embed a unit cell is frequency-dependent since
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fabrication limits are fixed; in other words, it would be easier to create a unit cell
with, for example, 10° of phase when the guided wavelength is on the order of metres
rather than centimetres or even millimetres. No specific limit can therefore be given
for this limit of nearby frequency spacing, although frequency ratios as small as 1.4
were demonstrated in this work, so the limit lies below this in sub-6 GHz bands.

Note that this same limitation also prevents the creation of wideband devices by
merging narrowband responses of adjacent bands. The responses cannot be brought
arbitrarily close together due to the need for increasingly small MTM-EBG unit cells
to enable this.

The upper limit for band spacing is much more forgiving, since widely-spaced fre-
quencies present the opportunity to implement large and robust MTM-EBG unit cell
designs. Furthermore, assuming a bandgap is required at a high frequency far removed
from a lower frequency, the MTM-EBG can be expected to have no substantial affect
on the lower band, while still providing a bandgap where required. Limitations in this
case come more readily from practical design considerations, for example, increased
loss in higher bands, or difficulty in feeding an antenna with substantially different
resonant lengths. While creative solutions to these problems may be found, it is not
an inherent property of the MTM-EBG that limits frequency spacing.

While the magnitude of the S-parameter response of circuit components was typi-
cally the primary parameter of interest, the overall phase response merits investigation
as well, as this may affect the transmission or reception of modulated signals. Simula-
tions and measurements in the context of such signals should be completed to predict
any limitations that may arise in this regard.

Another limitation to consider is the power levels that the MTM-EBG-based de-
vices can handle. Small signals are generally assumed throughout the work, meaning
that the presented devices are shown to be suitable as receivers of low power levels
rather than as a part of base-station infrastructure. Some potential issues could arise

with high power levels. Small gaps in the MTM-EBG unit cells could lead to arcing,
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or passive intermodulation could result due to heating of the fine features [204]. Fur-
thermore, heating could result in weakened adhesion between the substrate and trace
and delamination may result, particularly in the capacitive interdigitations. These
effects should be studied as a part of future work to assess the feasibility of using

them in high-power scenarios.

6.3 Future Considerations

A suite of devices based on the MTM-EBG have been presented, but the general
design approach means that other applications are possible. This includes designing
new devices that incorporate MTM-EBG unit cells, as well as adding more bands to
existing devices (e.g., quad-band stub filters and matching networks, or tri-/quad-
band antennas). Furthermore, combinations of these devices are required to develop
fully multi-band solutions, and while it has been shown that this can be done, there
are many cases where the implementation is still required. This could include a
fully dual-band antenna array with dual-band antennas, matching networks, and feed
structure, or even a tunable version of the same. The full systems should further be
investigated in the context of modulated signals to fully understand their range of
applicability.

Unique features of the MTM-EBG could render it applicable for more than just
multi-banding purposes. Consider using an electrically small MTM-EBG unit cell
to isolate patch antenna elements in an array. FExisting methods of doing this, for
example with EBGs [9], take a large amount of space, but performance could be
greatly improved if antenna elements could be isolated without substantial increases
to element spacing. As another example, the non-harmonic nature of the MTM-EBG
bandgap and dispersion properties could be used to suppress harmonic bands (or a
fundamental harmonic) while simultaneously improving performance at the frequency
or frequencies of interest.

This work has just scratched the surface of tunability. It has also been demon-
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strated in [190] with mechanical tuning, but electrical tuning has proven effective,
and this suggests it could exploited further. A compact and tunable stub filter would
be useful, and while a tunable matching network would be more complicated, it could
allow for a nearly real-time response to some input, either as frequency or the load
itself changes. Adding tunability to antenna feed structures could result in the cre-
ation of phased arrays, or applications in beamforming. Before investigating these
approaches, however, the realistic tunable DBDPA should be fabricated to ensure
that the varactor-based structure operates as predicted.

The main drawback of MTM-EBG structures has consistently been bandwidth,
and more creative solutions to this problem merit further investigation. Bandwidth
enhancement will likely come from the antenna or circuit element design itself, but
MTM-EBG based approaches might also be beneficial; for example, increasing the
number of unit cells so that the bandgap bandwidth improves may allow overall
improvements. While it is unlikely that broadband techniques will be possible with
embedded MTM-EBG unit cells, the limits to how much bandwidth can be gained
should be investigated.

The use of MTM-EBG unit cells in different domains should also be studied. This
may include different topologies such as stripline or coaxial, in which similar tech-
niques could be employed to improve existing devices. It could also include the expan-
sion into mm-waves, where fully printed solutions are required, and the MTM-EBG-
based structures would simply need to be scaled. Decreasing capacitance needed for
MTM-EBG unit cells at higher frequency bands suggests that the unit cell structure
and its implementation may naturally be simplified for operation in X-/Ku-/K-/Ka-
bands (although higher frequencies such as W band present different challenges that
may limit MTM-EBG implementation, such as the use of lossy silicon-based sub-
strates). This is an instantly attractive proposition since the MTM-EBG is readily
able to overcome some challenges that 5G and even emerging 6G are facing as they

progress further into these bands.
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All applications of the MTM-EBG have been one-dimensional, in that propagation
across only a single axis has been considered. Recently, it has been shown that the
MTM-EBG can indeed be characterized using MTL theory in two dimensions, and
that this structure is closely related to the UC-EBG [182, 183]. Many new applications
could be considered with a 2D MTM-EBG. Consider the linearly-polarized, dual-band
patch antenna. Its bandwidth was constrained by the fixed patch width, but a 2D
MTM-EBG could be used to render the width frequency-dependent as well as the
length. Other structures could take advantage of a unit cell with different  and y
propagation properties, for example, to create a uniplanar microstrip crossover (i.e.,
allowing microstrip lines to cross on the same layer while maintaining high isolation
from each other). The most general application of such a structure would be to
design a wholly frequency-reconfigurable circuit, such that the same circuit board
looks completely different at different operating frequencies. Applications could be as
diverse as having a power divider circuit act as an antenna array at some frequency,
or connecting to WiFi as well as GPS in the same, overlapping space.

Much remains to be explored, but this work lays the foundation for engineers
to understand approaches to MTM-EBG-based design, and use it for a continually

expanding number of diverse applications.
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Appendix A: Modeling the
MTM-EBG with 2-Conductor

Transmission Lines

The goal of this section is to observe the ability of a 2-conductor TL to accurately
model a single MTM-EBG unit cell, as compared to the MTL model. A 2-conductor
model would not, on its own, be able to recreate the full dispersion information
provided by an MTL model, since it would support only a single TEM mode. (A 2-
conductor system could be constructed for each individual mode, however, to obtain
all relevant data; three individual 2-conductor TLs would be needed for a descrip-
tion of all the MTL modes of the 4-conductor MTM-EBG.) If interest only lies in
determining the MS-like mode bandgap, then the recreation of a single mode may be
sufficient. As this is often the case, a 2-conductor TL model of a single unit cell (fed
by a microstrip TL to ensure the desired mode is excited) can be constructed, and
results can be compared to the comparable mode predicted by MTL analysis.

The utility of circuit models is that they are capable of describing any linear system
if an accurate enough model is used, and regardless of the complexity of the full model,
a simple equivalent circuit results. It can be assumed, therefore, that a 2-conductor
TL model (or simply just a TL model, as opposed to an MTL model) for the MTM-
EBG exists to describe the microstrip-like mode, and the question that remains is
whether it provides an accurate way to analyze the MTM-EBG as compared to the
MTL model that has been used thus far. A comparison of simplicity and accuracy of
the each model helps determine which one should be used.

First, consider a full-wave simulation of a single MTM-EBG unit cell; this provides
a baseline that circuit models will attempt to match, as this simulation is assumed

to be well-converged and accurate. The simulation model is shown in Fig. A.la,
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Figure A.1: (a) Simulation model of MTM-EBG unit cell on 60 mil Rogers 3003. (b)
Sy1 of the unit cell for various values of g. Also included are vertical lines indicating
the lower bandgap edge predicted by MTL analysis.

and dimensions are provided in the figure. Capacitive and inductive sheets are used
rather than fully-printed structures to ensure better agreement between this model
and comparative circuit models. The gaps of width g are allowed to vary in size as
this is known to have an effect on bandgap location. This variable is of particular
interest since it will affect coupling between adjacent conductors, which provides the
greatest challenge to model in the TL case.

Simulation results of the single unit cell are plotted in Fig. A.1b, specifically Sy
to easily show the bandgap location. Data for various gap widths g are presented in
order to observe the effect this has on bandgap location. This plot shows that as g
increases, the bandgap location is shifted downwards. On the same plot, the lower
band edge as predicted by MTL analysis is given by thinner vertical lines, with the
colours and line styles corresponding to the same g values. It is clear that the bandgap
for a single unit cell occurs very near the predicted lower band edge, with very good
correlation as g is swept. It can be concluded that the MTL model, while not a
perfect model for a single MTM-EBG unit cell, is very useful in predicting bandgap
location (and other properties, by extension), and provides an accurate model of the
coupling between adjacent conductors.

A comparable TL model of MTM-EBG microstrip-like mode should be fed by
a single TL, and each individual part of the MTM-EBG unit cell itself separately

modeled. Narrow, high-impedance TLs replace the upper three conductors that form
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the MTM-EBG unit cell, with lumped capacitors and inductors placed appropriately.
What remains to be modeled is the coupling caused by the gaps of width g between the
upper three conductors; the previous result demonstrates that they are definitely not
isolated from each other. Modeling this is the key to creating an accurate 2-conductor
representation of the microstrip-like mode.

One way in which a TL model predicts this coupling is through coupled-line theory,
but this is more complex than simply implementing additional circuit elements; per-
unit-length capacitances between conductors must be found, and even for a system
of two microstrip lines, numerical or approximate quasi-static solutions are required
[56]. This result is similar to the MTL approach, and does not provide any further
simplification. An different but intuitive way to model this without requiring such
equations is to approximate the coupling with a number of shunt capacitors between
adjacent conductors. A single capacitor provides a poor approximation of the ex-
pected coupling, but adding many parallel capacitors between the conductor edges
would increase accuracy. As more capacitors are added, a discrete reconstruction
of MTL theory is approached. This approximation provides little benefit over using
MTL theory directly, which accounts for capacitive coupling between all conductors
with its per-unit-length matrix.

There are no analytical advantages to these approaches, but a circuit model can still
be used with software that simplifies the required design equations. As an example,
Pathwave Advanced Design System (ADS) provides a convenient means of modeling
coupling between adjacent conductors: a MACLIN3 component contains the relevant
information, as it is designed to model coupling of three adjacent microstrip TLs.
Fig. A.2a shows the ADS layout including the MACLINS component. Results of
this circuit simulation for various values of g, compared to the lower band edges as
determined by MTL theory (which are now known to be located accurately at the
strongest rejection frequency), are shown in Fig. A.2b.

This circuit model demonstrates a sensitivity to g, indicating that TL coupling is
indeed being modeled; however, the results show a large frequency shift as compared
to the full-wave model, by several GHz. This may be due in part to inaccuracies in the
MACLINS component, but other deficiencies of the circuit model likely contribute

as well, such as poor modeling of parasitics at various junctions. It is clear that
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Figure A.2: (a) Possible circuit model of a single MTM-EBG unit cell incorporating
TL coupling, created in Pathwave ADS. (b) Ss; of the unit cell for various values of
g. Vertical lines indicate the lower bandgap edge predicted by MTL analysis.
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this model is approaching the correct solution, but is still insufficiently accurate to
be considered as a primary design tool. Increasing its accuracy could be achieved
by adding more complexity to the TL model, as more components could be used to
correctly model all parasitics of the structure.

MTL theory is much better equipped to deal with the coupling of the various
conductors that make up this system, and while it suffers from inaccuracies in the
prediction of the properties of a single unit cell, it remains to be the simplest and
most accurate method for design of a unit cell with desired dispersion properties.
It may be possible to create a circuit model with sufficient accuracy (at least under
some conditions) to be a useful aid in the design of a multi-band system, and perhaps
the model could even include components for strip inductors or interdigitated/gap
capacitors (indeed, ADS has circuit components for these structures). This may be a
useful tool, but it should be used only once it is verified that any model agrees with
full-wave simulations, and design intuition is still best taken from the MTL model

used in this work.
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Appendix B: MTM-EBG Host TLs

The use of MTM-EBG unit cells in PPW and microstrip structures has been estab-
lished, and this will be the focus of applications in this work. It is worth considering
whether other TL structures are amenable to MTM-EBG integration, and if simi-
lar design principles can therefore be used in these cases. Consider interaction with
guided TEM modes in the following structures:

Stripline: Stripline looks like a microstrip TL in a homogeneous substrate, with an
additional large shielding conductor above the signal line. While more difficult than
a microstrip TL to fabricate, the three CPW conductors of the MTM-EBG could
be integrated into the signal line and modeled with MTL theory. The additional
conductor would have to be included in the circuit model (N = 5 conductor system),
which results in an additional mode being supported and larger matrices as a result.
MTM-EBG unit cells could be embedded to create novel circuit elements, but antenna
applications are limited by the upper shielding conductor.

Co-Planar Waveguide: The MTM-EBG relies on contra-directional coupling of the
backward CPW mode with a forward PPW mode, but a CPW TL alone does not
support the required PPW mode. While this system could still be modeled as a MTL,
it would not be considered a form of the MTM-EBG since any bandgap and phase
properties would arise from a different mechanism. A conductor-backed CPW, on the
other hand, matches the MTM-EBG host medium geometry, and would more readily
support integration.

Coazial: Considering the central wire of a coaxial cable to be the reference con-
ductor and patterning the outer conductor similarly to a CPW, it is conceivable that
MTM-EBG unit cells could be realized in a cylindrical geometry in a coaxial line. An
integer number of unit cells would be required azimuthally along the circumference

of the cable and fabrication of such a structure would pose challenges, but the funda-
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mental TEM coaxial mode in this case would operate as the PPW mode due to the
similar field distribution, and coupling with the cylindrical CPW mode could provide
the required bandgap. This configuration would be modeled similarly to the planar
MTM-EBG, with different per-unit-length matrices for the host medium.

This discussion focuses on MTM-EBG interactions with guided modes, but the
interaction with free-space or surface waves can be modeled by the addition of an
additional conductor above the plane containing conductors 1, 2 and 3 [1]. Interaction

with these modes is not generally considered in this work.
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