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Abstract

A multitude of planar electromagnetic bandgap structures (EBGs) have been proposed for the suppres-

sion of parallel-plate waveguide (PPW) and surface-wave (SW) modes at microwave frequencies. Some of

these structures have been well-modelled with transmission-line theory, however, these structures typically

employ vias which prevent these structures from being used at high frequencies or in low-cost applica-

tions, where vias can be difficult or expensive to manufacture. Alternatively, EBGs have been proposed

which overcome this limitation with a uniplanar design, such that they are simple to manufacture using

standard lithographic processes. However, these structures generally suffer from the lack of a rigorous

model, such that the bandgap properties are difficult to control without changing the overall size of the

EBG.

This work seeks to overcome this limitation through the development of a uniplanar EBG structure

which is shown to be well-described by a proposed multiconductor transmission-line model. Transmission-

line metamaterial techniques are then used to miniaturize the EBG’s constituent unit cells, without any

loss of model accuracy. Although this EBG is inherently one-dimensional, it is shown that it can be

arranged radially to effect suppression in two dimensions.

The EBG is created by loading the coplanar waveguide (CPW) conductors of a shielded, conductor-

backed CPW (S-CBCPW) structure with series capacitors and shunt inductors, as inspired by transmission-

line metamaterials. The bandgaps used in this work are shown to arise through modal coupling, in which

the loaded CPW mode couples with the PPW and/or SW modes to prevent the transmission of power.

To demonstrate the effectiveness and versatility of this EBG, it is applied to two applications: the

suppression of parallel-plate noise between two vias at X-band, and the suppression of the SW mode on

a GPS antenna ground plane at L-band. It is shown that the full-wave simulated results agree well with

the periodic analysis of the equivalent-circuit model developed in this work. Finally, the designed EBGs

were manufactured and tested to verify these results. Several avenues of further study and applications

are suggested.
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Chapter 1

Introduction

1.1 Motivation

Planar structures have become nearly ubiquitous in the realization of microwave circuits, for example

in the form of either printed circuit boards or monolithic microwave integrated circuits. Periodic planar

structures with which microwave power can be transmitted [1–4], or suppressed [5–9], have been of great

interest recently due to relatively simple design processes based on circuit and transmission-line theory.

One preferred class of these structures are electromagnetic bandgap structures (EBGs), which operate by

reflecting or redirecting/coupling incident power into other modes or propagation directions, over distinct

frequency bands referred to as bandgaps.

The canonical example of an EBG is the Sievenpiper mushroom structure, which consists of “islands” of

metal on top of a dielectric shorted to a common conductor backing with a via, as described in [10]. The

bandgap properties of this structure can be simply described in terms of the loading inductance created

by the structure’s via, the loading capacitance created by the gaps between the edges of the structures,

and the structure’s period [11, 12]. Due to its relatively simple construction and the precise control of

the suppressing frequency range offered by this device, the Sievenpiper and similar structures have been

widely studied [7, 13–16].

Since many of these structures have been analyzed in detail, attention has been turning more recently

to their efficient realization. Many planar microwave devices rely on the fabrication of non-planar el-

ements such as vias between layers, which is still relatively difficult and/or expensive in miniaturized

devices [17–19]. Subsequently, it is desirable that these devices be uniplanar such that they they can

be simply manufactured in a cost-efficient process. Uniplanar devices are those which have all of their

physical features existing on a single plane, but also may make use of solid conductors above and below

this plane.

Many such structures have been proposed [20–24], which operate similar to the Sievenpiper structure

in suppressing the transmission of power over one or more given frequency bands, but are uniplanar and

1
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as such can be efficiently manufactured. However, these structures generally suffer from the lack of a com-

prehensive and rigorous theoretical analysis by which to simply design their power transmission properties.

Furthermore, it is desired that these structures be miniaturized, since they typically have a period on the

order of one-quarter to one-half of a guided wavelength. It has been demonstrated [25, 26] that meta-

material techniques can be used to miniaturized microwave circuits. A special class of metamaterials –

transmission-line metamaterials – has been shown to integrate well into existing microwave circuit topolo-

gies with the use of simple reactive circuit components (i.e., inductors and capacitors), and furthermore

can be simply modelled with transmission-line and circuit theory. These reactive components can be

created in uniplanar environments, such that these techniques can be directly applied to uniplanar EBGs.

This thesis seeks to combine the excellent modelling of the Sievenpiper and related planar structures

with the ease of fabrication afforded by uniplanar structures, to create a novel uniplanar EBG which

can be well modelled with a high level of rigorous theoretical analysis. This will be accomplished with

the use of a multiconductor transmission-line model and transmission-line metamaterial miniaturization

techniques. In order to validate the performance of this structure, it will be applied to solve two common

problems involving the suppression of microwave power: the suppression of parallel-plate noise in printed

circuit board environments, and the suppression of the TM0 surface-wave mode in global positioning

system antenna ground planes.

1.2 Background

1.2.1 Periodic Structures

The periodic structures examined in this work are simply one or two-dimensional waveguides that have

been periodically “loaded” with inclusions. Under this condition, the waveguide is known as the “host”

and the inclusions are referred to as the “loading”. While realistically, the inclusion of loading elements

into a waveguide causes the waveguide to be discontinuous and allows the excitation of higher order

modes, the assumption is generally made that the perturbations introduced by the inclusions are small

enough that the waveguide can be considered homogeneous.

An early example of the use of periodic structures in the microwave domain is artificial dielectrics [27–31],

in which waveguides or free space (the hosts) were loaded periodically by metallic components to yield

a desired effective permittivity. Such techniques, whereby it was realized that periodic perturbations

could induce an effective macroscopic response, were largely responsible for later developments involving

periodic structures which led to metamaterials. A later example is known as Yablonovite, named after the

researcher who both developed it theoretically [32] and later realized it [33]. Essentially, the material is

a simple dielectric with a periodic array of holes drilled through it. In this case, the dielectric is the host
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Figure 1.1: Example of a periodically loaded transmission-line.

and the loading is the holes. Transmission-line modelling is ideal for such structures, due to its combined

simplicity and accuracy.

Transmission-Line Based Periodic Structures

Early applications of transmission-line (TL) theory for the design of periodic structures include microwave

filters [34], for which lower-frequency filter theory was already well established without using TLs, and the

analysis of artificial dielectrics [28]. The inclusion of TLs has allowed for extremely accurate modelling,

and subsequently is used extensively in this work. One drawback of this technique is due to the limitation

of TL theory to TEM modes: non-TEM modes cannot be modelled to the same level of accuracy (some

TE and TM modes can be approximated using TL theory [35]).

The periodic inclusions of the periodic structure then must also be modelled in the circuit domain if

they are to be integrated with TLs. Typically, these take the simple form of individual inductors or

capacitors, but may be modelled as more complex networks. An example TL-based periodic structure is

shown in Fig. 1.1. In this case, the TL is the host and the inclusions are the inductors and capacitors.

Node index notation for an infinite structure is used, in which the left-hand terminal is designated node

n, and the right-hand terminal is designated node n+ 1.

Bloch’s Theorem

The periodic nature of these structures is analyzed by applying periodic boundary conditions to a single

period (referred to in this work as a “unit cell”). Under the assumption that every period is identical, the

fields take on properties such that (in the case of a one-dimensional array in x):

[
	Vn+1

	In+1

]
=

[
	Vn

	In

]
e−γd (1.1)

This result (for either voltages or currents) is known as Bloch’s theorem [35], although the formulation

used here is also referred to as Floquet’s theorem [36–38]. This theorem allows for the extraction of

the Bloch modes (with complex propagation constants γ) from a given unit cell. Bloch modes are the

resulting periodic modes supported by the waveguide once the periodic loading is taken into account. It

is the engineering of these Bloch modes that is studied in this work.
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Figure 1.2: Example dispersion diagram showing both the real (dashed) and imaginary (solid) components
of the propagation constants for two independent modes (red and blue).

1.2.2 Electromagnetic Bandgap Structures

Dispersion

EBGs are periodic structures which are specifically employed for their ability to suppress the propagation

of one or more supported Bloch modes over certain frequency ranges. These modes will be displayed

in dispersion diagrams (also known as k − β diagrams) [39], which in this work will plot the complex

propagation constants of various modes versus frequency. These diagrams will plot the propagation con-

stants as observed along the principal directions of the irreducible Brillouin zone [41] – specifically those

propagating (incurring phase) in the positive direction. In the Brillouin-zone diagram, the domain is

transformed into the product of the propagation constant and the period of the structure in the direction

of propagation being investigated, and is bound between 0 and π radians [42]. These endpoints are known

as Γ and X, respectively – this terminology will be used extensively in this work.

An example dispersion diagram is shown in Fig. 1.2. The propagation constant is plotted on the hor-

izontal axis (which corresponds to propagation along the x-axis in this example, as indicated by the

subscript), and frequency is plotted on the vertical axis. A single diagram, as in this case, can only be

used for a single direction of propagation – however, most waveguides are designed to guide waves in one

dimension. In the dispersion diagrams presented in this work, both the real and imaginary (or atten-

uation and phase, respectively) components of the propagation constant will be shown where possible,

where γ = α + jβ. Unless labeled otherwise, the solid lines will correspond to the imaginary components

(β), while the dashed lines will correspond to the real components (α). The solid black line will always

be shown for reference; it represents the dispersion of light in a vacuum. Different colors will be used

to indicated different modes – in this example, the red and blue curves correspond to two independent

modes. Although the diagrams will state that the dispersion is measured in terms of the imaginary com-

ponent (degrees, in this case), the real component is, of course, measured in the analogous units of Nepers.



Chapter 1. Introduction 5

The term dispersion refers to the phase incurred per unit length of a given mode (the mode’s phase

constant) as a function of frequency. Modes which are referred to as non-dispersive have a linear rela-

tionship between incurred phase and frequency, whereas dispersive modes do not. Specific points on the

dispersion diagram indicate the phase velocity of the modes. Specifically, the phase velocity of a mode at

any point is related to the slope of the line from the origin to that point, determined by the equation

vφ =
ω

β
(1.2)

The group velocity is related to the slope of a line tangent to a mode’s dispersion curve at any point. One

physical interpretation of the group velocity is that it is the velocity of power transmission [40]. This is a

critical definition to the objective of this work, since it implies that power transmission can be controlled

through the dispersive properties of waveguides. For this reason, this work primarily involves the study

of dispersion, and will only use scattering parameters to verify the observed dispersive properties. Group

velocity is formally defined as

vg =
∂ω

∂β
(1.3)

It is worth noting that modes can exist on either side of the light-line – indicating that the mode has

either a larger or slower phase velocity than that of light. Transluminal velocities are not problematic

– so long as the group velocity is smaller than the speed of light, causality is satisfied. The area inside

the light-line is referred to as the “fast-wave” region for this reason, and similarly, the area outside of the

light-line is referred to as the “slow-wave” region.

Modal Coupling

Modal coupling is a behavior described by coupled-mode theory [43], which explains that if modes with

similar field profiles and dispersion angles exist at a given frequency, then the modes will couple to one

another, and the dispersive properties of both will merge, forming a new, coupled mode containing prop-

erties of both isolated modes. An example of this behavior is shown in a dispersion diagram in Fig. 1.3,

in which the isolated modes are shown along with the result of both weak and strong coupling. This cou-

pling will be employed extensively in this work, as it is an extremely useful tool in the design of bandgap

structures.

Backward Waves

It can be seen on the example diagram that the imaginary component of the propagation constant cor-

responding to the red mode in Fig. 1.2 possesses a negative slope. A negative slope, corresponding to a

negative group velocity, is not unphysical, but rather indicates power being transmitted in the opposite
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Figure 1.3: Example of the effects of modal coupling strengths on the dispersive properties of two modes.

direction from that of the forward modes. It should be noted that the phase velocity is still positive –

that is, it possesses the opposite sign of the group velocity. This particular type of propagation (where

the phase and group velocities are anti-parallel, is known as backward-wave propagation, and has been

observed in electrical circuits for several decades [44,45].

Complex Modes

When forward and backward modes couple, this coupling can result in the formation of complex modes

[46]. These modes possess propagation constants with both real and imaginary components of the same

order of magnitude, even in the absence of ohmic losses. Furthermore, for an infinite periodic structure,

the net power carried by these modes in a given direction is zero, even though their group velocity is

non-zero. Complex modes always exist in conjugate pairs for which γ = α± jβ. These two modes often

possess different magnitudes, depending on excitation [47], but the net result is always zero power flow

(in infinite structures). The physical interpretation of these modes is that power is transmitted by the

forward constituent mode, but simultaneously coupled into the backward mode, such that the net result

appears to be a lack of power transmission. The rate at which the power decays, and the phase it incurs

while propagating, is given by the real and imaginary components, respectively, of the complex mode.
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Figure 1.4: Dispersion diagram indicating two classes of bandgap. Bandgap #1 meets common definitions
of a bandgap, while bandgap #2 meets only the definition given in this work.

Bandgaps

Traditionally, the term bandgap is derived from the semiconductor or optical domains, in which electrons

or photons possessing a certain energy (proportional to frequency) cannot exist in a given structure (also

known as a forbidden band). When used in the microwave domain, a bandgap is traditionally defined as

a frequency range inside which a given mode, as well as modes with which it couples, do not propagate

or are attenuated with distance in the absence of losses.

This definition will not be used in this work. Instead, a slightly modified definition will be used which

reflects the developments described in Appendix A. A bandgap in the context of this work is hereby

defined as a frequency range over which a given isolated mode does not propagate. This could be either

because it is reflected or because it is coupled into other modes. An example of the differences between

these two definitions is given in Fig. 1.4, in which the higher frequency bandgap (#1) satisfies both

definitions of a bandgap, whereas the lower frequency bandgap (#2) only satisfies this work’s definition

of a bandgap. Both may be classified as bandgaps due to the fact that they redirect, or couple, energy

out of the incident modes into a number of other modes. While attenuation (corresponding to reflection,

or coupling into backward-directed modes) is observed in bandgap #1, it is not present in #2, since there

is no reflection, but merely coupling into other forward-directed modes.

Bandgaps as studied in this work arise due to two distinct mechanisms. The first is due to modal cutoff, in

which the mode has a propagation constant that is purely real (i.e., evanescent). The second mechanism

is due to modal coupling. When modal coupling occurs, the Bloch modes take on dispersive properties

which are a combination of their isolated counterparts. The fact that the isolated Bloch modes are not
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Figure 1.5: Layout of a corrugated metallic ground plane. Propagation is considered in the direction
indicated. The structure is shown from an isometric viewpoint as well as from the side.

supported meets the definition of a bandgap used in this work.

Canonical EBGs

Bandgaps were first studied in the microwave domain in structures such as the previously introduced

Yablonovite, which is classified as a photonic crystal. Photonic crystals are periodic structures arranged

into a defined lattice, which generally exhibit bandgap behaviors attributed to Bragg scattering [48]. As

such, it is generally agreed upon that photonic crystals have periods on the order of one-quarter to one-

half of a guided wavelength, limiting their practicality for use in microwave applications which generally

desire miniaturized solutions.

One of the first EBG structures developed was the corrugated ground plane [49, 50], although it was

not recognized at the time as an EBG (the term, or even its progenitors, had not yet been created), as the

study of the dispersive nature of periodic structures was still under development. The structure consists

of a series of slits or grooves cut vertically into a solid conductor, as shown in Fig. 1.5. The EBG operates

on the principle of transverse resonance as applied to the grooves, each of which behaves as a shorted TL,

and therefore resonates when excited with frequencies for which the depth of the groove correspond to

odd integer multiples of one-quarter of a wavelength.

As previously noted, one canonical EBG is the Sievenpiper mushroom structure (also named for the

researcher who developed it), a constituent unit cell of which is shown in Fig. 1.6a. This EBG was

initially introduced as a photonic bandgap structure (PBG), in reference to the photonic crystal struc-

ture after which it was modelled [10]. The unit cell consists of a PPW-type waveguide with gaps in the

metallization of the top face, giving rise to “islands” of metals, and a via in the center of these islands

connecting the top layer to the bottom. The suppression mechanism was described as an isolated LC
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Figure 1.6: Layout of a) the Sievenpiper mushroom structure, b) the UC-EBG structure. Both shown
from an isometric viewpoint as well as from the side.

resonance, caused by a current loop through the via (modelled as an inductor) and the gaps between the

metallic islands (modelled as a capacitance).

Another classic EBG structure is the uniplanar compact EBG (UC-EBG), a constituent unit cell of

which is shown in Fig. 1.6b [51]. This EBG’s unit cell consists of the patterning of the upper metallic

layer of a substrate, and is typically backed by a solid conductor. The patterning is done in such a way

that an LC resonance is formed by thin metallic strips (modelled as an inductor) and the gaps on either

side of the conductors (modelled as capacitors).

A third EBG that has been extensively studied in the literature is the shielded Sievenpiper struc-

ture [47, 52–54]. This structure is identical to the Sievenpiper structure, with the exception that it is

shielded above the second layer by a solid metallic conductor. Under this condition, the bandgap proper-

ties of the unit cell can be accurately determined with a MTL equivalent-circuit model.

EBG Pseudonyms

EBGs are also referred to in the literature with several different titles. However, many of these titles are

not used to describe the bandgap behavior of EBGs, rather slightly different properties, and will therefore

not be used in this work.

• Photonic Bandgap Structures (PBGs) were the historical origins of EBGs, for which the term

“bandgap” is derived from the optical or semiconductor fields [51,55]. As these structures were de-

veloped in the microwave field, the term “EBG” was used instead to indicate the designed operating

frequency range.
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• Defected Ground Structures (DGSs) are sometimes considered to be EBGs, but more generally are

uniplanar structures which are created by selectively inserting gaps into solid ground planes [56,57].

Typically, these structures are not periodic, and therefore lack a rigorous means for analysis and

are instead analyzed by investigating the resulting flow of currents on the ground plane alone [58].

• Frequency Selective Surfaces (FSSs), or Partially Reflecting Surfaces (PRSs) are also described as

being related to EBGs in the literature [59–61]. However, the most common use of these devices in

the majority of the literature is as a surface on which a free-space plane wave is incident normally

or at an oblique angle. Since typically EBGs operate on guided modes travelling along a surface,

FSSs and PRSs do not generally meet this definition.

• High Impedance Surfaces (HISs) and Artificial Magnetic Conductors (AMCs) are terms used to

described a class of EBGs which are characterized by observing the reflection properties of an

incident plane wave [10, 59]. Specifically, these structures are described as having ideal magnetic

conductor properties at the frequency at which the reflection phase of an incident plane wave is zero

degrees. It is generally understood that this magnetic conductor does not support TM0 SW modes,

and therefore acts an EBG for these surface wave modes. However, the characterization of these

structures does not strictly find the properties of guided-wave modes, which EBGs are generally

assumed to act on.

1.2.3 Parallel-Plate Noise Suppression

Modern printed-circuit boards for high-speed circuitry must increasingly compensate for the effects of

“cross-talk” due to increasing number of layers, correspondingly thinner layers, increased trace and com-

ponent density, and increased coupling due to higher clock frequencies and data throughput. One par-

ticular challenge in these systems is created by the routing of signals between layers through the use of

metallized vias. When higher frequency signals pass through these vias, energy is parasitically coupled

into modes supported by the dielectric – usually the parallel-plate mode guided by the solid power and/or

ground planes on both sides of the dielectric [62]. This parallel-plate mode propagates through the sur-

rounding medium, as depicted in Fig. 1.7a, where it can be coupled back into other traces and appear as

noise, which can cause interference, false signalling, and generally degrade the performance of the hosted

circuitry [63]. For this reason, the efficient suppression of the parallel-plate mode radiated by these vias

is desired to maintain power and signal integrity in these systems.

Early methods of suppressing this noise consisted of decoupling (or bypass) capacitors [64, 65], which

effectively short the two plates together at high frequencies. However, these only work for relatively low-

frequency signals and higher frequency noise. A similar effect has been achieved by embedded capacitance

layers [66, 67], in which the power and/or ground planes are spaced as closely as possible as to increase

the capacitance between them, effectively shorting out high-frequency noise. Defected ground structures

have also been used to suppress parallel-plate noise in multiplayer printed circuit boards, by reflecting

incident microwave power, but their design is often highly empirical and lacks any unifying theory of
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(a) (b)

Figure 1.7: Via-induced parallel-plate noise a) without suppression mechanism, b) with EBG suppression
mechanism.

operation [68–71]. EBGs have been widely adopted [72–74] due to their ability to reflect microwave power

similar to the defected ground structures, but also due to a deep level of understanding afforded by rig-

orously accurate models, allowing for a very well-defined design process. However, the structures used in

this particular application fit the same categories as previously described: they are either uniplanar, or

well-modelled, but not both.

One of two applications in this work investigates the suppression of parallel-plate noise at X-band by

arranging EBGs around the vias such that the power reflects backwards, as depicted in Fig. 1.7b. A

uniplanar, printable solution is investigated, such that the EBG is both easily integrated into the existing

structure and suitable for high frequency operation.

1.2.4 Surface-Wave Suppression

The recent rise in the use of satellite-assisted positioning systems, such as the global positioning system

(GPS), driven in large part by integration into a myriad of consumer electronic devices and other com-

monplace systems [75], has further increased the desire for positioning accuracy. While positioning signals

transmitted by these satellites are of incredible precision, there are numerous factors which cause inaccu-

racies when the signals are received on the earth’s surface. Even though effects such as the dispersion of

the ionosphere and time dilation due to the planet’s gravitational field are taken into account, more lo-

calized effects such as multipath interference, noise or signal distortion cause positioning inaccuracies [76].

Multipath interference is the phenomenon in which a signal is transmitted to a receiver along more

than one physical path. Ideally, only one signal path exists – from the transmitting satellite, in a di-

rect line-of-sight path to the receiver. However, due to the presence of other objects (typically large

ground structures such as buildings) those signals can be reflected multiple times, and some of these

reflections can arrive at the receiver after a significant time delay from the direct line-of-sight signal,

causing an inaccuracy in the estimation of position. Signals reflected an odd number of times possess

the reverse polarization (left-handed circularly polarized) from the original signal (which is right-handed
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circularly polarized), such that the majority of multipath signals possess left-handed circular polarization.

However, these reflected signals have been found to travel to the receiver near the horizon at an an-

gle tangential to, or lower than, a plane parallel to the ground, as shown in Fig. 1.8. The coupling into

surface waves at the edge of the ground plane allows the antenna to receive both right- and left-handed

circular polarizations, since typically only the linearly polarized TM0 surface wave (from hereon the term

“SW” will imply the TM0) mode is supported by the ground planes in this frequency range. It is this

reception of left-handed circularly polarized signals which is undesired, and caused by this transmission

of surface waves along the ground plane.

Satellite

Ground

Line-of-Sight

Receiver

Scatterer

On  Horizon
Below 

Horizon

Figure 1.8: Example of Multipath Interference from a Satellite

Current solutions to this problem include suppressing the TM0 surface-wave mode by surrounding the

antenna with corrugations, which in a circular layout form choke rings [77, 78], which are generally ex-

pensive, physically large, and heavy. However, these undesirable factors are mitigated by the excellent

surface-wave suppressing performance offered by these devices. An ideal solution would be one which

offered a similar performance, but in a smaller, lighter form.

Such a solution was proposed in the Sievenpiper mushroom structure [10], and was quickly followed

by other EBGs [5, 79]. Many of these EBGs were described as “high impedance surfaces” (HISs), or

“artificial magnetic conductors” (AMCs), due to the fact that they present a high surface impedance to a

normally incident plane wave, similar to an ideal (and fictitious) magnetic conductor. It has been implied

that this surface impedance condition causes a SW mode propagating along the EBG surface to experi-

ence cutoff at the frequency which the EBG imitates an AMC. When applied to antenna ground planes,

many of these designs involving EBGs cause the ground plane to be electrically large. Additionally, the

common use of rectangular EBGs reduces the field symmetry around the ground’s azimuth.
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(a) (b)

Figure 1.9: Surface-wave transmission on an antenna ground plane a) without suppression mechanism,
b) with suppression mechanism.

Another type of SW suppressing device is the resistive ground plane. This device is simply a surface

to which a high resistivity has been applied, such that SWs travelling on it experience a high per-unit-

length dissipation [80,81].

The second of two applications in this work investigates the requirements to mitigate the effects of mul-

tipath interference by suppressing the SW mode, specifically by engineering the dispersive properties of

the antenna ground plane. This is accomplished by preventing the SW mode from propagating, as shown

in Fig. 1.9a – but unlike the previous cases of parallel-plate noise suppression, reflection of the power is

not the only option. The power of the SW mode could also be coupled into other modes, so long as these

modes are not received by the antenna – for example the parallel-plate mode of the metallized dielectric,

as shown in Fig. 1.9b. Again, a preferred solution would be one that is uniplanar and printable, such that

it is both easily integrated into the existing structure and easily manufactured in low-cost applications.

1.2.5 Metamaterials

The field of metamaterials involves engineering structures in such a way that they mimic and/or ex-

tend the behavior found in natural materials. The engineering of electromagnetic metamaterials in the

microwave domain involves the creation of large periodic arrays of structures which resemble the arrange-

ment of atoms or molecules in natural materials, so as to provide a macroscopic electromagnetic material

response – i.e., an effective relative permittivity (ε) and permeability (µ) [82].

Some realizations of artificial dielectrics [27–29], as well as artificial electric and magnetic plasmas [30,31],

could be classified as metamaterials, although much of this work was done previous to the development

of the metamaterials concept. Importantly, metamaterials have also used to create left-handed materials,

which possess properties that cannot be found in natural materials [83,84].

It has been demonstrated that metamaterials can also be realized through the use of TLs, resulting
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in TL-metamaterials (TL-MTMs) [85] (also referred to as composite right-left handed (CRLH) metama-

terials [86]). TL-MTMs possess the advantage that their electrical size can be strongly determined by the

values of their loading components, allowing larger factors of miniaturization than possible with other

types of microwave metamaterials [25,26].

The macroscopic response of a metamaterial is limited to the domain over which its constituent unit

cells are electrically small. The limit of this domain is known as the effective-medium limit, and is usually

taken to be d ≤ λg/10, where λg is the guided wavelength of a specified Bloch mode supported by the

unit cell. According to this definition, EBGs may or may not be classified as metamaterials. However, in

this work, miniaturization techniques designed for TL-MTMs will be applied towards the miniaturization

of EBG unit cells – such that the EBGs are less dependent on their period and more dependent on their

propagation properties. Subsequently, since these periodic structures are generally too large to meet the

effective-medium limit, the EBGs used in this work cannot strictly be considered metamaterials in the

effective-medium sense, and so material parameter extraction will not be performed. However, as their

operation will be described in terms of TL-MTM theory, they may be described as metamaterial-based

or metamaterial-inspired.

1.3 Thesis Contribution and Layout

The theory and analysis of a uniplanar EBG structure is developed in chapter 2. A uniplanar host TL

– the shielded conductor-backed coplanar waveguide – is introduced and loaded in a TL-MTM fashion

with shunt inductors and series capacitors in the coplanar waveguide. The coupling of the parallel-

plate-waveguide and coplanar-waveguide modes results from similar field distributions on the coplanar-

waveguide grounds, and allows the uniplanar configuration. A rigorous analytical dispersion equation

using multiconductor TL-theory is derived, and the results are compared to full-wave numerical eigen-

mode simulations. It is shown that the isolated Bloch modes may be extracted by a simple manipulation

of the equivalent-circuit model and host TL medium, from which it is observed that the bandgaps arise

due to interaction of the isolated modes. The nature of many of the key dispersion points are investigated

and related to the equivalent-circuit model. Furthermore, it is demonstrated that the SW mode may be

described as quasi-TEM, such that it can be modelled as a parallel-plate waveguide mode in the upper di-

electric with the upper shield at a sufficiently large height. A method is introduced whereby the scattering

parameters of the SW and the other modes may be extracted from a simulation involving a finite cascade

of unit cells. These multi-mode scattering parameters are compared to the obtained dispersion, from

which it is observed that the various modes experience different behaviors as predicted by the dispersion.

The definition of a bandgap used in this work is validated through observing the scattering response of

two coupled forward modes. A design variation is introduced which involves the use of an additional series

capacitor, and it is shown that this allows for additional complexity in the designed dispersion of the unit

cell. Lastly, it is shown that a cascade of rectangular unit cells can be transformed into a trapezoidal

form, which can then be cascaded around a circle to produce an EBG which acts in two dimensions, as
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required by the following applications.

Chapter 3 details the realization of a parallel-plate-waveguide mode uniplanar EBG. Existing methods

for the suppression of parallel-plate-waveguide modes are examined. A single layer, unidirectional EBG

is designed to suppress the parallel-plate-waveguide mode between 2.4 and 6.0 GHz. The design is vali-

dated through a simulation of a finite number of unit cells, and then a fabricated structure is measured

in experiment, which agrees well with the simulation. The parallel-plate-waveguide mode in this case

is excited by a microstrip line and taper, for ease of measurement. Next, a dual layer EBG structure

for suppression of X-band parallel-plate-waveguide modes in two dimensions was designed with the use

of trapezoidal unit cells arranged into a ring. The unit cells were designed through observation of their

dispersive properties, which were then verified through simulation of a cascade of three of these unit cells.

Finally, a full two-dimensional ring-shaped EBG was simulated, in which the parallel-plate-waveguide

mode in this case is excited by two coaxial probes (to simulate vias) inserted into the dielectric. This

design was then fabricated and measured in experiment, which agreed well with the simulation.

Chapter 4 details the realization of a uniplanar EBG for the suppression of the TM0 surface-wave mode

in use as a multipath-interference-mitigating ground plane in a GPS antenna. Existing methods for the

suppression TM0 surface-wave modes are examined, followed by the design of a dual-band EBG by the

introduction of a third capacitor into the coplanar-waveguide strip line of the EBG’s constituent unit

cells. The unit cell is designed by use of its simulated dispersive properties, which are then confirmed by

investigating the TM0 surface-wave mode suppression of a cascade of a finite number of unit cells. The

unit cells are then transformed into a trapezoidal form, and arranged in a ring similar to the previous

chapter. This EBG is then used as the ground plane for a dual-band GPS antenna, and the complete sys-

tem is simulated to verify that left-handed circularly polarized realized gain and axial ratio are decreased,

and multipath ratio is increased, on and near the horizon. The azimuthal far-field patterns are investi-

gated to show that there is high azimuthal stability offered by this EBG. Finally, the EBG ground plane

is manufactured and measured with the equivalent antenna element, and it is found that the measured

results agree well with the simulation.

Chapter 5 summarizes the results of this work and highlights its key contributions. Related uncom-

pleted studies are outlined, along with directions for future study of this EBG topology and dispersion

modelling.



Chapter 2

Theory

2.1 Host Waveguide

A miniaturized, uniplanar EBG for the suppression of parallel-plate or surface-wave modes is sought. The

coplanar waveguide structure is ideal because it can be loaded as a TL-MTM (with shunt inductors and

series capacitors) in a uniplanar fashion. Furthermore, with the simple addition of a conductor backing,

the structure will also be able to interact with parallel-plate type modes.

This waveguide, known as the conductor-backed CPW (CBCPW), is shown in Fig. 2.1, for which prop-

agation is in the x-direction. It consists of four independent conductors, and therefore supports three

quasi-TEM modes, as shown in Figs. 2.2a through 2.2c. These modes will be referred to in this work as

the parallel-plate waveguide (PPW) mode, the coplanar waveguide (CPW) mode, and the coupled slotline

(CSL) mode. This structure also supports a SW mode on the three upper conductors.

However, since this EBG will be used in multi-layer environments, it is appropriate to include an upper

shield in the host waveguide as well, as shown in Fig. 2.3, and furthermore it will be shown that such a

shield can be used in modelling the SW mode. This structure, the shielded conductor-backed coplanar

waveguide (S-CBCPW), will be used for both PPW and SW suppression in this work. The fifth conductor

– the shield – supports a fourth quasi-TEM PPW-type mode between the three center CPW conductors

and the shield. To distinguish between the two PPW modes in this structure, the modes will be referred

to as the “upper PPW” mode (supported in part by the shield) and the “lower PPW” mode (supported

Dielectric

Copper

z
y

x

Figure 2.1: Example CBCPW Waveguide
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Figure 2.2: TEM modes supported by the CBCPW structure: a) PPW b) CPW c) CSL.
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Figure 2.3: Layout of the S-CBCPW structure. The boundary conditions on the side are represented by
the dashed lines and correspond to PMCs.

in part by the conductor backing).

Coupled-mode theory predicts that the CPW mode may couple with both the PPW modes, critically be-

cause the CPW ground planes support predominantly normal electric fields, similar to the PPW modes.

In addition, it also predicts that the CSL mode will not couple with any other of these modes due to

the anti-symmetry in its fields. This anti-symmetry can be observed in Figs. 2.2a through 2.2c, in which

the white dashed line represents the plane of symmetry, which exists in the z-x plane. Modes which

possess electric fields tangent to this plane will be referred to as even, while modes which have electric

fields normal to this plane will be referred to as odd. Even modes couple with other even modes, and odd

modes (the only one being the CSL mode, in this structure) only couple with other odd modes. Odd and

even modes do not couple.

Consideration of extending this design to a two-dimensional surface which maintains the suppression

of PPW modes along one dimension requires modelling periodicity in the transverse direction of the

waveguide. Perfect magnetic conductors (PMCs) are used on the transverse vertical walls of the waveg-
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Figure 2.4: Mapping of the host S-CBCPW waveguide conductors to the equivalent-circuit model.
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Figure 2.5: Equivalent-circuit model of the loaded S-CBCPW unit-cell.

uide in order to accomplish this. This boundary condition supports all quasi-TEM modes, including the

CSL, which still has electric fields tangent to this plane, as indicated for the conductor backing in Fig. 2.2c.

The S-CBCPW possesses physical dimensions and dielectric properties as labelled in Fig. 2.3, in which

propagation is assumed in the x-direction. The period of the unit cell in the direction of propagation is d,

and the waveguide has width w, CPW stripline width s, CPW gaps width g, upper dielectric height hu,

and lower dielectric height hl, metallic trace thickness t. The dielectrics possess relative permittivities of

εu (the upper dielectric) and εl (lower dielectric). Both dielectrics are assumed to be non-magnetic.

2.2 Equivalent-Circuit Model

The host TL is modelled in the circuit domain using a MTL model. The mapping of the physical con-

ductors of the S-CBCPW structure to the equivalent-circuit model is shown in Fig. 2.4. This conductor

mapping will be used in the remainder of this thesis, unless stated otherwise.

As previously indicated, this waveguide is loaded in a TL-MTM fashion with series capacitors in the

CPW grounds and shunt inductors in the CPW gaps, such that it supports a backward-wave CPW mode.

The dispersion of this mode may then be precisely controlled by its geometric properties and loading

component values. This results in the equivalent-circuit model shown in Fig. 2.5, in which the series

capacitors have been inserted into the two CPW grounds (conductors 2 and 4), and shunt inductors are

introduced between the CPW grounds and CPW strip line (conductor 3).
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The equivalent-circuit model is analyzed by reducing it to a single network which can be described with

an ABCD transmission matrix, i.e.:

[
~Vn
~In

]
=

[
[A] [B]

[C] [D]

][
~Vn+1

~In+1

]
(2.1)

The transmission network can in turn be described as a cascade of the transmission networks of each of

its sub-components (the series capacitors, MTL sections, and shunt inductors):

[
[A] [B]

[C] [D]

]
= [TL] [TTL] [TC ] [TC ] [TTL] [TL] (2.2)

each of which is an 8× 8 matrix, due to the host waveguide being composed of 5 conductors. They are:

[TL] =




1 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0

0 0 1 0 0 0 0 0

0 0 0 1 0 0 0 0
1
jωL

−1
jωL 0 0 1 0 0 0

−1
jωL

2
jωL

−1
jωL 0 0 1 0 0

0 −1
jωL

1
jωL 0 0 0 1 0

0 0 0 0 0 0 0 1




(2.3)

[TTL] =

[
cosh([γ] d/2)T − [Zo] sinh([γ] d/2)

− sinh([γ] d/2) [Zo]
−1 cosh([γ] d/2)

]
(2.4)

[TC ] =




1 0 0 1
jωC 0 0 0 0

0 1 0 0 0 0 0 0

0 0 1 0 0 1
jωC 0 0

0 0 0 1 0 0 0 0

0 0 0 0 1 0 0 0

0 0 0 0 0 1 0 0

0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 1




(2.5)

where [γ] and [Zo] are the 4×4 propagation constant and characteristic-impedance matrices, respectively,

of the host MTL, and the conductor backing has been chosen to be the reference conductor [87]. [γ] and

[Zo] are determined from the host TL’s per-unit length capacitance and inductance matrices ([C] and [L],

respectively), using the following process.

The per-unit length capacitance and inductance matrices are converted into per-unit length admittance
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and impedance matrices (assuming lossless TLs) as follows:

[Y ] = jω [C]

[Z] = jω [L]
(2.6)

Then, [Y ] and [Z] are used to extract the propagation constants and characteristic impedances of the

four quasi-TEM modes supported by the host waveguide (i.e., the isolated unloaded modes), via the

equations [87]:

[γ] = ([Y ] [Z])
1
2

[Zo] = [Z] [γ]−1
(2.7)

The application of (2.7) then results in a [γ] which possesses off-diagonal entries. In order to obtain the

propagation constants of each quasi-TEM mode, the matrix [γ] can be diagonalized [88]. This process

converts the propagation constants from the terminal (or line) domain to the modal domain [87], and is

defined by:

[γM ] = [T ] [γ] [T ]−1 (2.8)

where [T ] is known as the diagonalization matrix. [γM ] is then the diagonalized matrix corresponding to

the propagation constant of each quasi-TEM mode. Both [γM ] and [T ] can be determined simultaneously

with a numerical tool such as an eigenmode solver. The hyperbolic trigonometric terms in (2.4) can then

be defined as [87]:

cosh ([γ] d) =
1

2
[T ]
(
e[γM ]d + e−[γM ]d

)
[T ]−1

sinh ([γ] d) =
1

2
[T ]
(
e[γM ]d − e−[γM ]d

)
[T ]−1

(2.9)

The matrix [C] can be determined through an electrostatic computation, either analytically for simple

cases such as the shielded Sievenpiper mushroom structure [52], or numerically with the use of processes

such as those described in [87], for example, a finite-element-method solver. Importantly, the PMC

transverse boundary conditions must be assumed in this process in order to derive the correct properties.

Once [C] is known, [L] can easily be determined via simulating the host structure in a vacuum and by

applying the equation [89]:

[L] = ε0µ0 [Cε=ε0 ]−1 (2.10)

At this point, (2.3) through (2.5) can be inserted into (2.2) to solve for the overall transmission matrix of

the unit cell. Once the ABCD transmission matrix is known, Bloch’s theorem (1.1) can be used to define

the Bloch modes of the unit cell in terms of its transmission properties by inserting it into (2.1):

[
~Vn
~In

]
=

[
[A] [B]

[C] [D]

][
~Vn
~In

]
e−γBd (2.11)
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in which γB are the Bloch propagation constants. Equation (2.11) can then be phrased in the characteristic

form of an eigenmode equation:

det

([
[A] [B]

[C] [D]

]
− [I] e−γBd

)
= 0 (2.12)

Invoking the properties of block matrices [90] allows the simplification of this determinant prior to solving

it. Specifically, the determinant can be simplified to:

det

[
[A]− [I] e−γBd [B]

[C] [D]− [I] e−γBd

]

=

det
(

[D]− [I] e−γBd
)

det

((
[A]− [I] e−γBd

)
− [B]

(
[D]− [I] e−γBd

)−1
[C]

)
(2.13)

However, the properties of matrix determinants allow the following equivalence, for a general matrix [X]:

det ([X]) = det
(

[X]T
)

(2.14)

such that (2.13) can be written with (2.12) as:

det

((
[D]− [I] e−γBd

)T)
det

((
[A]− [I] e−γBd

)
− [B]

(
[D]− [I] e−γBd

)−1
[C]

)
= 0 (2.15)

Furthermore, since

det ([X]) det ([Y ]) = det ([X] [Y ]) (2.16)

Equation (2.15) expands to:

det

((
[D]− [I] e−γBd

)T (
[A]− [I] e−γBd

)
−
(

[D]− [I] e−γBd
)T

[B]
(

[D]− [I] e−γBd
)−1

[C]

)
= 0 (2.17)

Additionally, the properties of symmetric, reciprocal networks [91] specify some useful relations:

[A] = [D]T

[B]T [D] = [D]T [B]

[D]T [A]− [B]T [C] = [I]

(2.18)

Then, (2.15) can be written as

det

((
[D]− [I] e−γBd

)T (
[A]− [I] e−γBd

)
− [B]T

(
[D]− [I] e−γBd

)(
[D]− [I] e−γBd

)−1
[C]

)
= 0 (2.19)
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Figure 2.6: Equivalent-circuit model of the S-CBCPW unit cell, examining the isolated CPW and CSL
modes.

which then reduces to:

det
(

[D]T [A]−
(

[D]T + [A]
)
e−γBd + [I] e−2γBd − [B]T [C]

)
= 0 (2.20)

After employing the unused relations from (2.18) and dividing through by e−γBd, this yields:

det ([A]− [I] cosh (γBd)) = 0 (2.21)

Equation (2.21) is the solution to the Bloch modes supported by the loaded S-CBCPW structure. The

expanded expression of the determinant yields a quartic equation, which would be extremely difficult to

solve, and therefore a complete analytic expression was not obtained as part of this work.

Importantly, the Bloch modes solved include their coupling effects. The isolated modes can also be solved

for by removing the extraneous conductors from the above process. Figure 2.6 shows the equivalent-circuit

model of the loaded S-CBCPW unit cell – similar to the previous unit cell, but in which the shield and

conductor backing have been removed. In order to compute the dispersive properties of the Bloch modes,

the center (CPW strip line) conductor is taken to be the reference, and the associated transmission ma-

trices of each unit-cell component become:

[TL] =




1 0 0 0

0 1 0 0
1
jωL 0 1 0

0 1
jωL 0 1




[TTL] =

[
cosh([γ] d/2)T − [Zo] sinh([γ] d/2)

− sinh([γ] d/2) [Zo]
−1 cosh([γ] d/2)

]

[TC ] =




1 0 1
jωC 0

0 1 0 1
jωC

0 0 1 0

0 0 0 1




(2.22)

The transmission matrix [TTL] is the same as it was previously; however, its matrices [γ] and [Zo] have

changed. Specifically, the rows and columns of [C] and [L] corresponding to the removed conductors
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in the equivalent-circuit model have also been removed, reducing the rank of the resulting [γ] and [Zo]

matrices.

An example of this modelling is shown in Figs. 2.7a and 2.7b, in which the attenuation constants and

the CSL mode have been removed for clarity. Fig. 2.7a shows the isolated lower PPW and CPW modes,

as well as the new mode and bandgap formed as a result of their coupling. This coupled mode is then

plotted along with the isolated upper PPW mode, and the new mode and second bandgap formed as a

result of their coupling in Fig. 2.7b.

The properties of the host S-CBCPW (designed for relatively small coupling levels) are d = 10mm,

w = 10mm, s = 1mm, g = 1mm, hl = 40mm, hu = 40mm, εl = 10.2, εu = 1.0, and t = 35µm. A

finite-element-method (FEM) electrostatic simulation of this structure yields the following capacitance

and inductance matrices:

[C] =




95 −60 −34 −0.9

−60 120 −60 −0.4

−34 −60 95 −0.9

−0.9 −0.4 −0.9 2.2



pF/m [L] =




5.24 4.93 4.80 5.00

4.93 5.31 4.93 5.00

4.80 4.93 5.24 5.00

5.00 5.00 5.00 10.0



µH/m (2.23)

Loading components of value L = 10nH and C = 2pF were used. The isolated CPW mode was obtained

by using the three-conductor model of Fig. 2.6, whereas the coupled system was obtained by using a

four-conductor model in which conductor backing of the S-CBCPW was considered, but the shield was

not. The capacitance and inductance matrices are simply modified by removing the corresponding row

and column from each. The coupled S-CBCPW system was then obtained using the five-conductor model

of Fig. 2.5. The isolated lower and upper PPW modes were obtained simply by modelling a plane wave

in a medium with the corresponding dielectric constants εl and εu, which was found to be a very good

approximation.

As shown in Figs. 2.7a and 2.7b, there is a moderate amount of coupling between all modes, result-

ing in the formation of bandgaps where the isolated mode dispersions intersect. Critically, it becomes

apparent that the bandgap phenomenon is due to modal coupling – specifically, only due to the inter-

action of any given two (in this case) isolated modes. The isolated forward lower PPW mode couples

with the isolated backward CPW mode to form the lower-frequency bandgap, while the relatively isolated

backward CPW mode couples with the isolated forward upper PPW mode to form the higher-frequency

bandgap. In the completely coupled case (the “Coupled S-CBCPW” mode), the bandgap between 1.35

GHz and 1.55 GHz is formed by both the CPW and lower PPW modes, but does not largely affect the

upper PPW mode, while the bandgap between 1.61 GHz and 1.78 GHz is formed by both the CPW and

upper PPW modes, but does not greatly affect the lower PPW mode. Therefore, it is expected that if

the CPW mode were to be excited in this periodic medium, it should experience suppression in both the

ranges of 1.35 GHz to 1.55 GHz, and 1.61 GHz to 1.78 GHz, whereas the lower PPW mode would only
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Figure 2.7: Example computation of isolated and coupled modes in the loaded S-CBCPW unit cell: a)
isolated and coupled CPW and Lower PPW modes, b) isolated and coupled CPW-Lower PPW and Upper
PPW modes. Attenuation constants and CSL mode omitted for clarity.

experience suppression between 1.35 GHz and 1.55 GHz, and the upper PPW mode would only experience

suppression between 1.61 GHz and 1.78 GHz.

2.3 Equivalent-Circuit Interpretation of Key Dispersive Properties

In order to aid in the understanding and design of such unit cells, the fields at some of the key frequencies

were investigated and related to the equivalent-circuit model. Fig. 2.8 shows a relatively complex example

dispersion diagram, which exhibits many distinct behaviors. The unit cell being modelled was designed

to be heavily asymmetric in the vertical direction, as to examine the effects of lower and upper PPW

modes with different properties. The host S-CBCPW has properties d = 5mm, w = 10mm, s = 0.2mm,

g = 0.5mm, hl = 1.524mm, hu = 100mm, εl = 3.66, εu = 1.0, and t = 35µm. Loading components of

value L = 1.6nH and C = 0.8pF are used.

The key frequencies are labelled e1 through e4 for the even modes and o1 through o3 for the odd modes.

In order to understand the nature of these behaviors, the currents in the equivalent-circuit model are

investigated at each point. Figures 2.9a through 2.10c display these quantities, for which the red lines

indicate current flow (at a time-phase angle of 0o, corresponding to t = 0s). Propagation is defined from

left to right (the positive x direction). These results were obtained by observing the fields produced by

the numerical eigenmode simulations, and are therefore approximations. However, there is much insight

to be gained about the operation of this structure from these equivalent-circuit models.

Between these points lie several distinct frequency ranges, which are characterized by unique modal be-

haviors. Below e1, only the PPW mode propagates, but it becomes very dispersive as it couples with
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Figure 2.8: Example complex dispersion diagram with labelled frequencies of interest.

the CPW mode around e1. The range between e1 and e2 is a complex-mode band, in which both real

and imaginary (propagating and attenuating) components exist simultaneously. The range between e2

and e3 is one in which both the PPW and CPW modes are cut off. Above e3, the forward PPW mode

propagates, and above e4, the forward CPW mode propagates.

Point e1 (corresponding to the equivalent circuit of Fig. 2.9a) is the X-point and Bragg frequency of

the CPW mode. Currents at this point incur 180o of phase, such that there is no net current flow between

unit cells (a standing wave caused by Bragg reflection). As indicated, the boundaries on the outer edges

of the unit cell can be described as open circuits. Both the capacitors and the inductors are in the main

conducting paths of the currents, such that they both contribute to determining the frequency of this

point. This frequency is lower than it would be in the isolated case due to coupling with the lower PPW

mode (specifically, the conductor backing).

Point e2 (corresponding to the equivalent circuit of Fig. 2.9b) corresponds to a Γ-point, such that there

is no propagation. At this point, the net current on the conductor backing becomes non-zero (it has net

zero current in the complex-mode region), which cuts off the complex mode due to the fact that the PPW

mode dominates over the CPW. The frequency of this point is controlled by the coupling of the CPW

and PPW modes, which can be controlled through the width of the CPW grounds or the dielectric height.

The point e3 (corresponding to the equivalent circuit of Fig. 2.9c) is the point at which propagation

of the PPW mode is restored. The currents bypass the inductors and instead flow to the adjacent unit

cell, corresponding to short-circuit conditions on the outer terminals of the unit cells. Since there is no

current flow through the inductors, the loading capacitors at this point are in resonance with the per-

unit-length series inductance of the CPW conductors, such that they primarily control this frequency.
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Figure 2.9: Equivalent-circuit model with overlaid currents (red, at t = 0s), sized to convey magnitude,
corresponding to points: a) e1, b) e2, c) e3, d) e4

The currents in the CPW strip line are contradirected to those on the CPW grounds, indicating that

the properties of the CPW mode still have an influence on this frequency; however, these currents are

relatively weak, indicating the dominance of the PPW mode.

The point e4 (corresponding to the equivalent circuit of Fig. 2.9d), corresponds to the Γ-point of the

forward-propagating region of the CPW mode. There is no current flow between unit cells, corresponding

to open-circuit conditions. Since there is no net current flow through the capacitors, the loading inductors

at this point are in resonance with the shunt capacitance of the transmission-line segments. Interestingly,

there is no longitudinal current flow on the conductor backing – further confirming that this is a CPW

mode. The high frequency of this point is attributed to capacitive coupling of the CPW TL segments

with the conductor backing, which reduces the shunt capacitance of the CPW gaps (a similar effect to

that reported in [47]).

The point o1 (corresponding to the equivalent circuit of Fig. 2.10a) is the CSL equivalent of e3, which

is the X-point of the CPW mode. There is no current flow through the boundaries, which again corre-

sponds to open circuits. There is also no net current flow through the center conductor, which in the

field domain supports oppositely directed currents on either side of the conductor. Again, this point is

primarily controlled by both the loading capacitors and inductors.

Point o2 (corresponding to the equivalent circuit of Fig. 2.10b) is the Γ-point of the backward prop-

agating region of the CSL mode. The current does not flow between unit cells due to the effective open
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Figure 2.10: Equivalent-circuit model with overlaid currents (red, at t = 0s), sized to convey magnitude,
corresponding to points: a) o1, b) o2, c) o3

circuits on the ports, and as such all of the currents pass through the loading inductors. The currents

form loops passing through the inductors and TL sections, and it is implied that the currents pass through

the CPW gaps (not shown) to complete the loops. Therefore, no currents pass through the capacitors,

and the frequency of this point is controlled primarily by the loading inductance.

The point o3 (corresponding to the equivalent circuit of Fig. 2.10c) corresponds to the CSL Γ-point

similar to e4 for the CPW mode. All of the current flow is between unit cells, corresponding to a short-

circuit at the terminals. Since there is no current flow through the inductors, the loading capacitors at

this point are in resonance with the shunt inductance of the transmission-line segments, and are primarily

responsible for controlling the frequency of this point.

2.4 Parametric Sweeps

A parametric sweep was conducted on several of the unit cell’s variables in order to determine the validity

of the the claims made by the equivalent-circuit model. Specifically, the first three even points were

observed for changes to the unit cell parameters L, and C, g, s, w. The base case was taken to be the

previously investigated unit cell, although for simplicity the upper PPW and CSL modes, as well as the

real (attenuating) component of the propagation constant were not included in the analysis.

Each variable was incremented twice in small steps, so as to gauge the effect of the variable on the dis-

persion. The results are plotted as dispersion diagrams in Figs. 2.11a through 2.11e. The effects on key

frequencies are also summarized in Table 2.1, which describes the trends of these frequency points, and

from which some basic properties may be inferred. Specifically, increasing the loading inductance L shifts

e1 downwards. The upper limit of the complex-mode coupling region (e2) is increased, and the Γ-point

where the PPW propagation is restored (e3) is unaffected, resulting in an increase in the width of the

bandgap. This behavior suggests that L determines the strength of the even-mode coupling. Increasing

the loading capacitance C and gap width g, or decreasing the strip width s, shifts the modes uniformly
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Figure 2.11: Dispersion diagrams for swept variables: a) loading inductance L, b) loading capacitance C,
c) gap width g, d) strip width s, e) unit cell width w.
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Table 2.1: Key frequencies and trends in the parametric study of L, C, s, g and w. Changes relative to
base case indicated with arrows ↓ (decreasing trend) and ↑ (increasing trend).

[GHz] e1 e2 e3
Base case 2.36 5.06 6.02

L = 1.0 nH 2.25 ↓ 5.25 ↑ 6.02

L = 1.2 nH 2.16 ↓ 5.41 ↑ 6.02

C = 1.0 pF 2.16 ↓ 4.39 ↓ 5.44 ↓
C = 1.2 pF 2.00 ↓ 3.91 ↓ 5.01 ↓
g = 0.7 mm 2.27 ↓ 4.68 ↓ 5.86 ↓
g = 1.0 mm 2.22 ↓ 4.36 ↓ 5.68 ↓
s = 0.3 mm 2.40 ↑ 5.23 ↑ 6.03 ↑
s = 0.5 mm 2.72 ↑ 6.29 ↑ 6.39 ↑
w = 12 mm 2.28 ↓ 5.29 ↑ 6.40 ↑
w = 15 mm 2.21 ↓ 5.72 ↑ 6.95 ↑

downward in frequency. Thus, the above four parameters may be used to control the lower edge of the

bandgap, which can be used to further miniaturize the unit cell. This behavior is also evident in the

isolated modes, for which it was found that C, g, and s each influence both the Γ- and X-points of the

CPW mode. Lastly, increasing the cell width w decreases e1, which forms the lower edge of the bandgap,

while simultaneously increasing e3, which forms the upper edge of the bandgap. This indicates that the

unit cell width also enhances the coupling between the even modes, since the bandgap expands to both

lower and higher frequencies. Although e3 is not controlled by the value of L in this case, it should be

noted that this frequency corresponds to the Γ-point of the isolated CPW backward mode, which can be

controlled be either L or C, depending on its design (as described in [85]).

The understanding of these parameters proves helpful in the design of miniaturized EBGs meeting desired

specifications on operating frequency, bandgap width, and even suppression level. Notably, for the desired

bandgap, the electrical size of the unit cell ranges from λg/13 to λg/5, where λg is the wavelength in the

dielectric. This demonstrates the strong degrees of miniaturization possible with the TL-MTM approach.

2.5 Finite Element Method Full-Wave Simulations

The dispersive properties of the unit cells examined with the equivalent-circuit model previously intro-

duced can be further validated with the use of FEM simulations. Ansys HFSS [92] was used to simulate

both the dispersive properties of the unit cells with its eigenmode simulator, and the multi-modal scat-

tering parameters with its driven modal simulator, as has been done previously in the literature [93].

The unit cell used has the properties d = 10mm, w = 10mm, s = 0.5mm, g = 0.5mm, hl = 1.524mm,

hu = 100mm, εl = 4.4, εu = 1.0, and t = 35µm. L = 10nH and C = 5pF . These values were chosen in

order to demonstrate a miniaturized unit cell, and to demonstrate the result of large LC loading values on
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Figure 2.12: Layout of simulation unit cell in HFSS. Image shows middle CPW layer as viewed from the
top.

the level of SW suppression. This is modelled by inserting lumped inductive and capacitive components

into the host TL, as indicated in Fig. 2.12, which shows the middle CPW layer as viewed from the top.

Additional parameters are needed to model this unit cell in two dimensions: lgc = 0.5mm is the length of

the slit cut into the CPW grounds in order to insert a loading capacitor element without shorting it out.

The width of this loading capacitor is wgc = 0.5mm. The width of the loading inductors are wl = 0.5mm.

2.5.1 Eigenmode Simulations

The eigenmode simulator in HFSS extracts the frequencies of Bloch modes for a given structure. In order

to obtain a full dispersion diagram, master-slave periodic boundary conditions (PBCs) are applied in the

direction of propagation, to which a variable angle is applied as a phase delay between the boundaries.

This variable is then swept from 0 to 180 degrees in order to obtain the full diagram. Figs. 2.13a through

2.13c show the simulation setup. As previously discussed, the transverse boundaries are PMCs, and the

open boundary at the top (i.e., normal to z) is approximated by using a perfectly matched layer (PML).

The results of this simulation, and the obtained Bloch modes of the equivalent-circuit model are shown

in Fig. 2.14 (slightly different loading values were used between the two simulations, an issue that will

be addressed shortly). Generally, the results agree well, especially around the Γ-point. Due to the large

variation in modal profiles around this point, the domain from 0o to 30o was studied at a higher resolution

than that above 30o. The PPW mode propagates from DC to around 0.6 GHz, at which point it interacts



Chapter 2. Theory 31

(a)

PML

Vacuum

(b)

PMC

PBC

(c)

Figure 2.13: Eigenmode simulation setup of the proposed unit cell: a) isometric view, b) front view
showing vacuum region and PML, c) top view showing PBC and PMC boundary conditions.

with the backward CPW mode to form a bandgap up to 1.2 GHz. Above this frequency, it propagates as

a regular forward mode. The backward CPW mode propagates in a narrow bandwidth around 0.4 GHz to

0.6 GHz, at which point it also experiences the same bandgap as the PPW mode, but is not restored until

around 3.5 GHz where it propagates as a forward mode. The backward CSL mode starts propagating

around 0.5 GHz, has a small bandgap from 1.3 GHz to 1.7 GHz, and then propagates as a forward mode

above 1.7 GHz. The upper PPW/SW mode propagates at nearly every frequency, but experiences a very

weak bandgap around 1.3 GHz where it couples with the forward PPW mode.

The differences between the equivalent-circuit model and the HFSS eigenmode data are attributed the

physical realization of the unit cell. For example, the loading capacitors in the two-dimensional simula-

tion are in parallel with the capacitance afforded by the transverse gaps in which they are placed. These

gaps provide a frequency-dependent capacitance which will have a small effect on results. Similarly, the

loading inductors possess a physical length in the direction of propagation, which can result in current

flow between the CPW strip line and grounds that is not exactly on the edges of the unit-cell, as expected

by the equivalent-circuit model. Additionally, there is some inductance in the CPW conductors caused

by the constraining of the currents through the inductive strips that is independent of the value of the

inductance specified on the inductive surface. Unfortunately, it appears that there is no realistic method

of mitigating these effects (in HFSS). For example, increasing the length of the slit for the loading capac-

itors (lgc) may reduce the parasitic parallel capacitance, but will also cause the host waveguide to appear

increasingly discontinuous at higher frequencies. Similarly, decreasing the width of the loading induc-

tors (wl) may help to have the inductor appear to be operating at a single point in space, but will also

constrain the currents further such that additional net inductance will be experienced by the Bloch modes.
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Figure 2.14: Equivalent-circuit model dispersion versus data obtained for an HFSS eigenmode simulation.

The values of the loading elements in the equivalent-circuit model have therefore been slightly adjusted

to accommodate these physical discontinuities of the two dimensional host waveguide. These differences

become increasingly noticeable near the Γ-point, where all of the current passes through either the series

capacitors or the shunt inductors. In order to offset these differences, a loading capacitor value of 6pF

was used in the equivalent-circuit model (up from 5pF in the HFSS model), and a loading inductor value

of 11nH was used in the equivalent-circuit model (up from 10nH in the HFSS model).

There is a also a noticeable divergence at higher frequencies and phase angles. This is also attributed to

the physical discontinuities of the waveguide used for the insertion of the loading components. Due to

these discontinuities, the onset of the Bragg stopbands occurs at a lower frequency than they would for a

continuous waveguide. This effect results in additional phase shifts as the modes approach the X-point.

The slight difference between the equivalent-circuit model and the eigenmode solution at the Γ-points is

attributed to the frequency-dependent nature of the parasitic reactance caused by these discontinuities.

2.5.2 Transmission Simulations

To further validate the dispersive nature of this periodic structure, and to examine the behavior of each

isolated mode, the multi-modal scattering parameters were simulated using a driven modal setup that will

be referred to as a transmission simulation. In a transmission simulation, an unloaded waveguide with
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the same properties as the unit cell’s host medium is used to guide the quasi-TEM modes in and out of a

finite cascade of unit cells – one unloaded waveguide on each end of the EBG. Modes are excited and ter-

minated (with an appropriately matched impedance) via a waveport at each of the ends of these unloaded

waveguides. Several other types of simulations such as the incident plane wave test, transmission-line test,

and antenna transmission test have been used extensively in the EBG literature, but are not adequate

for determining multi-mode scattering parameters, especially for the SW mode (see Appendix B), and

therefore will not be used in this work. It is important from the perspective of the theory introduced

in this work that the distribution of power into the various modes is known. Therefore, being able to

examine and quantify the coupling of power between modes for various excitations is critical, and can

only be examined with this type of setup.

The simulation setup is shown in Fig. 2.15. The same PMC boundary conditions are present on the

transverse faces of the simulation domain, and a copper shield was used to bound the top of the domain,

which supports the upper PPW mode. The two waveports cover the longitudinal ends of the simulation

domain – one on each side, and each of which excites four modes on the unloaded waveguides. Nine unit

cells were cascaded, and the length of the unloaded waveguide on either end of the periodic structures

was 50mm.

The results of this simulation are shown in Fig. 2.16a, along with the previously obtained equivalent-

circuit model dispersion data (imaginary component only) for reference, and a simplified version showing

only the S11 and S21 of each mode in Fig. 2.16b. In addition to the insertion and return losses of

each mode, the coupling to the other modes is indicated as well in order to gauge the effects of modal

coupling as predicted by the dispersion. As expected, both the lower PPW and CPW modes experience

a bandgap between 0.5 and 1.15 GHz, at which point propagation is restored to the lower PPW, while

the CPW bandgap extends to around 3.6 GHz. The CSL mode is cut off below 0.4 GHz, and addition-

ally experiences cutoff between 1.3 and 1.7 GHz. The upper PPW mode propagates everywhere, but is

disturbed slightly around 1.25 GHz where it couples with the lower PPW mode. The lower PPW and

CPW modes couple well in the complex-mode bandgap, in which approximately 10% of the (Lower PPW,

CPW) reflected power is in the (CPW, Lower PPW) mode. As expected, the CSL mode does not couple

well with any others. The upper PPW mode couples slightly with the lower PPW mode around 1.25 GHz

(traditional SW characterization methods will not be used for reasons discussed in Appendix B). These

results agree well with the predicted dispersion. The slight increase of rejection at higher frequencies for

the lower PPW and CPW modes is attributed to the early onset of the Bragg stopbands as observed in

the dispersion simulation.

As detailed in Fig. 2.16a, the responses of the system to excited upper and lower PPW modes con-

firm the nature of modal power transmission within the EBG. When a lower PPW mode is excited

(corresponding to the second column) below 0.3 GHz, the majority of the power is transmitted through

in the same mode, with a small portion coupling to the CPW mode in both directions. Some minor
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Figure 2.15: Transmission simulation setup of nine unit cells with unloaded feed waveguides.
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Figure 2.16: Equivalent-circuit model dispersion data (imaginary component only shown) along with
simulated HFSS transmission data. Each transmission column represents the case of a single excited
mode, while the colors of the curves in each column represent the magnitude of the scattering parameters
for a given mode. Solid lines indicate the forward response (the power received on the opposite side of
the unit cells from the excitation port), while dashed lines indicate the backward response (the power
received on the same side as the excitation port). Fig. part a) shown the complete multi-mode scattering
parameters, while b) shows only the S11 and S21 of each individual mode, for clarity.
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reflections in the same mode are observed, which increase in magnitude as the frequency increases to 0.5

GHz. In the lower PPW bandgap region, most of the power is reflected as a lower PPW mode, but some

is coupled backwards as a CPW mode, and an even smaller amount is coupled into both the forward and

backward upper PPW modes. Near 1.3 GHz, the transmission of the lower PPW mode is restored, but

a small portion of the power is equally transduced into the backwards CPW and forward upper PPW

mode. Transmission of the lower PPW mode is essentially undisturbed above 1.3 GHz. At no point is

there much coupling with the CSL mode, as expected due to the even-odd asymmetry.

When a upper PPW mode is excited (corresponding to the fifth column) below 1.5 GHz, the major-

ity of the power is coupled to the forward or backward lower PPW mode, with a smaller amount coupling

into the CPW mode or reflecting. At 1.3 GHz, there is a maximum of coupling into the lower PPW and

CPW modes, as well as reflection, as expected from the dispersion – but the magnitude of coupling is not

sufficiently large as to effect noticeable suppression of the upper PPW mode. Above 1.3 GHz, there is

negligible coupling to other modes. As expected, there is negligible coupling to the CSL mode, similarly

due to the even-odd asymmetry.

Finally, it can be shown (see Appendix C) that the upper PPW mode is an adequate model for the

SW mode under certain conditions. This allows one to observe the transmission properties of the SW

mode with the high degree of accuracy afforded by the developed MTL model.

2.6 Additional Loading Elements

Since the dispersive properties of the loaded S-CBCPW structure are now well-understood, the dispersion

may be further augmented by adding additional loading components in a controlled manner. Specifically,

it is desired to obtain a second bandgap region to suppress the upper PPW (SW) mode for the GPS

antenna application at both the L1 and L2 frequencies. The coupled PPW-CPW modes were previously

shown to affect the upper PPW mode in Sec. 2.5, which can be used for the first bandgap. The second is

introduced in Appendix A. By combining the two methods, it should be possible to achieve two bandgaps.

Specifically, it is desired to cut off the PPW mode at low frequencies. As previously noted, the lower PPW

mode propagates at low frequencies due to the uninterrupted CPW strip line. Therefore, by capacitively

loading the CPW strip line (in a series configuration) as well as the CPW grounds, the lower PPW mode

can be cut off below a desired frequency.

The resulting equivalent-circuit corresponding to this configuration is shown in Fig. 2.17. Cs is the

value of the capacitor in the CPW strip line, while Cg is the value of the capacitor in the CPW grounds.

This addition also changes the transmission matrix in the equivalent-circuit model for the series capacitors,
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Figure 2.17: Equivalent-circuit model of a unit cell with series capacitor in the CPW strip line.

which from (2.5) becomes:

[TC ] =




1 0 0 1
jωCg

0 0 0 0

0 1 0 0 1
jωCs

0 0 0

0 0 1 0 0 1
jωCg

0 0

0 0 0 1 0 0 0 0

0 0 0 0 1 0 0 0

0 0 0 0 0 1 0 0

0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 1




(2.24)

Using this model by inserting a 1pF capacitor into the CPW strip line of the unit cell used in Sec.

2.3 results in the dispersion shown in Fig. 2.18, which is compared to the original case (given by Cs

large). There is a small, but sufficient bandgap introduced at approximately 3.8 GHz in the upper PPW

mode at approximately 20o. The lower PPW mode is cutoff below 3.5 GHz, as desired. The series loading

capacitance of the CPW mode is decreased, resulting in an overall higher frequency range for this mode.

Notably, the CSL mode is not affected, as it does not have any net current on the CPW strip line.

2.7 Extension to Two Dimensions

The previous work assumes that the EBG only operates in one dimension, however, the applications

suggested previously both operate in at least a two-dimensional (2D) environment. Therefore, a simple

transformation from one dimension to two is sought. A full two-dimensional solution is outside of the

scope of this work, but a solution can be obtained which keeps the simple one-dimensional properties of

the unit cell.

Returning to the applications, it can be seen that the goal to achieve in this work is to prevent ei-
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Figure 2.19: Example circular layout indicating the any propagation through the EBG can be decomposed
into R and θ components.

ther the PPW or SW modes from reaching a certain point, or reciprocally, from propagating away from

a point. In a 2D environment, a point can be contained within a circle, such that any ray traced from a

point inside the circle must pass through the circle radius R, as indicated in Fig. 2.19. If the geometry

is specified such that the angular component θ is much smaller than R, then an EBG which acts along R

is sufficient. Critically, this is only a one-dimensional EBG – such that the previous designs only need a

slight modification in order to be arranged into a circle.

This can be achieved by slightly deforming a cascade of one-dimensional unit cells from a rectangle (in the

2D domain), an example of which is shown in Fig. 2.20a, into a trapezoid, an example of which is shown

in Fig. 2.20b. While this distortion of each unit cell is achieved by only adjusting the width w of each unit

cell, it has been found that for small angles, the trapezoidal cascade of unit cells can be approximated as
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(a)

(b)

Figure 2.20: Configurations of cascaded unit cells showing the middle CPW layer as viewed from above,
propagation in the horizontal direction, for a) rectangular unit cells, b) trapezoidal unit cells.

a rectangular cascade with an effective width wa, which is the average width of the unit cells. Therefore,

the dispersive properties determined for a unit cell of width wa still holds for the trapezoidal arrangement,

and the circular EBG still works well for suppression along R. This type of EBG arrangement has been

previously investigated, [94–96], and was shown to be able to produce bandgaps in two dimensions.

Finally, the trapezoidal unit cells can be arranged in a circle, giving rise to the circular EBG, as shown in

Fig. 2.21. This configuration will be used in the following sections for the suppression of the upper PPW

and SW modes.
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Figure 2.21: Example circular layout composed of trapezoidal unit cells.



Chapter 3

An EBG for the Suppression of

Parallel-Plate Noise at X-Band

This chapter contains material that was included in a submission to the IEEE Transactions on Microwave

Theory and Techniques, which at the time of this writing is under review.

3.1 Objectives

A uniplanar, printable EBG which effectively suppresses the PPW mode in the X-band (8 - 12 GHz) will

be designed to validate the claims previously made. This should be achieved with a miniaturized solution,

for which the EBG is under one wavelength long, and whose constituent unit cells are smaller than or

equal to one-quarter wavelength at the center frequency (10 GHz). This EBG should suppress the PPW

mode in two dimensions, and should involve a uniplanar EBG design that does not utilize vias. The use

of lumped components should be avoided, as a fully printable solution is desired.

The resulting suppression will be validated by observing the transmission between two coaxial probes

(which simulate PPW noise excitation by vias) with and without the EBG. The case with the EBG

should show at least 20 dB suppression over the case without the EBG. The EBG will be designed and

validated with the use of dispersion and transmission simulations, and the resulting EBG will be simulated

in a complete dual-layer PPW environment. This setup will be fabricated and measured in experiment

to confirm these results.

3.2 Existing Solutions

The suppression of parallel-plate noise is of interest in planar environments which are effectively shielded

by metallic conductors, of which there are several prominent examples:

• High-frequency multilayered printed-circuit boards (PCBs) and monolithic microwave integrated

circuits (MMICs) contain multiple ground, power, and signal planes which are typically intercon-

41
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nected with vias for the purpose of routing signals or power [62,63,97]. The suppression of parallel-

plate noise is necessary to preserve signal integrity (SI) and power integrity (PI), due to increasing

clock speeds in electronic circuitry and miniaturizing dimensions, which results in greater coupling

between layers and traces.

• Closely spaced substrate-integrated-waveguide (SIW) components can interact due to leakage into

the surrounding parallel-plate medium [98,99].

• The introduction of shielding planes to suppress backward radiation in aperture-coupled patch

antennas [100] can cause the signal to couple parasitically to the new parallel-plate mode, preventing

some energy from being radiated by the antenna.

In these situations, the unwanted excitation of parallel-plate modes can cause interference and false

signalling, as well as reduction of antenna radiation efficiencies, degrading the overall performance of

these systems. Several solutions have been proposed and utilized to overcome these challenges.

3.2.1 Decoupling/Bypass Capacitors

Decoupling (or bypass) capacitors are used to effectively short two layers together at high frequencies

[64, 65, 101–104]. The capacitor serves as a low-impedance path for high-frequency noise components,

effectively shorting the layers together, and preventing the propagation of these signals. However, these

capacitors are typically required to have fairly large values, and therefore take up a considerable amount

of space – an undesirable characteristic in high-density circuits.

3.2.2 Embedded Capacitance Layers

A newer method by which to apply decoupling capacitance is with the use of embedded capacitance layers

[66, 67], which are layers that are separated by an extremely thin dielectric. This thin dielectric serves

to greatly increase the capacitance between layers, allowing for decoupling capacitor-type performance

without taking up valuable surface space.

3.2.3 Defected Ground Structures

Defected ground structures are used to suppress parallel-plate noise by constraining the flow of currents

on a given conductor [68–71]. They are generally realized by etching patterns into the conductors, such

that these are uniplanar devices. While usually efficient, these devices generally lack a unifying theory of

operation, causing their design to be highly empirical and difficult.

3.2.4 EBGs

A recently developed technology that has been widely adopted is the electromagnetic bandgap structure,

which as been developed in several forms. Simple photonic crystal-like structures have been created which

are similar to free-space devices composed of alternating layers of materials with different dielectric con-

stants [105]. The Sievenpiper mushroom structure has been analyzed in detail and used in the suppression
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Figure 3.1: Layout of the interdigitated capacitors with relevant features indicated.

of PPW noise, for which it is readily suited [12,47,52–54,106]. Many uniplanar solutions have been pro-

posed, including several adaptations of the UC-EBG [23,107–114] . Unfortunately, these uniplanar devices

are generally not modelled with the same level of accuracy as the Sievenpiper mushroom structure, and

generally lack equivalent-circuit models which employ TL theory in order to determine their dispersive

properties – instead typically being modelled solely with individual lumped LC elements. It is the goal of

this section to develop a uniplanar EBG for PPW mode suppression, the dispersive properties of which

can be accurately modelled.

3.3 Single Layer One Dimensional EBG

3.3.1 Design

In order to verify the PPW-mode suppression ability of this design, a single-layer (i.e., without an upper

shield) EBG was first designed and tested. This particular EBG was designed to be fully printable in a

200µm process, and suppress PPW signals between 2.4 GHz and 6.0 GHz on a 60 mil, RO-4350 dielectric

(ε = 3.66).

Unit Cell

The unit cell period d was chosen to be 5mm, to demonstrate the possible miniaturization. At the high

end of the stopband (6.0 GHz), the unit cell was then less than λd/5 in length, and less than λd/13 at the

lower edge of the bandgap (2.4 GHz), where λd is the wavelength in the dielectric, which is appreciably

small. A minimum CPW strip line width (s = 0.2mm) and gap widths of g = 0.5mm were chosen to

assist in the miniaturization process. Strip inductors of width wL = 0.1mm and a unit cell width w =

10mm were chosen to facilitate a moderately wide bandgap (since two inductors are connected in parallel

between unit cells, the inductor size was still valid for this process). To achieve sufficient miniaturization,

an interdigitated capacitor was used to obtain a relatively high capacitance value. The layout of this ca-

pacitor, as detailed in Fig. 3.1, has a finger width wfg and finger gap gfg both of 0.2mm size to maximize

capacitance. The length of the capacitor is lgc = 1.6mm, and the number of fingers used was Nf = 11.

This design resulted in the layout shown in Fig. 3.2 (only the upper layer is shown).



Chapter 3. An EBG for the Suppression of Parallel-Plate Noise at X-Band 44

x
y

gc

gc

wLd

s

w
gg

Figure 3.2: Layout of the top surface of the designed EBG unit cell.

Even
Odd
HFSS

Fr
eq

ue
nc

y 
(G

H
z)

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

βd (deg)
0 30 60 90 120 150 180

(a)

Even
Odd
HFSS

Fr
eq

ue
nc

y 
(G

H
z)

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

βd (deg)
0 30 60 90 120 150 180

(b)

Figure 3.3: Equivalent-circuit and HFSS dispersion data, a) without upper PEC shield, and b) with upper
PEC shield. Black dots are HFSS data.

Dispersion

This unit cell corresponds to the one investigated previously in Sec. 2.3, for which it was found that

the equivalent lumped inductive and capacitive loading corresponded to L = 1.6 nH and C = 0.8pF,

respectively. The analytical equivalent-circuit model dispersion is compared to the FEM (HFSS) simulated

dispersion in Figs. 3.3a and 3.3b, which were computed with an equivalent-circuit model without and

with an upper shield, respectively.
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All sets of data indicate a PPW bandgap between roughly 2.4 GHz and 6.0 GHz. Additionally, the case

with the shield (at a height of 100mm) seems to best reflect the HFSS data, indicating that this EBG

does support a small SW bandgap. The divergence of the equivalent-circuit model and HFSS data at high

phase angles is most likely due to the frequency-dependence and large physical length of the interdigitated

capacitors.

Transmission

The PPW mode bandgap was tested by performing a transmission simulation across nine cascaded unit

cells, as shown in Fig. 3.4a, for which a short section of unloaded PPW was used to interface the wave-

ports to the EBG. The results of this simulation are shown in Fig. 3.4b, for which a stopband with 10dB

insertion-loss points of 2.6 and 6.4 GHz was observed, which is very close to the design criteria, and also

very close the dispersion data given by the HFSS eigenmode simulation. It should be noted that the

resonant behavior below the bandgap region is owed to Fabry-Perot resonances of the highly dispersive

coupled PPW-CPW mode.

3.3.2 Experiment

To confirm the simulation results, a PCB containing the designed, fully printed EBG was fabricated.

Using a 60-mil Rogers RO-4350 substrate, a 5× 9 grid of unit cells was connected to a PPW, in order to

sufficiently approximate the simulation setup. This PPW was then linearly tapered to a 50Ω microstrip

(MS) line for ease of measurement. The fabricated structure is shown in Fig. 3.5, along with the appro-

priate dimensions. The total length of the EBG is 45mm, and the total width is 50mm. The length of the

PPW region on either side of the EBG is 10mm, and the microstrip sections are 20mm long and 3.3mm

wide. The linear tapers connecting the PPW and MS were 50mm long. SMA connectors were used to

interface a Keysight N5244A vector network analyzer (VNA) with the PCB to perform the measurements.

The measured data are plotted in Fig. 3.6 along with the simulated data, and it is clear that they ex-

hibit very good general agreement, despite the finite width of the EBG section and the large taper and

microstrip sections, which were not included in the simulation model. In both data the bandgap behavior

of the EBG is clearly visible between 2.6 GHz and 6.4 GHz, as indicated by the dashed vertical lines.

Discrepancies in the upper passband may be attributed to the frequency response of the microstrip and

taper sections in the fabricated device.
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Figure 3.4: Transmission simulation of nine cascaded unit cells: a) simulation setup, b) resulting scattering
parameters.
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Figure 3.5: Fabricated PCB with MS, taper, and PPW regions of dimensions as indicated.
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Figure 3.6: Simulated and measured scattering parameters.
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3.4 Dual Layer Two Dimensional EBG

3.4.1 Design

Since one dimensional suppression of the PPW mode has been confirmed, a more realistic scenario will now

be investigated. An EBG will be designed for use in a multilayer topology to suppress power transmission

in two dimensions at X-band, and will be validated by its ability to suppress cylindrical PPW waves.

Unit Cell

The host medium was chosen to be constructed of one layer of RO-3010 dielectric (ε = 10.2), 10 mils thick,

and another layer of FR-4 (ε = 4.4), 60 mils thick. The copper traces were chosen to possess a thickness

of 17µm (1/2 oz.), which is common for these dielectrics. The minimum feature size was specified at

100µm, corresponding to a high-quality PCB lithography process.

The design of a structure inside of such a multilayer environment for operation only inside the X-band

was very difficult to achieve. As previously investigated, the coupling between the PPW and CPW modes

depends strongly on the capacitance between the conductor backing and the CPW grounds. Due to the

extremely thin dielectric (hu = 10mils) and the high dielectric constant (εu = 10.2), this capacitance is

greatly inflated from the previous case, resulting in a very wide bandgap. In order to reduce the band-

width to cover just the X-band, the loading inductance was decreased to an extremely small value, and

the unit cell width was decreased to the smallest possible value. Therefore, to achieve miniaturization, a

large loading capacitance is required. The initial period chosen for the unit cells was d = 2mm, since this

would satisfy the electrical size criteria previously specified, at d = λg/4.7. However, it was found that

in order to create a sufficiently large interdigitated capacitance, the period of the unit cell would need to

be extended to d = 2.5mm, which increases the electrical length of the unit cell to just under one-quarter

wavelength (d = λg/3.8).

Dispersion

Fig. 3.7 shows the equivalent-circuit model dispersion of a unit cell with a width equal to the period of

w = 2.5mm. The loading parameters were chosen such that L = 0.5nH and C = 0.1pF . Subsequently,

there is an extremely large upper PPW bandgap from approximately 5 to 14 GHz, and there is evidence of

strong coupling between the upper and lower PPW modes from 15 to 18 GHz, which could also suppress

the upper PPW mode.

Fig. 3.8 shows the dispersion result of decreasing the loading inductance value to L = 0.01nH and subse-

quently increased the loading capacitance value to C = 0.5pF . As can be seen the bandgap is still wider

than 4 GHz, as the dominant effect of decreasing the loading inductance value was to shift the upper

edge of the PPW bandgap down to around 12 GHz. Additionally, it had the effect of shifting the CPW

Γ-point upwards; subsequently, the attenuation corresponding to the CPW mode is larger than π/d Np,

and cannot be seen in the figure.
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Figure 3.7: Equivalent-circuit model dispersion of a unit cell with a relatively large width and inductance,
and relatively small capacitance. The PPW bandgap is much wider than desired.

In order to further reduce the size of the bandgap, the unit cell width was decreased to w = 1.4mm.

The resulting dispersion diagram is shown in Fig. 3.9, which indicates an appropriately wide bandgap of

roughly 4 GHz. However, the frequency range is not correct (approximately 6 - 10 GHz).

In order to correct the frequency range of the bandgap, the capacitance was adjusted to a lower value, such

that the bandgap should shift uniformly upwards in frequency. Through an interactive process involving

the transmission simulation for trapezoidal unit cells (as detailed in the next section), it was found that an

optimal design was achieved by using an equivalent capacitance of C = 0.4pF . There are two main reasons

for this iterative operation: the interdigitated capacitor is both physically large, such that it significantly

perturbs the host waveguide (which is not taken into account by the equivalent-circuit model), as well as

possessing a frequency-dependant value, and the transformation from a rectangular to trapezoidal unit

cell does slightly impact the performance of the unit cell. The layout of the finalized printed unit cell is

shown in Fig. 3.10a. The final properties were d = 2.5mm, w = 1.4mm, s = g = wfg = gfg = 0.1mm,

wL = gc = 0.7mm, Nfg = 3. The dispersion corresponding to the final equivalent-circuit model, as well

as the eigenmode simulation from HFSS are shown in Fig. 3.10b, which show good agreement, with a

small (approximately 0.5 GHz) frequency shift around the Γ-point. The resulting bandwidth is slightly

larger than desired, but was judged to be sufficiently close to the design criteria.
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Figure 3.8: Equivalent-circuit model dispersion of a unit cell with a relatively large width and capacitance,
and relatively small inductance. The decrease of the inductance predominantly shifted the upper limit
downwards. The attenuation of the CPW mode is larger than π/d Np above 5 GHz.
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Figure 3.9: Equivalent-circuit model dispersion of a unit cell with a reduced width (1.4mm). The PPW
bandgap is an appropriate width, but does not cover the correct frequency range.
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Figure 3.10: Finalized rectangular printed unit cell: a) physical layout, b) equivalent-circuit model dis-
persion of the final unit cell compared with the HFSS eigenmode simulation (black dots).
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Transmission

The PPW mode bandgap was further validated with the use of rectangular transmission simulations,

firstly on the designed rectangular unit cell. Three unit cells were cascaded, as shown in Fig. 3.11a, in

order to keep the total length of the EBG under one wavelength long. The reason that the unit cells were

terminated in the manner shown (with half of the interdigitated capacitors shorted to the connecting

unloaded PPW) is the result of several factors unique to this design.

An ideal termination would be as dictated by the equivalent-circuit model – that is, a capacitor of

value C. However, this value is double than the existing interdigitated the capacitance, which is C/2,

and therefore should take roughly double the amount of space (since the minimum feature size is already

being used, the only way to increase capacitance is to increase the length of the capacitor interdigita-

tions). Unfortunately, there is insufficient free space in the unit cell for this to occur, as it was previously

shown that the width of the unit cell cannot be increased without further increasing the frequency range

of the bandgap. An alternate solution would be to extend the length of the interdigitations into the

unloaded PPW. However, this would be increasing the effective length of the unit cells, such that the

equivalent-circuit model would not accurately realized. Subsequently, it was decided that all of the unit

cells should have the same physical parameters, rather than electrical parameters, since an electrically

accurate termination could not be realized.

The resulting scattering parameters are shown in Fig. 3.11b. The upper PPW mode bandgap agrees

very well with the dispersion, showing 10 dB insertion loss points of approximately 6.2 and 12 GHz. The

peak rejection is around -30dB, indicating approximately 10dB of rejection per unit cell. The coupling

between the forward upper and lower PPW modes shows two peaks around 5.5 and 13 GHz. The peak

at 13 GHz is attributed to the region of maximal coupling between the two modes (corresponding to the

highest suppression of the lower PPW mode), whereas the cause of the peak around 5.5 GHz is unknown.

The next step in the design of the two-dimensional EBG is to distort the rectangular unit cell into a

trapezoidal form. Using an average unit cell width of 1.9mm, it was found that an arc length of 10o was

sufficient with a inner circle radius of 7.5mm (in order to avoid truncation of the capacitor interdigita-

tions), inner unit cell width of 1.3mm, and outer unit cell width of 2.6mm, as shown in Fig. 3.12a. The

resulting scattering parameters are shown in Fig. 3.12b, which show that the upper PPW mode bandgap

fits adequately into the prescribed bandwidth.

3.4.2 Simulation

Once the suppression properties of the trapezoidal section were confirmed, the full two-dimensional EBG

was simulated and verified with the use of two vias connected between the shield and the middle conduc-

tive layer, used to excite the upper PPW mode. A finite 80× 60 mm section of the dual-layer PPW was
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Figure 3.11: Transmission of rectangular printed unit cell cascade: a) physical layout, b) resulting scat-
tering parameters.
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Figure 3.12: Finalized trapezoidal printed unit cell cascade: a) physical layout, b) resulting scattering
parameters.
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created, and the EBG formed by removing sections of copper in the middle conductive layer. 36 periods

of the trapezoidal EBG were arranged around one of the vias to form a closed circle. The vias were used

for both excitation and detection, and were designed to be matched to 50-Ω, teflon-filled SMA connectors,

and were separated by 20mm. The distance between the center of the excitation via and the inner radius

of the EBG was 7.5mm, as used in the design of the trapezoidal EBG transmission simulation. This

layout is shown in Figs. 3.13a and 3.13b.

The resulting scattering parameters of this arrangement are shown in Fig. 3.14, in which suppression of up

to roughly 45 dB is observed over approximately 7 to 11.5 GHz when the EBG is present. Interactions at

the interface between the coaxial SMA connectors and RO-3010 dielectric, as well as resonances between

the vias and the radial EBG structure, do obscure the suppression near 7 and 11.5 GHz, but nevertheless

maintain significant improvement over the case without the EBG at all stopband frequencies. The “noise”

in the scattering parameters is a result of the finite size of the PCB, the outer edges of which are very

effective open circuits. The large, two-dimensional nature of the PPW then supports a large spectrum of

resonances, which give rise to a strong frequency-dependance in the insertion and return losses. It should

be noted that the return loss in the case with the EBG (measured at the via inside the EBG) is extremely

smooth – since the EBG does not support these resonances.

The fields at 5 GHz (outside the stopband) and 10 GHz (inside the stopband), are shown in Figs. 3.15c

through 3.15f. Figs. 3.15c and 3.15d show the complex magnitude current densities on the top surface of

the middle conductive layer – outside and inside the bandgap, respectively. As expected, the currents at

10 GHz show a drop in the field level by approximately two orders of magnitude (40 dB), confirming the

suppression suggested by the scattering parameters. The null between the EBG and the excitation via is

evidence of the standing wave created by the signal being reflected by the EBG, and is noticeably absent

at 5 GHz where the EBG essentially transmits the PPW mode. Figs. 3.15e and 3.15f show the complex

magnitude magnetic fields on an orthogonal plane which passes through both vias. It can be seen in these

figures that the field decay primarily takes place inside the EBG region as expected. There is some field

leakage into the FR-4 layer, but it appears to be confined within the EBG region and is relatively small in

magnitude (approximately 10 dB lower than the maximum fields in the RO-3010 dielectric). At 5 GHz,

the fields are still constrained by the EBG (the currents must still pass through the thin CPW strips),

but the transmission is similar to the case without the EBG, as indicated by the field strengths over the

outer-most unit cells. There is also slightly less leakage into the lower dielectric, indicating that the upper

PPW mode is better guided by the EBG at this frequency.

3.4.3 Experiment

In order to confirm the simulated scattering parameters, the design detailed in the previous section was

manufactured and tested. The printed structure was laser etched courtesy of LPKF [115], and the bottom
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Figure 3.13: Example setup for two-layer via-induced PPW noise suppressing radial EBG a) top view, b)
side view.
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Figure 3.14: Simulated scattering parameters between two vias in a PPW with and without the EBG.

of the fabricated PCB is shown in Fig. 3.16. A microscopic examination of the structure showed that the

resulting EBG was realized very accurately, especially in the interdigitations of the innermost unit cell,

which was etched accurately down to a feature size of at least 40µm, as indicated by the inset.

The vias were realized by inserting the pin of flush-mount sub-miniature ‘A’ (SMA) connectors through

the drill holes, and soldering the pin to the EBG layer. The bodies of the SMA connectors were soldered

to the reverse side of the PCB (the shield). This assembly was then connected to a similarly sized slab

of 60mil FR-4, with the copper cladding removed from one side (this side was placed adjacent to the

conductive layer containing the EBG).

The two layers (FR-4 and RO-3010) were compressed together to ensure accuracy using two clamps

on the long ends of the PCBs. The pressure was distributed with the use of a hard plastic O-ring with

a rectangular aperture (approximately 25mm thick) and a layer of firm styrofoam (approximately 14mm

thick). The entire assembly is detailed in Fig. 3.17, and photographs of this setup are shown in Figs.

3.18a (side view) and 3.18b (top view). A layer of masking tape was used to hold the two dielectrics

together, and prevent them from sliding laterally.

The resulting scattering parameters are fairly similar to those of the simulated structure, but there is

a noticeable frequency shift between the two data sets – the measurements seem to fit well within the

X-band, whereas the simulated data shows the same profile, but frequency shifted downwards by nearly

0.5 GHz (7%). It was found that in order to match the data, the value of εu needed to be decreased to 9.7,

as allowed by the specified manufacturing tolerance, and the creation of a 2 mil air gap between layers,

which is reasonable since the layers were only mechanically compressed together and not bonded. These

results are shown in Fig. 3.19, which shows much better matching with the measured data. The more

subtle suppression above 12 GHz is attributed to coupling between the PPW modes of the two layers, as

predicted by the dispersive properties.
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Figure 3.15: Simulated complex-magnitude fields: a) legend for magnetic fields, b) legend for surface
currents, c) surface currents at 5 GHz, d) surface currents at 10 GHz, e) magnetic fields at 5 GHz, f)
magnetic fields at 10 GHz.
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Figure 3.16: Fabricated experimental setup (case with EBG). The inset shows the accuracy of the etching
process, indicating the small feature sizes.
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Figure 3.17: 3D model detailing various layers in experimental setup.
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Figure 3.18: Photogrpahs of experimental setup for measurement of the PPW-noise suppressing EBG: a)
side view, b) top view.
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Figure 3.19: Simulated (dashed) and measured (solid) scattering parameters between two vias in a PPW,
with and without the EBG.

This discrepancy can be attributed to anticipated variations in the upper dielectric permittivity, or pos-

sibly also a small reduction in the dielectric thickness. It may be possible that the thin (10 mil) dielectric

was compressed slightly during manufacturing, resulting in a small reduction in the capacitance value of

the interdigitated loading capacitors, and shifting the bandgap upwards.

In summary, the measurements seem to validate the fact that a bandgap is present in the upper PPW

mode for suppression in two dimensions, and its operating frequency range can be tailored by specific

design of the EBG.



Chapter 4

A TM0 Surface-Wave Suppressing

Ground Plane for GPS Antennas

4.1 Objectives

An EBG which effectively suppresses the SW at GPS L1 (1.575 GHz) and L2 (1.228 GHz) frequencies

will be designed as another validation of the theory presented in this work. This will be achieved with a

miniaturized solution, for which the EBG extends no more than 100mm away from the original antenna

ground plane. This extension should be relatively thin, such as provided by a standard dielectric substrate

(e.g., 60 mils), and involves a uniplanar EBG design that does not require the use of vias. The use of

lumped components will be avoided, as a fully printable solution is desired.

The resulting radiative properties will be characterized through four specific properties: right-handed

circularly polarized (RHCP) and left-handed circularly polarized (LHCP) realized gains (gain relative to

input power), the axial ratio (AR), and the multipath ratio (MPR), defined in this work as:

MPR =
RHCP (θ)

LHCP (180o − θ)
(4.1)

The RHCP should exhibit a high azimuthal symmetry, with no more than 1dBi variation. The MPR

should be at least 10 dB on the horizon, and the LHCP should exhibit at most -20 dBi realized gain on

and near the horizon. The RHCP realized gain should be as large as possible.

The surface-wave suppression will be confirmed by dispersion and transmission simulations, and the

resulting antenna simulations and measurements should reflect this performance by a reduction in gain

(preferably, LHCP gain only, but RHCP gain loss may be unavoidable) on and near the horizon. The

resulting radiation pattern should also exhibit high azimuthal symmetry, which is difficult to achieve when

using square or rectangular EBGs.

63
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4.2 Existing Solutions

Several solutions for SW suppression in GPS antennas have previously been proposed and realized. This

section reviews some of the popular technologies that have been applied specifically to GPS antennas.

4.2.1 Resistive Ground Planes

Early attempts at suppressing the SW mode in a compact manner resulted in the development of the

resistive ground plane [80,81,116]. These ground planes possess a very high resistivity, such that currents

associated with the SW mode are highly attenuated via ohmic losses. Since this ground plane does not

depend on any resonant conditions, it does not need to have features with an electrically resonant size,

allowing a very thin, light, ground plane. Unfortunately, the final results obtained by using these ground

planes are not as desirable as those obtained with other methods, such that this technology is not widely

used.

4.2.2 Choke Rings

Choke rings are composed of a series of thin, hollow, metallic cylinders which are arranged concentrically

around the antenna element [77, 78]. These structures are essentially corrugated ground planes arranged

around an antenna in a circular fashion. Choke rings operate very well, with high degrees of suppression

and relatively large bandwidths, but are undesirable due to their weight, size, and cost – since they are

generally made from solid metal and must be near one-quarter wavelength in height.

The corrugated ground plane that forms the choke ring structure operates on a fairly simple resonance

principle. At frequencies for which the depth of each corrugation is integer multiples of one-quarter

wavelength (corresponding to a vertically arranged shorted quarter-wavelength TL), the fields in the cor-

rugation resonate with a field profile that can couple to the SW mode. This coupling causes the formation

of a bandgap, such that the choke ring could be classified as an EBG, similar to the corrugated ground

plane.

4.2.3 Planar EBGs

SW suppressing planar EBGs (such as the Sievenpiper mushroom structure) have been widely used in

GPS antennas [117–121]. As previously described, the SW bandgap presented by these EBGs causes the

reflection of SW modes, similar to the choke rings, but in a smaller, lighter, and more cost-efficient form.

A fully printable, uniplanar EBG is designed and analyzed in this chapter.

4.2.4 Artificial Magnetic Conductors

Artificial Magnetic Conductors (AMCs, equivalent to the previously introduced PMCs) are generally con-

sidered related to EBGs, and for that reason are usually created out of EBG structures [122, 123]. The

origins of this link can be traced back to the first EBGs [10, 124], in which the SW suppression ability
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of the EBGs was described by modelling the EBG surface at its bandgap center frequency as a magnetic

conductor, which theoretically do not support TM surface-wave modes.

Unfortunately, ideal AMCs do support TE modes, specifically the TE0 mode, which has no cutoff fre-

quency. This result can be simply arrived at by invoking duality, as specifically mentioned in [10]. The

presence of the TE0 mode is not an issue in linearly polarized antennas, but critically since GPS anten-

nas operate on circular polarizations, the presence of the TE0 surface-wave mode is just as detrimental

as the presence of the TM0 surface-wave mode, such that an AMC should be just as undesirable as a

PEC ground plane (this can, of course, be verified in simulation, where ideal PMCs can be easily used).

Therefore, the AMC properties of the EBGs developed in this work will not be investigated.

4.3 Design

4.3.1 Unit Cell

The S-CBCPW structure is an ideal host waveguide for this problem, since it is uniplanar and can be

used to suppress the SW mode (approximated by the upper PPW mode). Furthermore, since the shield

is not needed in reality (it is only need to model the SW), a single copper-clad dielectric can be used in

realizing the EBG. In order to help achieve miniaturization, a high dielectric constant material was used.

The high dielectric constant has little bearing on the SW mode, but allows the CPW and PPW Bloch

modes to naturally exist at lower frequencies. Additionally, the printed capacitive loading elements (i.e.,

interdigitated capacitors) will gain a slight increase to their capacitance for an equivalent physical size.

To meet these requirements, Rogers RO-3010 was chosen as the dielectric material, due to its high

and stable dielectric constant. The exact choice of dielectric material led to the following S-CBCPW

parameters: hl = 1.270mm (50 mils), hu = 100mm, εl = 10.2, εu = 1.0, and t = 17µm (1/2 oz.).

Through the study of equivalent-circuit models, it was found the the size of the SW bandgaps depended

heavily on the period d and the inductive loading L. Specifically, small values of d or large values of L

generally made the SW bandgaps so small that they would be nearly unusable, as shown in the paramet-

ric sweep of Fig. 4.1. This figure details the bandgap region for a unit cell with properties d = 10mm,

w = 10mm, hl = 1.524mm, hu = 100mm, εl = 10.2, εu = 1.0, g = 0.5mm, s = 0.5mm, t = 35µm,

Cs = 2.5pF , Cg = 0.1pF , and a swept loading inductance L. Additionally, too large of capacitance in

compensation would remove the ability to tune the operating frequency. Therefore, the unit cell was de-

signed to have a moderate period of d = 30mm, which was chosen such that three unit cells could fit into

the total 100mm length. Additionally, in order to achieve suppression at both L1 and L2, two bandgaps

are required, and subsequently the equivalent-circuit model with the capacitor in the CPW strip line in

addition to the CPW grounds was chosen.

The circular layout of the EBG previously used was chosen in order to satisfy the requirements of sup-
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Figure 4.1: Example of a unit cell with a relatively small period and high inductive loading. The SW
bandgap diminishes quickly with increasing loading inductance. Only imaginary component shown for
clarity.
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pression at all angles around the azimuth, and furthermore a unit cell average width wa = 20mm was

chosen in order to help satisfy the requirement of azimuthal symmetry (a smaller width corresponds to

a smaller azimuthal period, and hence higher azimuthal homogeneity). In order to allow adequate space

for printed loading capacitors, especially embedded in the CPW strip line, a strip width s = 2.5mm

was chosen. Additionally, to allow space for meandered inductors, a gap width g = 2.0mm was chosen.

Initially, discrete reactive surfaces were used to model the loading components, similar to the previous

chapter. The physical properties of these surfaces were lgc = 0.5mm, wgc = 0.5mm, and wl = 0.5mm.

4.3.2 Dispersion

The values of the loading components were then determined by examining the dispersive properties of

the unit cell. Firstly, observing the unloaded modes revealed that the lower PPW mode has an X-point

near 1.6 GHz. This is useful in design, because then the loaded PPW mode will be bound between its

cutoff frequency, determined by the values of the loading capacitors, and this X-point frequency. Next,

the modes must be loosely coupled in order to allow both the upper and lower regions of the coupled

CPW-PPW modes to couple with the SW mode. Since for thin dielectrics, the coupling between the

PPW and CPW modes is typically very high, the dispersions of these modes must be judiciously chosen

such that there is minimal phase matching between the two. As it was previously indicated that the PPW

mode would be bound between two frequencies, it is possible to choose the CPW mode such that it it

close, but not too much so, to the PPW mode on the dispersion diagram. Furthermore, to achieve dual

band operation, both the upper and lower regions of the CPW can be tailored such that these regions

enclose the PPW mode, with the backward wave region below and the forward wave region above. The

Γ-point of the forward region was chosen to be close to the X-point of the PPW mode, such that the

loading inductance could be minimized.

Once the value of inductance was minimized, the values of the loading capacitors were set by adjust-

ing the bandgaps to exist at GPS L1 and L2. Through parametric study it was found that the the

loading capacitors in the CPW grounds (Cg) controlled primarily the frequency of the L1 bandgap, while

the loading capacitor in the CPW strip line (Cg) controlled primarily the frequency of the L2 bandgap.

Finally, the unit cell period was finely adjusted to allow for final adjustment of bandgap frequencies.

This design process resulted in the loading component values L = 1.5nH, Cg = 0.6pF , Cs = 2.5pF ,

and period d = 29mm. It should be noted that the modal coupling takes place between both forward-

forward modes, and forward-backward modes. These types of coupling are acceptable, since all that is

needed is the suppression of the SW mode. The power in the PPW mode is dissipated in the dielectric,

where it does not effect the antenna element. The resulting dispersion diagram, along with the isolated

modes, is shown in Fig. 4.2. The dispersion is fairly complex, can be analyzed in light of the studies

previously undertaken regarding the equivalent-circuit nature of each point. The lower Γ-point around

L2 and the upper X-point around L1 remain roughly similar in the coupled and isolated systems. The

Γ-points of both the CPW and PPW modes in the coupled system have shifted upwards, indicating that
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the parasitic effects of both the conductor backing and loading inductance serve to shift these frequencies

upwards. The extreme phase mismatch of the isolated CPW and PPW modes allows for a relatively small

complex-mode bandwidth.

4.3.3 Transmission

The designed unit cell was then tested in a transmission simulation, which due to the PMCs on its trans-

verse boundaries simulate an infinite array in the transverse direction, first in its rectangular form. Three

unit cells employing lumped loading elements were cascaded as shown in Fig. 2.20a, and the resulting

scattering parameters are shown in Fig. 4.3. These results indicate a maximum of approximately 9 dB

SW suppression near L1 and approximately 2 dB suppression near L2. The coupling of the SW mode into

the lower PPW mode is also shown, indicating that the power of the SW is indeed being transduced into

the PPW mode around the bandgap regions. Since the L1 SW bandgap is caused by an essentially flat

mode, power couples almost uniformly in both the forward and backward directions. The L2 bandgap is

formed by the intersection of the SW mode with a slightly forward directed mode, hence there is slightly

more power coupled to the forward direction.

Next, the rectangular transmission unit cells were transformed into a trapezoidal configuration with a

12o arc length. Specifying a short end width of approximately 10mm gives a long end length of approxi-

mately 30mm and average width of approximately 20mm. The results of this simulation are also shown in

Fig. 4.4, which indicates a roughly similar scattering parameter set to the rectangular case, as expected.

Small differences such as the shift in rejection frequencies and a slight rebalance in the forward-backward

coupling with the lower PPW mode is expected due to the slightly different behavior of each unit cell.

Finally, the lumped loading components were converted into printable components, specifically in the

form of strip inductors and interdigitated capacitors. These components were designed to be manufac-

tured using a standard etching process with a 200µm minimum feature size. Using empirical equations

for these components [125,126], initial designs were created which were within approximately 50% of the

desired value. Parametric sweeps were then completed on the various physical parameters were completed

to achieve the desired capacitance. The parameters of the interdigitated capacitors, detailed in Figs. 4.5a

and 4.5b, are, for the CPW strip line capacitor Nfs = 7 fingers, length lsc = 4.7mm, finger spacing

gfs = 0.2mm, and finger width wfs = 0.2mm. The CPW ground capacitors have properties Nfg = 9

fingers, length lgc = 0.6mm, finger spacing gfg = 0.2mm, and finger width wfg = 0.2mm. The strip

inductors have a width of wl = 1.0mm.

The results of a transmission simulation using this structure are shown in Fig. 4.6. Importantly, this

was the final design used for this GPS antenna ground plane. The final values were determined via a

parametric sweep in the antenna simulation, introduced and described in the next section, which is why



Chapter 4. A TM0 Surface-Wave Suppressing Ground Plane for GPS Antennas 69

Isolated PPW
Isolated CPW
CSL
Coupled System

Fr
eq

ue
nc

y (
GH

z)

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

γX d (deg)
0 30 60 90 120 150 180

Figure 4.2: Designed dispersion diagram based on equivalent-circuit model. The isolated PPW (pur-
ple) and isolated CPW (green) modes couple strongly to give the coupled (red) modes. Only the real
(attenuating) components of the coupled system are shown for clarity.
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Figure 4.3: Transmission simulation results of three rectangular EBG unit cells with lumped loading
components, showing both the SW (Upper PPW) mode scattering parameters, and coupling with the
lower PPW mode.
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Figure 4.4: Transmission simulation results of three trapezoidal EBG unit cells with lumped loading
components, showing both the SW (Upper PPW) mode scattering parameters, and coupling with the
lower PPW mode.
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Figure 4.5: Layout of the interdigitated capacitors of a) the CPW strip line, b) the CPW grounds.
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Figure 4.6: Transmission simulation results of three trapezoidal EBG unit cells with distributed loading
components, showing both the SW (Upper PPW) mode scattering parameters, and coupling with the
lower PPW mode.

the resonances do not appear exactly at the L1 and L2 frequencies. The are two main reasons for this

difference. The first is that the resonant dips (especially around L1) potentially correspond to Fabry-

Perot (FP) resonances, for which there is an integer multiple of 180o incurred over the three unit cells.

Such resonances have been found to be associated with strong reflection of the SW mode, and provide a

higher level of rejection over a very small bandwidth than the bandgaps do. Unfortunately, because the

even Bloch modes possess essentially flat dispersion properties in the vicinity of these bandgaps, the FP

conditions occur at frequencies very close to those of the bandgap. This superposition makes it extremely

difficult to discern which frequencies correspond to the bandgap regions and which correspond to FP

resonances. Furthermore, since these FP resonances tend to scatter fields very well, they do not tend

to contribute positively to desired radiation pattern shaping. The frequencies at which they occur are

also dependent on the total number of unit cells employed, such that they are not predictable based on

dispersive properties alone. Therefore, while it may appear that some off-band frequencies possess better

rejection, those frequencies are not associated with desired properties of the antenna ground plane. The

second reason is the propagation along the angle θ (as defined in the two-dimensional radial model), which

is is not modelled in the transmission simulation. While it was was previously shown to have a small

effect on the dispersive properties of the SW or lower PPW modes, the effect still may result in the shift

of these resonances by a few MHz.

The resulting unit cell was simulated in an eigenmode simulation, and compared to the equivalent-

circuit model in Fig 4.7. The result is very similar to Fig. 4.2, as expected, and used equivalent-circuit

model loading components of values L = 2.2nH, Cs = 2.8pF , Cg = 0.9pF . The bandgaps are not quite

centered on GPS L1 and L2, most likely due to the fact that this is a rectangular approximation of the

trapezoidal unit cell. As well, the divergence of the equivalent-circuit model and the eigenmode data

around 1.2 GHz and towards the X-point is attributed to the length of the CPW strip line’s interdigi-
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Figure 4.7: Dispersions of the final printed unit cell and the equivalent-circuit model.

tated capacitor, which is most likely approaching its self-resonance (is moderately inductive). This is not

taken into account by the equivalent-circuit model, and could be remedied by shortening the length of

the capacitor and instead making it wider than the strip it is embedded in.

4.3.4 Antenna Ground Plane

This EBG unit cell was then arranged circularly as previously described, and as shown in Fig. 4.8. An

inner ground plane diameter of c = 100mm and outer diameter of e = 274mm were used in order to

provide sufficient space for the GPS antenna element(s) – the ground plane was designed to be used with

any kind of antenna which requires a conductor backing. This criterion also specifies that the starting

width of the innermost unit cell is roughly 10.5mm, as previously given in the trapezoidal transmission

simulation with an arc length of 12o. The end width of the outermost unit cell is then roughly 28.8mm.

The arc length leads to 30 unit cells around the antenna along the θ axis.

With the period of the unit cell being 29mm, the total radius of the antenna system is 137mm. The entire

conductor-backed EBG structure and the inner ground plane was then fabricated on a single slab of 50-mil

RO-3010 dielectric using a standard PCB process. The antenna element, a prototype GPS L1 and L2

patch antenna kindly provided by NovAtel Inc. [127], is not shown in order to protect their currently
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Figure 4.8: Layout of the fully printed GPS antenna ground plane, with circularly arranged EBG. The
antenna element (not shown) is fed via the four holes drilled through the ground plane from the back
side.
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Figure 4.9: Layout of backside of the GPS antenna, with the location of the MCX connector labelled and
the four-port coupler shown. The outputs of the couplers are routed to the antenna through the antenna
feed lines.

unprotected intellectual property. However, it is sufficient to say that it is excited by four coaxial feed

lines – hence the four holes in the center of the ground plane. These four coaxial feeding pins are in turn

excited by a four-port 90o degree coupler (RQF1200Q06), which in turn is fed via an MCX connector

attached to the conductor backing of the PCB, as shown in Fig. 4.9.

4.4 Simulation

4.4.1 General Setup

In order to simulate the antenna element with the ground plane (hereon referred to as the antenna sys-

tem), lumped ports with a 50Ω impedance were placed on each of the four coaxial feeding pins on the back

side of the dielectric. Each of the ports were excited with equal 1 Watt magnitudes and ±90o out of phase

with the neighboring ports, such that the antenna would radiate with a right-handed circular polarization.

The simulation domain was bounded by a cylindrical radiation boundary as shown in Fig. 4.10. The

boundary has a radius of 213mm, and a height of 150 mm. There is a vertical space of 76mm between

the top of the EBG surface and the top of the radiation boundary.
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Figure 4.10: Layout of the antenna system with radiation boundary.

This setup was used in all of the following simulations. The data looked for in each simulation is the

RHCP and LHCP realized gains, AR and MPR.

The results are plotted in polar-log form, using a standard spherical coordinate system, where θ is the

elevation angle and φ is the angle around the azimuth.

4.4.2 Antenna Element

The performance of the NovAtel element was simulated independently as a base case for future compar-

isons. With a ground plane of 64mm radius, the data shown in Figs. 4.11a and 4.11b were obtained.
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Figure 4.11: Radiation properties of the unmodified NovAtel antenna at GPS L1 and L2: a) Realized
Gains (RHCP and LHCP), b) MRP and AR.

4.4.3 Extended Bare Ground Plane

This is a well-performing antenna. However, detailed studies indicated that the performance of the an-

tenna was strongly linked to the radius of the ground plane, as shown in Figs. 4.12a through 4.12d, in

which ground plane radii of different values were studied – which is the case for many antennas which

require a ground plane. Such situations occur when these antennas may be mounted on large metallic

objects, such as the frame of a vehicle. The presence of the EBG should help to mitigate this effect, since

it effectively masks the ground plane from the antenna element.

Next, an extended bare (unloaded) ground plane the same radius as the designed EBG ground plane was

simulated, to serve as an adequate comparison for the effects of the EBG. The radiative properties of this

design are shown in Figs. 4.13a and 4.13b, in which the general increase in LHCP and AR, and a decrease

in MPR near the horizon is expected due to the large extent of the conductive ground plane.

4.4.4 EBG Ground Plane

Lastly, the antenna system with the EBG ground plane was simulated, and the results shown in Figs.

4.14a and 4.14b. This antenna shows greatly reduced LHCP above the horizon, and corresponds to an
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Figure 4.12: Radiative properties comparison of the NovAtel antenna with a swept ground plane radius
(50mm, 64mm, and 100mm) at GPS L1 and L2: a) Realized Gains (RHCP and LHCP) at L1, b) MRP
and AR at L1, c) Realized Gains (RHCP and LHCP) at L2, d) MRP and AR at L2.
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Figure 4.13: Radiative properties of the antenna system with the bare (unloaded) ground plane at GPS
L1 and L2: a) Realized Gains (RHCP and LHCP), b) MRP and AR.

increase in the MPR on and below the horizon. The AR on the horizon is also reduced to approximately

2 dB, which is an improvement over the original antenna. As expected, the RHCP is slightly reduced,

but not to an excessive degree.

In an effort to determine the operational bandwidth of the antenna system, a frequency sweep around L1

and L2 was undertaken in which the realized gains of the system were determined in 10 MHz intervals

from 1.550 GHz to 1.600 GHz, and 1.200 GHz to 1.250 GHz. These results, shown in Figs. 4.15a through

4.15d, are somewhat distorted due to the limited bandwidth of the antenna element, but it can be seen

that best performance is observed near GPS L1 and L2 , with an acceptable performance bandwidth of

roughly 20 MHz on either higher or lower side of these frequencies.

In order to examine the antenna’s immunity to changes in ground plane size, the metallized substrate

was extended to a 1m radius. This is considered an adequate approximation of a large conductor being

placed under the antenna, such as the case of the antenna being mounted in the roof of a building. This

was done for both the extended unloaded bare ground plane and the EBG ground plane, in which case the

EBG was continued in all directions by the metallization. The results of these simulations are shown in

Figs 4.16a through 4.16d. The L1 case shows a large reduction in overall gain and increase in axial ratio

around the horizon without the EBG. The L2 performances are much more similar, although again the

antenna system shows a higher axial ratio and larger LHCP around the horizon. These results indicate

the the EBG continues to operate well in both cases, and can be used to mitigate the effects of large
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Figure 4.14: Radiative properties of the antenna system with the EBG ground plane at GPS L1 and L2:
a) Realized Gains (RHCP and LHCP), b) MRP and AR.

metallic planes in close proximity the antenna.

The azimuthal symmetry was examined by plotting the radiative quantities around the azimuth at both

θ = 90o for all angles of φ. These results are plotted in Figs. 4.17a through 4.17b, and show a very

small degree of variation (approximately 0.5 dB in the RHCP), as expected. This is a distinct advantage

over EBGs with rectangular unit cells, for which the variation around the azimuth will typically be much

larger [122].

4.4.5 Comparison of Results

Comparisons of the original antenna element, the system with a bare ground plane, and the system

with the EBG ground plane, are shown in Figs. 4.18a through 4.18d. As expected, the antenna works

extremely well at L1, with AR and MPR performance slightly better than the original antenna around

the horizon. The L2 performance was not quite as ideal, but still shows much LHCP improvement over

the bare ground plane case and a high MPR near broadside, indicating the correct operation of the EBG

ground plane.
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Figure 4.15: Radiative properties of the antenna system for frequencies around GPS L1 and L2: a)
Realized Gains (RHCP and LHCP) around L1, b) MRP and AR around L1, c) Realized Gains (RHCP
and LHCP) around L2, d) MRP and AR around L2.
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Figure 4.16: Radiative properties of the antenna system with an extended 1m radius ground plane, with
and without the EBG at GPS L1 and L2: a) Realized Gains (RHCP and LHCP) at L1, b) MRP and AR
at L1, c) Realized Gains (RHCP and LHCP) at L2, d) MRP and AR at L2.
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Figure 4.17: Realized gains and AR around the azimuth of the antenna system at an elevation of θ = 90o,
for a) L1, b) L2. The LHCP at L1 is smaller than -30 dB.

4.5 Experiment

The complete antenna system with the EBG ground plane was fabricated and measured in an anechoic

chamber, as shown in Figs. 4.19a through 4.19c. The scanning system employed was an NSI near-field

measurement system with a complete spherical scan capability. The antenna EBGs were covered with a

copper foil (after measuring the EBG properties) in order to approximate the bare ground case.

The results of this measurement are compared with the simulation results in Figs. 4.20a through 4.21d. It

appears that similar to the PPW-mode EBG, the dielectric’s permittivity was not exactly the simulated

value of ε = 10.2, but rather a lower value between 9.4 to 10. Unfortunately, this has caused the EBG to

function improperly, rather than simply shifting the bandgap frequencies, since each isolated mode has

a unique effective permittivity, and will be affected differently by shifts in the dielectric constant. It was

found by performing a frequency sweep that best performance near L1 was achieved around 1.595 GHz,

and therefore this value has been shown as well.

Unfortunately, it appears that the antenna element provided did not exactly match the simulated ver-

sion, specifically in the LHCP at broadside. The simulation showed an LHCP null at θ = 0o, whereas

the measured antenna possessed a maximum of -20dBi realized gain at L1 and approximately -12dBi at

L2. Accounting for this, the case with the extended bare ground plane (no EBG) did match simulations
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Figure 4.18: Radiative properties comparison of the original antenna, antenna system with bare extended
ground plane, and antenna system with EBG ground plane at GPS L1 and L2: a) Realized Gains (RHCP
and LHCP) at L1, b) MRP and AR at L1, c) Realized Gains (RHCP and LHCP) at L2, d) MRP and
AR at L2.
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(a)

(b)

(c)

Figure 4.19: Photographs of the fabricated EBGs and anechoic chamber (antenna element censored), a)
Without EBG (bare ground), b) With EBG, c) Chamber setup (antenna, left, and probe, right).
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fairly well, although there is an observable drop in RHCP gain in the upper hemisphere of roughly 3 dBi.

The simulations with the EBG, while not matching the simulations closely, do show both an observable

increase in RHCP, and general decrease in LHCP. As previously indicated, the patterns at 1.595 GHz do

show slightly favorable performance over those at 1.575 GHz, indicating a shift in the dielectric constant.

Since the EBG’s performance is not expected to scale directly with permittivity (due to the fact that

each of the various modes possesses a different effective permittivity), the bandgap properties are most

likely diminished. Additionally, the bandgaps are fairly narrowband in the optimized case, leaving open

the possibility that the frequency sweep performed may not have found the optimal case.

The design could likely be improved by including a manufacturing scaling test. In such a test, the ef-

fective permittivity of a particular dielectric is evaluated through the inclusion of a microstrip line by

which characteristic impedance or a resonance frequency could be measured. The manufacturer then

scales the design appropriately. However, since as discussed the EBG is not expected to scale well, a

more appropriate method may be to simply use a dielectric with a much smaller permittivity variance –

however, this may be much more expensive, reducing one key feature of this ground plane design. A final

option would be to use a dielectric with a lower effective permittivity. While this would necessarily result

in unit cells with a larger period, it should also result in larger bandgap widths, reducing the effects of

frequency shifts.

In summary, it appears that the novel EBG was successfully used to suppress the SW mode. Non-idealities

in the realized devices, such as a dielectric constant shift, most likely contributed to a degradation of per-

formance over the simulations, but the EBG still showed an improvement over a bare ground plane of the

same size.
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Figure 4.20: Radiative properties comparison of the simulated and measured antenna on a bare extended
ground plane (no EBG case) at GPS L1 and L2: a) Realized Gains (RHCP and LHCP) at L1, b) MRP
and AR at L1, c) Realized Gains (RHCP and LHCP) at L2, d) MRP and AR at L2.
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Figure 4.21: Radiative properties comparison of the simulated and measured antenna on the EBG ground
plane around GPS L1 and L2: a) Realized Gains (RHCP and LHCP) at L1, b) MRP and AR at L1, c)
Realized Gains (RHCP and LHCP) at L2, d) MRP and AR at L2.
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Conclusion

5.1 Summary

The theory of operation of a uniplanar, metamaterial-inspired EBG was developed with the use of MTL

and dispersion analysis. It was shown that in general, complex-mode bandgaps arise as a result of coupling

between various modes, and only those modes which couple experience bandgap behavior. Specifically,

a CPW mode was loaded with TL-MTM techniques to support a backward mode, and it was shown

that this mode interacts with a PPW mode to form a complex-mode bandgap. While the fields in the

CPW gaps are essentially orthogonal to those of the PPW mode, the fields supported by the larger CPW

grounds are very similar to those of the PPW mode, enabling the modes to couple. The sole purpose of

the CPW mode in this context is to allow the creation of a backward-wave mode with a uniplanar structure.

Unlike existing uniplanar structures for the suppression of PPW modes, the bandgap was shown be

precisely tuneable to the desired frequency range by adjusting the unit cells’ constituent parameters. It

was shown that even though the unit cells are one-dimensional in nature, they can be radially arranged

such that they can suppress the transmission of power around a point in two dimensions by slightly dis-

torting the unit cells into a trapezoidal shape. This was confirmed by the simulation and experiment on

the transmission properties between two vias embedded in a parallel-plate medium, in which the trans-

mission was suppressed over roughly the expected frequency range in the X-band.

It was shown that the loosely-bound SW mode at L-band could be modelled as a vacuum-filled PPW with

a sufficiently large height. Under this approximation, the CPW and lower PPW modes could also interact

with the SW mode to form bandgaps. An EBG was designed to suppress the SW mode at GPS L1 and

L2, and arranged to form a circular ground plane. Simulation of the ground plane and a corresponding

dual-band antenna showed a large reduction in LHCP on and above the horizon at these frequencies,

along with reduced axial ratio and improved multipath ratio, indicating the suppression of the SW mode.

The development of this miniaturized, uniplanar, printable structure enables the application of EBGs

with finely controllable bandgaps to high-frequency and high-component-density systems, which may not

88
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have been possible with previously existing structures. The coupling of power between modes which can

be modelled with a simple equivalent-circuit model and realized on a standard PCB creates the possibility

for novel, miniaturized, microwave circuit components.

5.2 Future Work

The research undertaken to produce this work raises several distinct, relevant questions which may be

investigated as part of future studies in this area:

• Optimization of SW coupling. While it was shown that an increase in loading inductance was

detrimental to the performance of the SW bandgap, it was not investigated as to how the bandgap

performance may be optimized. This process would most likely involve analytically solving the

determinant expression of the MTL equivalent-circuit model of the unit cell, which being a quar-

tic equation would not be a trivial task. Anther possible method would be to analyze the EBG

structure as an anisotropic metamaterial, by which the effects of the material parameters of the SW

coupling could be determined. Since TL-MTMs expressly link the TL parameters to these medium

parameters, the resulting unit cell properties could be implicitly determined.

• The two-dimensional EBG introduced in this work is only appropriate for suppressing signals around

a point, and only operates well when the angular component θ is small. A true two-dimensional

EBG may be necessary in many practical situations. Such a unit cell could be created by the

intersection of four one-dimensional unit cells, as was done to create the series- and shunt-node

NRI-TL structures [128,129]. Initial observations of this result indicate that the intersection of four

loaded CBCPW unit cells should appear to be the UC-EBG structure, in which the solid patch in

the center of the unit cell is the intersection of shunt inductive strips, and the gaps between patches

are series capacitors in the CPW grounds. This structure has already been used in the applications

of SW and PPW mode suppression, indicating a similar functionality to the structure in this work.

A rigorous analysis of this system as a TL-MTM should reveal methods by which the UC-EBG may

be miniaturized for these applications, and more importantly, yield precise control of the bandgap

regions – which has not yet been accomplished. Additionally, the suppression properties may be

further understood, being only currently described in terms of an isolated LC resonance.

• The understanding of the fast-wave region was not explored in this work, although the equivalent-

circuit model did agree well with the HFSS data in this region. Fast waves have applications to leaky-

wave antennas, for which the radiation angle can be well controlled, but alternatively the reciprocal

device, which is an absorbing surface. These applications are not new, but this work does suggest

some extensions. Firstly, the presence of the CSL mode, with an orthogonal polarization to the CPW

mode, could be designed to have the same dispersive properties as the CPW mode. This would allow

for devices such as circularly polarized leaky-wave antennas. Secondly, the application of a two-

dimensional structure should allow for two-dimensional devices, such as planar, circularly polarized

leaky-wave antennas for applications such as GPS, or reciprocally, planar, polarization independent
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absorbers which operate over a large range of incident angles. Thirdly, detailed knowledge of

the coupling of power inside the unit cells should allow a study of methods to increase operating

bandwidth and radiation/absorption magnitudes (which are currently not well understood), leading

to more effective, compact fast-wave devices.



Appendix A

Verifying the Definition of the Bandgap

In order to verify that the definition of a bandgap encompasses the coupling of a forward mode with both

a backward mode and a forward mode, a forward mode was designed to interact with another forward

mode in order to create the type of bandgap that is unique to this work. This bandgap does not have

complex mode region, nor is it associated with a real (attenuating) propagation component, but rather it

operates by redirecting power into its various constituent modes. If this behavior causes suppression of

either of the modes, then the definition will be validated.

The forward mode used was simply a shielded PPW loaded with series capacitors. This design was

chosen due to the fact that it is produces a well-known dispersion which has a non-zero Γ-point and

which, for the cases in which the lower PPW is filled with a dielectric with an ε larger than that of air,

crosses the vacuum light-line. The designed unit-cell, shown in Fig. A.2, has a period d of 25mm, width

w of 10mm, and a slit width g of 0.2mm, which has been loaded with a capacitor with value C of 1pF.

The lower dielectric has a thickness of 1.524mm, ε of 4.4, while the upper dielectric has a height of 20mm

(in order to emphasize the coupling region) and an ε of 1.0. The trace thickness is 35µm. The unit cell

has PMCs on the transverse boundaries and PBCs on the longitudinal boundaries. The equivalent-circuit

model of this setup is shown in Fig. A.1.

The resulting dispersion shown in Fig. A.3 reveals a bandgap around 1.5 GHz, according to both the

equivalent-circuit model and the eigenmode simulation, which are in good agreement. In order to confirm

d/2 d/2

C

Figure A.1: Equivalent-circuit model for modelling the bandgap formed between the coupling of two
forward modes.
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Figure A.2: Simulated setup of a shielded capacitively-loaded PPW unit cell.
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Figure A.3: Dispersion diagram for the coupling of two forward modes, showing the isolated (red) and
coupled (blue) dispersions from the equivalent-circuit model, as well as the HFSS data (black dotted).

that this bandgap does indeed suppress the upper PPW mode, a transmission simulation was conducted

in which the scattering of both PPW modes were observed. These data are shown in Fig. A.4, and

there is clearly suppression of the PPW modes around 1.5 GHz. Additionally, there is an increase in

the coupling between the upper and lower PPW modes in the forward direction, as expected from the

dispersion. Coincidentally, there is a reduction in coupling between the upper and lower PPW modes

in the backward direction, whereas these forward and backward coupling parameters are nearly identical

everywhere outside of the expected bandgap. This clearly defines a region in which power prefers to

couple forward, as expected from the dispersive properties.
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Figure A.4: Simulated scattering parameters of a shielded capacitively-loaded PPW unit cell. The isolated
modes are suppressed around 1.5 GHz, where there is strong evidence of coupling between modes in the
FW direction.



Appendix B

Traditional SW EBG Characterization

Once the dispersion characteristics of a SW-suppressing EBG is known, it is typically validated using one

or more characterization methods. A few of the popular methods are the incident plane wave test [10,130],

the microstrip test [131,132], and the antenna transmission test [5,20], which are used extensively in the

EBG literature. Unfortunately, the first two methods suffer from large deficiencies in the accuracy of

their results, while the third is only useful for a particular setup. Therefore, they will not be used in this

work. This section will briefly overview the reasoning behind this decision.

B.1 Incident Plane Wave Test

The incident plane wave test is carried out by examining the reflection properties (magnitude and phase)

of a plane wave incident on an infinite array of unit cells. As explained in [10], the case of a zero degree

reflection corresponds to the behavior of an AMC, which does not support SW mode. Unfortunately, a

large approximation was made in this analysis. Specifically, it was assumed that the phase incurred by

the SW over the length of the unit cell is negligible. Unfortunately, this is typically not the case for unit

cells on the order of λg/4. The point that is examined by this test is the Γ-point, at normal incidence, and

due to the nature of the incident plane wave, all other oblique angles correspond to the fast-wave region

of the dispersion diagram for similarly polarized modes, as explained in [133] (the incident plane wave

can be viewed as the reciprocal of a leaky-wave antenna). Although the zero degree reflection phase at

high angles of incidence will approach the upper edge of the SW bandgap, as shown in Figs. B.1 and B.2,

the normal incidence test is incapable of finding the slow-wave side of the SW bandgap, and is therefore

unusable for determining SW bandgap width or center frequency for modes with appreciable slope.
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Figure B.1: Magnitude and phase of plane wave reflection for various angles of incidence.
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Figure B.3: Layout of the Sievenpiper mushroom structure with suspended microstrip eigenmode simu-
lation.

B.2 Microstrip Test

The microstrip test involves suspending a microstrip line above an EBG surface, exciting a microstrip

(MS) mode, and observing the scattering of this mode. It is generally understood that the scattering

parameters of the MS mode should be very similar to those of a SW mode, since both contain strong

vertical electric fields.

There are several issues with this interpretation. Firstly, there is strong coupling between the MS and

the EBG, resulting in a mode whose fields are strongly confined between them. As previously shown

with the variable shield height, this confinement of fields can result in a greatly increased bandgap region.

Secondly, the fields around the microstrip line are not purely vertical – there can be significant horizontal

electric field components around the edges of the microstrip line. This can result in undesired coupling

and a deviation of results from those of a true SW mode.

The effects of the modal coupling between the microstrip mode and a Sievenpiper mushroom structure

was investigated to determine the validity of this test. The Sievenpiper structure was created with the

following properties: a period d of 50mm, a gap between patches of length 5mm, a via radius of 0.5mm,

a dielectric height of 1mm, and a relative permittivity of 2. A microstrip was suspended in the air above

the Sievenpiper unit cell’s patch, centered tangentially on the via, at a height of 1.5mm, and with a width

of 5mm. This setup is shown in Fig. B.3 for the eigenmode setup, which also employed PMC tangential

boundary conditions and a PML on the upper boundary. The corresponding transmission simulation

employs 9 unit cells and excites the MS mode, as shown in Fig. B.4. In order to avoid distorting the MS

modal fields, the unit-cells were also cascaded tangentially, such that the simulation contained 5 unit cells

on the transverse axis.

The dispersion results are shown in Fig. B.5, and compared to the case without the MS. As expected,
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Figure B.4: Layout of the Sievenpiper mushroom structure with suspended microstrip transmission sim-
ulation over 9 unit cells.

the true SW bandgap exhibits much less coupling than with the MS mode. Similarly, the transmission

results, shown, in Fig. B.6, show that the bandgap is nearly three times wider and exhibits a much

higher level of suppression for the MS mode than for the SW mode. These results clearly indicate the

inadequacy of the microstrip test for gauging SW suppression at low microwave frequencies, which only

becomes more apparent as the unit cells being studied are miniaturized. Subsequently, it will not be used

as an evaluation metric in this work.

B.3 Antenna Transmission Test

The antenna transmission test involves separating two antennas on a common substrate by a fixed dis-

tance. The transmission properties (S21 or S12) between the two antennas are then evaluated with and

without an EBG placed between the antennas. In the absence of near-field coupling, this test correctly

determines the power carried between the antennas via surface-waves.

However, this test is generally only done when the frequency of operation is high, and/or the substrate

is relatively thick, and/or the substrate has a high dielectric constant, whereas if this type of test is

conducted in the L-Band (around 1.5 GHz), and on a regular 60-mil FR-4 substrate, the test does not

yield very good results. The reason for this is the behavior of surface-waves on these substrates and in

these frequency ranges. The SW mode is sensitive to these changes, because these will determine how

“loosely” or how “tightly” bound the SW mode is on the substrate.

This “binding” effect is displayed in the following figures, which show the longitudinal field profiles of

the SW mode on a grounded dielectric slab. The frequency of operation, dielectric height, and dielectric

constant are varied, and the results are plotted in terms of normalized field magnitudes on a logarithmic
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Figure B.5: Simulated dispersion of a Sievenpiper mushroom structure showing coupling with the SW
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Figure B.7: Longitudinal field profiles of the SW mode on various grounded dielectric slabs: a) Color
scale, b) f = 1.5 GHz, h = 60 mils, ε = 4.4, c) f = 1.5 GHz, h = 60 mils, ε = 10.2, d) f = 1.5 GHz,
h = 300 mils, ε = 4.4, e) f = 10 GHz, h = 60 mils, ε = 4.4, f) f = 10, h = 300 mils, ε = 10.2.
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scale. The “ground” is assumed to be a PEC located along the bottom boundary of each figure. The

horizontal axis spans half a guided wavelength in all cases, and the vertical axis spans one meter (the

aspect ratios are therefore incorrect, but have been modified for clarity). The scale for all of the figures

is indicated in Fig. B.7a, and represents a normalized range from 0 to -20 dB.

The base case is shown in Fig. B.7b, for which the frequency of operation f is 1.5 GHz, the dielec-

tric height h is 60 mil, and the relative dielectric constant ε is 4.4. This corresponds to a case for which

the SW mode is extremely loosely bound, as indicated by the extremely small field variations. Fig. B.7c

shows the field profile for a similar setup, but in which the dielectric constant is much higher at 10.2.

There is almost no change from the base case, which is expected due to the extremely electrically thin

dielectric. Fig. B.7d shows the field profile for which the dielectric constant is reverted to 4.4, but the

dielectric height has been increased five times to 300 mils. In this case, the SW mode is more tightly

bound to the surface by a noticeable degree. Fig. B.7e shows the field profile for the case in which the

dielectric properties are the same as the base case, but the frequency has been increased to 10 GHz.

As can be seen, the SW mode is tightly bound to the dielectric. Finally, all three augmentations were

performed at the same time to yield Fig. B.7f, for which f is 10 GHz, the dielectric height h is 300 mil,

and the relative dielectric constant ε is 10.2. In this setup, the SW mode is nearly completely contained

within the dielectric and decays very quickly away from the dielectric-air interface.

As was demonstrated in this thesis, the degree of coupling between the upper PPW mode and the EBG’s

CPW or lower PPW mode was strongly influenced by the height of the conductor. This conductor served

to contain the fields inside a certain region – similar to how increasing the dielectric properties or fre-

quency also contains the fields of the SW mode. Therefore, by increasing the dielectric properties and.or

operating frequency, the SW mode can effectively be modelled as a lower PPW mode (in the dielectric),

instead of an upper PPW mode in the vacuum above the EBG surface. This is a critical development,

since it has been shown that the lower PPW mode in a dielectric generally experiences much deeper and

wider bandgaps than those in the upper PPW mode (typically in a vacuum). Therefore, simply by making

a subtle change such as a change in operating frequency from the L-band to X-band, the EBG can be

made much more effective at suppressing the SW mode, while maintaining the electrical size of the EBG.

This was demonstrated via the previously introduced antenna transmission test – one was completed

at 1.5 GHz on a 60 mil substrate with an ε of 4.4, while the other was completed at 10 GHz on a 300

mil substrate with an ε of 10.2. Microstrip path antennas of resonant length approximately λg/2 were

used and spaced apart by 4λg center to center, and three rows UC-EBG structures of length λg/2 were

placed in between these patch antennas, as shown in Figs. B.8a (without EBGs) and B.8b (with EBGs).

It should be noted that higher order modes are not present, with the cutoff the TM1 SW mode well above

10 GHz for the case of ε = 10.2.

The results of these simulations are shown in Figs. B.9a (L-band) and B.9b (X-band). As expected, since
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(a) (b)

Figure B.8: Setup of the antenna transmission test, a) without EBGs, b) with EBGs.

the EC-EBGs are designed to suppress the PPW mode, there is nearly no change at L-band where the

SW mode is loosely bound, but there is a distinct difference over a large bandwidth at X-band, where

the SW mode is tightly bound to the dielectric and therefore imitates the PPW mode. This is why such

a test does not work at L-band: even if the UC-EBG was designed to operate in its SW bandgap, the

loosely bound nature of the SW mode would not cause much of a difference (which corresponds to the

approximately 5 dB drop in S21 around 1.45 GHz).
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Figure B.9: Scattering parameters of the antenna transmission test at: a) L-band, b) X-band.
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Modelling the TM0 Surface-Wave Mode

The extension of this theory to encompass the SW mode requires additional investigation. It is well

known that only TEM modes may be modelled using TL theory. However, non-TEM modes may be

approximated as TEM if the fields are sufficiently similar, e.g., microstripline waveguides are not strictly

TEM, but are considered quasi -TEM.

The analysis of the SW mode on metallic conductors of finite conductivity reveals that in the low fre-

quency end of the microwave spectrum, these waves have a very small rate of decay away from the surface.

Specifically, from [10],

αSW ≈
ω

c

√
ωε0
2σ

(C.1)

where α is the rate of decay away from a metal-air interface, and σ is the conductivity of the metal. From

copper, with a bulk conductivity σCu = 5.8× 107S/m at 10 GHz, the decay constant evaluates to 0.015

Np/m – indicating that the electric fields are essentially uniform in close vicinity to the surface. This

is the origin of the description of the SW mode as “loosely bound” at these frequencies. At a distance

of 100mm, the field strength is only 0.15% smaller than at the surface. This type of field distribution is

very similar to a PPW mode, in which the electric field is constant between the plates and uniform in the

transverse plane. Therefore, the SW mode should be well approximated by a PPW mode.

The properties of this PPW (i.e., filling dielectric constant and distance between the plates) can be

determined by observing the properties of the SW mode. Firstly, the phase constant of the PPW mode

is the same as that of the dielectric between the plates. The phase constant of the SW mode is given at

microwave frequencies as

βSW ≈
ω

c
(C.2)

from which it becomes apparent that a vacuum (air) filled PPW is desired.

Secondly, the height of the PPW is determined by observing the differences in an FEM simulation (de-

scribed further in Sec. 2.5) between a Sievenpiper structure with an open boundary above it and the
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Figure C.1: FEM dispersion simulation of a Sievenpiper mushroom unit cell with a variable shield height
vs open boundary, demonstrating effect of shield height on the SW bandgap.

equivalent Sievenpiper structure with a shield above it at a varying height, which will support the pro-

posed PPW mode. The resulting data from this parametric sweep is shown in Fig. C.1, in which it can be

seen that using a shield height of greater than or equal to 100mm (0.3 λ0) seems to yield an adequately

accurate dispersion. Therefore, it becomes apparent that an air-filled PPW region of sufficiently large

height is an adequate model for the quasi-TEM SW mode.
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