Y ' UCL ENGINEERING
5;5 Change the world

Design and Understanding of
Reconfigurable Surface Wave
Communication Technology

Zhiyuan Chu

A thesis submitted for the degree of
Doctor of Philosophy
of
University College London

Information and Communication Engineering Research Group
Department of Electronic and Electrical Engineering
University College London
August 2023



Statement of Originality

I, Zhiyuan Chu, confirm that the work presented in this thesis is my own. Where
information has been derived from other sources, I confirm that this has been indi-
cated in the thesis.

Signed: Zhiyuan Chu

Date: 15/08 /2023



"One must imagine Sisyphus happy.” — Albert Camus (1913 — 1960)



Abstract

This thesis endeavors to develop innovative reconfigurable surface wave transmis-
sion technology and investigate its propagation characteristics. Surface waves ex-
hibit potential advantages over traditional space waves, including low path attenu-
ation and resistance to interference. This introduces a promising avenue for highly
intelligent wireless communication systems to tackle the intricate challenges posed
by complex channel environments and extensive device connectivity.

The study introduces a variety of novel porous reconfigurable surface wave
platforms applicable to diverse scenarios, ranging from outdoor to indoor and on-
chip communications. This platform can dynamically establish diverse fluid-metal-
based pathways on the surface, effectively guiding and localizing the propagation
of surface waves. These pathways encompass linear, curved, and distributed trajec-
tories.

Theoretically, this study establishes a relatively comprehensive mathematical
analysis model to forecast the electromagnetic field intensity and losses of surface
waves within propagation pathways. This facilitates a systematic understanding
of how variables like surface material, thickness, cavity porosity, and more impact
propagation performance, thus enabling the effective optimization of reconfigurable
surface structures.

In practice, the study evaluates numerous outcomes through 3D-printed plat-
forms and thorough electromagnetic simulations. An intricate exploration encom-
passes parameters such as metal layer count, pathway width, configurations of turns
and intersections, symmetry, and asymmetry. These investigations further con-
tribute to the optimization of dynamic pathway structures. Moreover, simulation
outcomes are corroborated through corresponding experiments, confirming the ac-
curacy of the mathematical analysis presented within this thesis.

The research findings unequivocally underscore the feasibility of the proposed
reconfigurable platform concerning broadband capacity, minimal path loss, and
dynamic reconfigurability in communication. The platform adeptly materializes

adaptable functionalities, encompassing surface wave path configuration, power
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distribution, and frequency selection, thereby fostering heightened flexibility and
adaptability within surface wave communication networks. Furthermore, it accen-
tuates the prospective application of surface wave technology within future com-

munication systems.



Impact Statement

Summary of the impact

The rapid development and widespread application of fifth-generation (5G) com-
munication technology have significantly improved information exchange and re-
trieval. However, with the continuous increase in connected devices, the design of
space waves as carriers for information transmission has become more complex,
and bandwidth resources are under tremendous strain. In response to this, we have
undertaken a research initiative focused on surface wave communication. The ob-
jective is to explore new carrier modes by transmitting electromagnetic waves on
surfaces, attempting to address various communication application scenarios within
the realm of 5G.

Underpinning research

In recent years, software-controlled metamaterials and programmable metasurfaces
have emerged as innovative technologies enhancing wireless communication sys-
tems. Surface Wave Communications (SWC), based on these advancements, has
gained significant attention [1]. The foundational theory of surface waves dates
back to the 19th century, pioneered by Jonathan Zenneck [2]. In the 1950s, Pro-
fessor Harold Barlow’s group at University College London (UCL) furthered this
theory, exploring electromagnetic and attenuation characteristics of surface waves
along surfaces [3]. Their work laid the theoretical groundwork for subsequent re-
search. In the early 2010s, Professor Kin-Fai (Kenneth) Tong’s group at UCL ex-
plored the use of surface wave-based Hybrid On-Chip Networks (NoC) systems,
providing a potential alternative for scalability and performance issues in traditional
wired NoC systems [4]. Concepts of waveguide design, propagation pathways, and
industrialization for surface waves were also introduced. Recent collaborations be-
tween Professor Kai-Kit Wong and Professor Kin-Fai Kenneth Tong at UCL have
introduced fluidic antennas, expanding the application scenarios of surface waves
[5].
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Details of the impact

This research provides a thorough exploration of surface wave communication, cov-
ering fundamental theory and recent developments. It establishes formulas corre-
lating field strength with surface impedance and details the inherent propagation
characteristics of surface waves. The study highlights advantages and applications,
including outdoor communication with reconfigurable intelligent surfaces and se-

cure indoor communication [a].

Introducing a novel reconfigurable surface wave platform, the research enables
dynamic control of propagation paths, incorporating fluidic metals and microfluidic
technology for adaptability [b]. The study innovatively establishes a comprehen-
sive mathematical model for predicting electromagnetic field strength and losses in
surface wave pathways [c]. Practical validation using a 3D-printed platform exam-
ines the impact of parameters on surface wave pathways [d]. Results contribute to
a systematic understanding, optimizing reconfigurable surface structures. The out-
comes introduce a reconfigurable platform, enhancing adaptability in surface wave
communication networks. This opens possibilities for efficient adaptive wireless
communication in dense device environments. The study advances surface wave

communication through mathematical modeling, experimental validation, and opti-
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mization techniques.
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L Path loss
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Chapter 1

Introduction

1.1 Background

The rapid advancement and extensive deployment of fifth-generation (5G) com-
munication technology have improved information exchange and retrieval, offering
individuals seamless connectivity at any time and location. Nevertheless, the ex-
pansion of wireless communication networks, coupled with the scarcity of avail-
able spectrum resources and the proliferation of connected devices, has presented
formidable challenges and constraints to conventional communication approaches.
To surmount these hurdles and furnish enhanced efficacy and dependability, there
is a concerted effort underway to investigate the possibilities afforded by emerging

communication technologies.

Surface wave communications (SWC), as an emerging communication tech-
nology, has garnered considerable interest in recent years due to its potential appli-
cations across various communication scenarios [3, 1, 2]. In SWC, the process of
exciting surface waves is not overly complex. Electromagnetic signals, originating
from antennas or waveguides, are transmitted and incident upon the surface at spe-
cific angles, leading to the excitation of surface waves that subsequently propagate
along the surface closely [4]. This propagation surface can be common homoge-
neous metal or dielectric-metal surfaces, or it can be specially designed metasur-

faces that enable further manipulation of surface characteristics[5, 6, 7]. Fig. 1.1
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Figure 1.1: An example of surface wave propagation.
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Figure 1.2: Two examples of surface wave propagation surface: interrupted surface and
curved surface.

depicts a fundamental SWC model, wherein it is evident that surface waves travel
along the substrate medium between the transmitting and receiving ends, thereby

facilitating stable transmission and reception of information.

Compared to traditional space propagation methods, SWC has the potential
to offer distinctive advantages. Firstly, owing to the electromagnetic properties of
surface waves as cylindrical waves, its attenuation of field strength power is in-
versely proportional to the propagation distance d, in contrast to the squared dis-
tance d” in space waves. This fundamental distinction demonstrates that SWC
exhibits lower transmission losses, effectively mitigating signal attenuation during
long-distance transmissions [8]. And surface waves exhibit a distinctive charac-
teristic of adhering closely to surfaces, facilitating stable and efficient propagation

within a two-dimensional (2D) plane. And the power distribution of surface waves
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concentrates predominantly near the surface and experiences rapid attenuation as
one moves away from the vertical surface, this phenomenon suggests that proximate
substrates situated near antennas or waveguides can function as direct propagation
medium in SWC. This quality effectively diminishes the interference between sur-
face wave signals and other space signals within a three-dimensional (3D) space,
thereby mitigating mutual interference. Furthermore, this implies that SWC can
function without the stringent requirement to allocate distinct frequencies to cir-
cumvent aerial interference. Consequently, this yields a diminished demand for
supplementary spectrum resources, thereby optimizing the utilization of available
spectrum. Moreover, due to the focused and confined propagation path along the
medium surface, surface waves exhibit enhanced resilience against external interfer-
ence in short-distance transmissions. Additionally, as depicted in Fig. 1.2, surface
waves can propagate reliably on interrupted and curved surfaces. It shows that sur-
face waves are still able to traverse gaps and continue gliding along the surface.
These characteristics underscore the robust connectivity of surface waves and their

well-suited practicality in various application [1].

In recent years, there has been a notable increase in the widespread application
of surface waves across various domains. Within network-on-chip (NoC) systems,
surface waves have been proposed as a viable option for achieving high-speed com-
munication and data transmission. By integrating multiple miniature antenna units
on chips, surface waves can be utilized to establish flexible communication paths be-
tween nodes [9, 10]. In the realm of wearable devices, surface wave antennas have
shown potential for facilitating information transmission and reception between the
human body’s surface and the surrounding environment [11, 12]. Furthermore, the
emergence of surface wave fluid antennas, a novel antenna technology that com-
bines fluid metal with surface waves, holds promise. This technology enables the
manipulation and radiation of surface waves by controlling the properties and flow
state of the fluid medium [13, 14]. Additionally, in industrial environment, surface
waves are being explored as an alternative to reduce overall lifecycle costs. Lever-

aging surface waves for signal and energy transmission in industrial equipment and
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systems can lead to decreased costs associated with cables while enhancing relia-
bility and flexibility [15].

In summary, the control and manipulation of surface waves through metasur-
faces or reconfigurable surfaces, as pointed in Fig. 1.1, allow for the regulation of
their propagation characteristics, transmission paths, and radiation effects, thereby
expanding their applications in fields such as communication, sensing, and optics.
Despite facing challenges in both theory and practice, including issues like multi-
path interference and pathway allocation, surface wave communication presents a
potential novel approach and solution for the design and optimization of modern
communication systems. Consequently, this thesis aims to investigate a reconfig-
urable platform based on the fundamental principles of surface waves to address
the existing challenges and enhance SWC systems. By utilizing this platform, pre-
cise controlling surface waves can be exerted over critical propagation character-
istics, such as propagation direction, power allocation, frequency selection, and
other key features associated with surface waves. Furthermore, this thesis delves
into the exploration of SWC technology in various domains, including NoC com-
munication, indoor secure communication, and Non-Line-of-Sight (NLOS) com-
munication. The vision of this thesis is to provide research-based support for the
advancement of intelligent and highly efficient communication technologies based

on surface waves.

1.2 Research Motivations

The motivations behind this research stem from the challenges and opportunities
presented by surface wave applications where it is common to encounter scenar-
ios with multiple simultaneous propagation ends ', where each end serves as a
transceiver for dynamic and flexible multi-end in SWC. However, on common even
homogeneous surfaces, surface waves generally propagate and diffuse across the

entire surface [16]. This introduces several existing challenges in SWC: 1) The

IThroughout this thesis, the term *end’ is used as a general term to refer to both the transmitting
and receiving nodes of communication links, as well as the terminal devices of the communication
system, such as waveguides or user devices like computers, smartphones, and sensors in surface
wave communications.
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propagation path of surface waves cannot be dynamically controlled, preventing
the adjustment of the directional propagation of surface waves for achieving flex-
ible SWC. 2) Surface wave multipath interference: Since surface waves originate
from different points and propagate along the surface, multiple surface waves cor-
responding to different propagation pathways can reach the receiving end totally.
This leads to mutual interference, causing phenomena such as delay spread and ad-
versely affecting signal quality and reliability. 3) Surface wave fast fading: Due to
multiple reflections and diffractions of surface waves along different pathways, the
phase and amplitude of surface waves undergo changes upon reaching the receiving
end. As a result, the received signal strength becomes unstable, posing difficulties
in accurate signal recovery and demodulation. 4) Surface wave transmission Secu-
rity: The broadcast of surface wave signals, without specific dedicated propagation
pathways, presents challenges in selecting receiving ends. Additionally, the lack
of predefined pathways makes SWC vulnerable to potential signal interception and

disruption, thus compromising its security.

Clearly, the above issues also arise in traditional wireless communications. The
distinction lies in the context of SWC, ideally, these challenges and questions can
be addressed by implementing specific SWC pathways to concentrate and control
the propagation directions of surface wave signals on the surface. However, the
current research progress in manipulating the direction of surface wave propagation
is still limited, lacking the necessary flexibility to adapt to diverse communication
needs and changing environments. These limitations motivate the investigation of
dynamic control over the direction of surface wave propagation using dedicated
propagation pathways. In order to solve these existing issues, this study considers

the following research directions as follows:

Dedicated pathways: Research should focus on studying directional transmission
and end-to-end communication schemes with dedicated propagation pathways to

mitigate the effects of multipath interference effectively.

Flexibility and adaptability: The development of a reconfigurable hardware ar-

chitecture capable of dynamically controlling the direction of surface wave propa-
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gation is essential. Such an architecture would enable flexible adjustment of SWC
pathways according to communication requirements and network typologies while
minimizing energy consumption.

Multi-end support: Current surface wave research has primarily concentrated on
single-input single-output (SISO) architectures, with limited exploration of single-
input multiple-output (SIMO) or multiple-input multiple-output (MIMO) architec-
tures. A shared SWC platform with multi-end support demands dynamic control of
surface wave propagation direction, enabling simultaneous resource sharing among

multiple ends, thereby enhancing system capacity and scalability.

Enhanced communication quality: By dynamically controlling the direction of
surface wave, signal propagation pathways and propagation environments can be
optimized, leading to reduced attenuation, interference, and propagation delay.
These improvements significantly enhance communication quality, decrease bit er-

ror rates, and enable more reliable data transmission.

In addressing these challenges, this thesis has contributed correspondingly, as

detailed in Section 1.3 and supported by relevant publications in Section 1.4.

1.3 Thesis Organization and Main Contributions

Following this introductory chapter, the subsequent chapters of this thesis are or-
ganized as follows. Chapter 2 presents an introduction to fundamental theories
and the latest research works related to surface waves. Driven by the research
motivations outlined in Section 1.2, this thesis have sequentially constructed four
technical chapters on reconfigurable surface wave platforms, specifically addressing
the mathematical analysis model, reconfigurable pathway and distribution pathway.
These chapters, in order, are Chapter 3, Chapter 4 and Chapter 5, respectively, com-
prehensively exploring the effectiveness of reconfigurable surfaces in a progressive
manner. Finally, the conclusions of this thesis and future works based on the find-
ings are summarized in Chapter 6. The following section provide a summary of the

content and contributions of each chapter.

In Chapter 2, an extensive examination is conducted on the fundamental theo-
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ries and recent research pertaining to surface waves. The equations describing the
field strength and surface impedance of surface waves are presented, providing a
detailed demonstration of the inherent propagation characteristics of surface waves
as carriers of information. Drawing upon this foundational knowledge, a range of
simulation results is provided to illustrate the uninterrupted propagation capabili-
ties of surface waves on surfaces that are non-uniform and non-flat. Moreover, the
unique advantages of surface wave communication are emphasized, including char-
acteristics such as low loss, resistance to interference, and energy efficiency, setting
it apart from conventional communication systems based on space waves. Further-
more, several potential application scenarios are thoroughly explored, such as out-
door communication employing reconfigurable intelligent surfaces (based on Paper
8 in publications’ Section 1.4), indoor communication incorporating enhanced se-
curity measures (Paper 7), and the conceptualization of a network-on-chip based on

surface waves.

In Chapter 3, the proposal of a novel reconfigurable surface wave platform
is presented (Paper 5), along with a discussion of its geometric structure, work-
ing mechanism, and the mathematical model (Paper 6). The platform introduces a
porous architecture that allows for the dynamic manipulation and control of surface
wave propagation pathways (Paper 4). Furthermore, a corresponding mathemati-
cal analysis model is introduced to consider scenarios where multiple surface wave
rays follow different paths, taking into account multiple reflections and transmis-
sions at the wall. This model provides expressions for the cumulative field strength
at specific measurement points on the surface, both within and beyond the metal
wall pathway (Paper 3). Moreover, the influence of surface materials, metal wall
material, and pathway width on the propagation characteristics is investigated in

both short and long-distance transmission scenarios.

In Chapter 4, the straight pathway within the reconfigurable surface wave plat-
form is subjected to comprehensive experimental measurements, utilizing a 3D-
printed prototype and lossy Polytetrafluoroethylene (PTFE) (Paper 2). The analysis

of path loss in the physical environment is conducted at different propagation dis-
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tances and operating frequencies. Furthermore, the measurement and evaluation of
various key factors, such as pathway widths and the number of metal wall layers,
are performed to ascertain the optimal structure for the surface wave pathway. All
experimental results are compared with their corresponding simulation outcomes.
In addition, the design of a T-shaped reconfigurable surface with an adjustable junc-
tion is undertaken to facilitate the directional switching of surface wave propagation
between a straight pathway and a pathway with a 90° turn (Paper 2). The attenua-
tion characteristics of surface waves propagating along these two distinct pathways
are measured and subjected to a comparison. Additionally, different corner con-
figurations are examined within the 90° turn pathway, and the optimal shape with

minimal turn insertion losses is determined.

In Chapter 5, the utilization of the reconfigurable surface wave platform with
an adjustable T-junction is implemented to partition a surface wave signal into two
segments along distribution pathways (Paper 1). The effectiveness of the split and
guided surface waves, with minimal interference, is demonstrated by comparing
the results of simulations and experiments. The analysis focuses on examining the
impact of key physical parameters of the T-junction, including splitting depth, split-
ting shape, and symmetry or asymmetry. Furthermore, the feasibility of achieving
varying power ratios and frequency dependence through the utilization of the re-

configurable T-junction is investigated.

In Chapter 6, the summary of the thesis is provided in Section 6.1, offering a
comprehensive overview of the key findings. The chapter also delves into the exist-
ing limitations and challenges of the surface wave platform in Section 6.2, propos-
ing potential remedies and research strategies. Additionally, this section outlines
potential research directions for future surface wave studies and an ideal digital

control model.

In the Appendices, detailed derivations of the surface wave excitation process
and equivalent surface impedance are presented. This chapter also concludes by
providing the field strength expressions for surface waves and summarizing the

equivalent transmission line model. These derivation formulas serve as the theo-
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retical foundation for the discussions on surface waves in this thesis.

1.4 List of Publications

The contributions discussed in Section 1.3 have resulted in the publication of three
submitted journal papers (under review), three conference papers, and two magazine

papers.
Journal papers:

1. Z. Chu, K.-F. Tong, K.-K. Wong, C.-B. Chae, and C. H. Chan, “On prop-
agation characteristics of reconfigurable surface wave platform: Simulation
and experimental verification,” IEEE Transactions on Antennas and Propa-
gation. (submitted August 2023, under review)

2.Z. Chu, K.-F. Tong, K.-K. Wong, C.-B. Chae, and Y. Zhang, “Reconfig-
urable surface wave divider,” Nature Scientific Reports. (submitted August
2023, under review)

3. Z. Chu, K.-K. Wong, and K.-F. Tong, “Study on surface wave path loss in
reconfigurable surface guided pathways,” IEEE Transactions on Communi-

cations. (in preparation)

Conference papers:

4.7Z. Chu, K.-K. Wong, and K.-F. Tong, "Enhancing and localizing surface
wave propagation with reconfigurable surfaces," in 2021 International Sym-
posium on Antennas and Propagation (ISAP), pp. 1-2, October 2021, Taipei,
Taiwan.

5.Z. Chu, K.-K. Wong, and K.-F. Tong, "Reconfigurable surface wave plat-
form using fluidic conductive structures," in 2021 IEEE International Sym-
posium on Antennas and Propagation and USNC-URSI Radio Science Meet-
ing (APS/URSI), pp. 909-910, December 2021, Singapore.
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6. Z. Chu, K.-K. Wong, and K.-F. Tong, "On Surface Wave Propagation Char-
acteristics of Porosity-Based Reconfigurable Surfaces," in 2022 Asia-Pacific
Microwave Conference (APMC), pp. 479-481, November 2022, Yokohama,

Japan.

Magazine papers:

7. K.-K. Wong, K.-F. Tong, Z. Chu, and Y. Zhang, "A vision to smart radio
environment: Surface wave communication superhighways," IEEE Wireless
Communications, vol. 28, no. 1, pp. 112-119, 2020.

8. A. Shojaeifard, K.-K. Wong, K.-F. Tong, Z. Chu, A. Mourad, A. Haghighat,
I. Hemadeh, N. T. Nguyen, V. Tapio, and M. Juntti, "MIMO evolution be-
yond 5G through reconfigurable intelligent surfaces and fluid antenna sys-

tems," Proceedings of the IEEE, vol. 110, no. 9, pp. 1244-1265, 2022.

Awards:

1. Best Student Paper Award for the paper “Enhancing and localizing sur-
face wave propagation with reconfigurable surfaces” (list of authors in order:
Zhiyuan Chu, Kai-Kit Wong, and Kin-Fai Tong) presented in International
Symposium on Antennas and Propagation (ISAP 2021), 19-22 October 2021,

Taipei, Taiwan.
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Fundamental Theories and Related

Works

2.1 Introduction

This chapter delves into the fundamental theories and recent research in surface
wave communication, providing a comprehensive overview. It begins by organiz-
ing formulas that establish the correlation between the field strength and surface
impedance of surface waves, which detailedly demonstrates the propagation char-
acteristics inherent in surface waves as information carriers. Building upon this
foundation, the chapter proceeds to present various simulation results that high-
light the uninterrupted propagation capabilities of surface waves on non-uniform
and non-flat surfaces. Additionally, the chapter emphasizes the advantages of sur-
face wave communication, including low loss, interference resistance, and energy
efficiency, distinguishing it from conventional space wave-based communication
systems. Moreover, the chapter explores potential application scenarios, offering
in-depth discussions on outdoor communication utilizing reconfigurable intelligent
surfaces, indoor communication incorporating enhanced security measures, and the
conceptualization of NoC based on surface waves. And these scenarios highlight
the potential diversity and substantial impact that surface wave communications can

have in various application domains.
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2.2 Zenneck Surface Wave

Zenneck surface wave (ZSW) is a type of surface waves that propagates along
the interface between a metal-dielectric surface and free space. It is named after
Jonathan Zenneck, who first derived the wave solution for this phenomenon on non-
uniform surfaces in the late 19th century [17, 18]. ZSW exhibits the unique charac-
teristic of tightly adhering to the surface, enabling stable and efficient propagation
in a 2D plane [19, 4]. And then the definitions and derivations related to ZSW have
be summarized in [20, 21]. It clarified the types of surface waves, including ZSW,
which is supported by a specific metal-dielectric surface, also known as a coated
dielectric conductor. ZSW is distinguished by its excitation mechanism, which in-
volves electromagnetic excitation on the surface by space waves rather than antenna
radiation or scattering directly, and its propagation in the transverse-magnetic (TM)
mode along the propagation surface. And other types of surface waves may in-
deed exhibit different propagation modes, such as transverse-electric (TE) or hybrid
modes. However, despite these variations in propagation modes, they still present
similar propagation characteristics with ZSW. It is worth noting that ZSW demon-
strates a remarkable ability to tightly propagate 2D surfaces as mentioned. The
power distribution of surface waves near the surface, which can be referred to as
tightness, is influenced by the impedance of its propagating surface. In general, a
higher surface impedance serves to confine the ZSW more effectively, resulting in
rapid attenuation of surface waves away from the surface vertically [22, 23, 24]. Un-
like free space waves, ZSW, as a special solution of cylindrical waves, exhibits path
loss that is directly proportional to the propagation distance d, rather than follow-
ing the squared distance d? of free space waves. This indicates that utilizing ZSW
as information carriers can significantly reduce path loss. However, in the previ-
ous century, researchers are limited by the lack of technical equipment to perform
simulations or experiments, which led them to focus primarily on the excitation
and propagation phenomena of surface waves, resulting in limited understanding of
surface wave’s applications.

In recent years, with the rapid development of communication technologies
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Figure 2.1: Illustration of surface wave excitation by the incident space wave with Brew-
ster’s angle of incidence on a dielectric-metal surface.

in various application scenarios such as NoC, wearable devices, and smart home
devices, as well as the emergence of programmable metasurfaces, the exploration
of surface waves has regained attention. And the increasing technology for precise
control over the phase, amplitude, and propagation direction of electromagnetic
waves has prompted the research of surface waves which have the potential to act
as a more stable and promising information carrier.

For a systematic elucidation of surface waves, referred to as ZSW, in this thesis,
Section 2.3 will further discuss the electromagnetic theory and propagation charac-

teristics of surface waves !

. Section 2.4 will highlight the advantages of surface
waves, while Section 2.5 will delve into the relevant research efforts in this field.

Lastly, Section 2.6 will explore potential application scenarios for surface waves.

2.3 Electromagnetic Theory and Propagation Char-
acteristics

2.3.1 Field Strengths

The geometry of a flat dielectric-metal surface is illustrated in Fig. 2.1 from a front
view. It consists of a dielectric layer on top and a metal ground layer at the bottom.
Above the dielectric layer, an air layer is present, which can also be considered as a

free space environment. The air layer has a permittivity of g9 = 8.854 x 10™12F/m

ILater in this thesis, the term ’surface waves’ is used instead of *Zenneck surface wave’ to facil-
itate the discussion of extensive research and applications based on surface waves.
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and a permeability of g =47 x 10~7H/m. In the dielectric layer, the thickness is
represented by /4 and the relative permittivity by &,. And in the metal ground layer,
the thickness is denoted as 4, and the electrical conductivity as o,. It is noted that
the dielectric-metal surface is composed of non-magnetic materials, resulting in a
magnetic permeability equivalent to py.

From this front view, an interface x — z plane is formed between the air and the
dielectric-metal surface. When this surface is incident by the space wave parallel to
the x — z plane, originating from a transducer in an optically thinner medium, such
as air in this example, at an incident angle equal to the Brewster’s angle 6p, the
incident wave will be transferred to the surface wave and become "trapped" on the
surface. And it will propagate along the surface in the +z-direction. For a detailed
derivation of the excitation process of surface waves on the surface, please refer to
Appendix A.1.

It can be seen that the magnetic field (H-field) H y 2 of the excited surface wave
is perpendicular to the incident x — z plane, while the electric field (E-field) E, and
E, are parallel to the incident plane. And the derivation of surface waves as cylin-
drical waves is obtained by solving the Bessel equation in [22]. By deriving the
Maxwell’s equations under the boundary conditions of a multi-layer structure, as-
suming that the incident wave is a normally attenuated plane wave, the field strength
for the electromagnetic surface wave can be obtained as shown in (2.1) [21]. The
derivation of the Maxwell’s equations for these equations is provided in Appendix

A3.
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where X, §, and Z denote the unit vectors in the +x, +y, and +z-directions, respec-

2The bold symbols with a superscript are emphasized as direction vectors in this thesis.
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tively. A is the amplitude constant, d is the propagation distance of the surface wave
along the surface in the +z-directions, w is the angular frequency, 7 is the time, yq is
the propagation coefficient in free space, y, and vy, are the propagation coefficients
of the surface wave in the +x and +z-directions, respectively. And these propagation

coefficients can be written as

Yo =Jjk = jwHogo
Yx = @+ JBx 2.2)
Ye=az+]jBz,

where j is the imaginary unit, k is the wave number, @, and «, are the attenuation

constants, and S, and B, are the phase constants in the corresponding directions,

respectively, which can be given as
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where the attenuation constants a, and a, determine the rate at which the field
strengths of the surface wave attenuate in the +x and +z-directions with increasing
distance. It can be observed that their values are affected by the relative permittivity
e, and thickness A, of the dielectric layer. Here, A represents the skin depth of the

surface and can be written as
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In order to explain a clear depiction of the propagation process of the sur-

face wave, Fig. 2.2 presents an illustrative example of a flat dielectric-metal sur-
face along with its corresponding surface wave simulation results at a frequency
of 30GHz. This set of experiments is conducted at 30 GHz with the wavelength
A =10mm, and the propagation distance d is set to 600 mm. The relationship be-
tween the propagation distance and wavelength can be easily calculated. In the top
view, it can be observed that the surface wave is excited by the space wave emitted
from the transducer 1, referred to as a waveguide here, and then bound by the sur-
face and propagates along the surface in the +z-direction towards the transducer 2,
which serves as the receiving end. Furthermore, from the front view, it can be ob-
served that both the surface wave and space wave coexist on the right-hand side of

the transmitting end, transducer 1. This phenomenon can be addressed by design-
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Figure 2.3: Two simulation examples of the flat dielectric-metal surfaces with surface
impedance of Z; = j120€2 and j250Q.

ing transducers that closely match the surface, thereby suppressing the divergence
of space wave in the air layer and enhancing the excitation efficiency of surface
wave [25]. And from the top view, it can be seen that the surface wave uniformly
spreads across the entire surface. As discussed research motivations in Section 1.2,
the presence of uncontrolled diffused surface wave reaching any receiving end on
the propagation surface can result in significant multipath interference, thus de-
grading the quality of SWC. This issue will be further investigated in subsequent

research conducted within this thesis.

2.3.2 Surface Impedance

The ability to confine surface wave on a propagation surface is determined by the

surface impedance of the surface. It can be given as

Zs = Rs +sz
2.5)
E. 7y A (e:=1) A (
= ——" = = —+ h + —
Hy jweo WHo ) JwWHo e, d K

where R; is the surface reactive resistance as the real part of Z; and Xj is the surface

inductive reactance as the imaginary part of Z; given by

2.
- +3 (2.6)

For a detailed derivation of the excitation process of surface impedance, please
refer to Appendix A.2.

From (2.3) and (2.6), it can be observed that a high inductive reactance re-
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Figure 2.4: A example of surface wave propagating over a curved surface with 90° corner.

sults in a high attenuation constant «,, indicating greater attenuation away from
the surface in +x-direction. In other words, the surface wave becomes more tightly
bound near the surface. The surface impedance can be adjusted by manipulating
the relative permittivity &, and thickness h; of the dielectric layer. Fig. 2.6 illus-
trates two simulation examples of flat dielectric-metal surfaces with different sur-
face impedances of Z; = j120Q and Z; = j250Q. It is evident that the surface wave
is more bound on the surface with Z; = j250€2 and dissipates more rapidly in the
in +x-direction. Therefore, in practical applications, surfaces with high inductive
reactance are preferred to reduce interference in the air layer in a 3D space. Ad-
ditionally, high surface reactance can also be achieved through corrugated metal
surfaces with periodic protrusions [21]. Nevertheless, for application scenarios in
the millimeter-wave frequency band, coated dielectric-metal surfaces are easier to

design and fabricate.

2.3.3 Various Propagation Surfaces

Another significant characteristic of surface waves is their ability to propagate over
various surfaces, indicating that the surface does not need to be perfectly flat for
transmission to occur. This greatly expands the design possibilities and application

scenarios for SWC. Fig. 2.4 depicts the case of a curved surface, where the surface
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Figure 2.5: Two examples of surface waves propagating over (a) a surface with 45° sharp
turns and (b) a surface with a gap.

wave continues to propagate smoothly around a 90° corner. The results demonstrate
that even at the curved corner, the surface wave maintains significant radiated power.
The prominent presence of space wave is caused by the sharp edge discontinuities
on the relatively narrow surface. Furthermore, the surrounding space wave and
reflected wave can be disregarded since the transducers are solely responsible for
generating the surface wave.

And Fig. 2.5 (a) further demonstrates that surface wave propagation persists
even with 45° sharp turns on the surface, although these turns introduce additional
space wave. In practical applications, angled surfaces can be utilized to generate the
required space wave for reaching user equipment located away from the surface.
Additionally, surface wave exhibit remarkable resilience to gaps on the surface,
even when installed in outdoor environments. Fig. 2.5 (b) investigates this scenario
and examines the impact on surface wave propagation. It is evident that the gap
introduces discontinuities and it leads to the emission of space wave, with larger
gaps resulting in a greater amount of space wave. However, the surface wave is

still able to bridge the gap and continue gliding along the surface. These findings
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highlight the robust connectivity of surface wave and their practicality in practical

application scenarios.

2.4 Advantages of Surface Wave Communications

Based on the aforementioned theoretical understanding and propagation character-
istics of surface waves, several advantages of SWC can be summarized when sur-
face waves are utilized as the information carrier compared to traditional wireless
communication. It is worth noting that this section primarily focuses on discussing
the advantages and potential of surface waves. Limitations and challenges related
to surface waves and SWC, as well as the strategies employed to address them, are

listed in Section 6.2.1.

Low loss: Surface waves exhibit lower attenuation compared to traditional commu-
nication based on space waves as the propagation distance increases. Additionally,
they do not experience selective fading like space waves in free space due to en-
vironmental factors. This characteristic enables surface waves to maintain high

transmission quality over long distances.

Energy efficiency: Surface waves can achieve signal transmission with lower en-
ergy consumption. By utilizing the 2D surface of the medium for signal transmis-
sion, SWC can reduce the energy losses incurred by 3D propagation in the air. This
has the potential to optimize energy consumption for battery-powered mobile de-

vices and wireless sensor networks.

Reduced signal interference: SWC has the potential to mitigate signal interference
encountered during the surface wave propagation process through further optimiza-
tion design. Simultaneously, it can reduce susceptibility to surrounding electromag-
netic interference in 3D environment since it is based on 2D plate. This provides
SWC with robust resistance to interference, enabling more reliable and stable com-

munication connections.

Expanded propagation medium: Surface waves can propagate on various sur-
faces, including curved surfaces, gapped surfaces, and more. Despite the disconti-

nuities in the propagation surfaces, surface waves can still propagate and continue
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sliding along the surface. This greatly expands the versatility of propagation sur-
faces. Therefore, surface waves have the potential to utilize discontinuous surfaces
such as the ground or walls as the transmission medium, making them applicable
in practical scenarios such as NLOS communication between indoor and outdoor

environments.

By leveraging these advantages, SWC demonstrates great potential in various

application scenarios and they will be further discussed subsequently.

2.5 Related Works

The previous sections have addressed several fundamental propagation characteris-
tics of surface waves, emphasizing their advantageous features such as low loss and
minimal signal interference. In recent years, the promising applications of surface
waves in communication, sensing, and optics have garnered increasing interest and
attention among researchers [3]. Consequently, there has been a growing emphasis
on the manipulation and control of surface wave propagation. Drawing upon the ex-
isting knowledge and research accomplishments, this section aims to present recent

advancements in the field of manipulating surface waves.

In the early stages of research, surface waves were investigated in different
types of propagation surfaces, including flat surfaces [22], corrugated surfaces [21],
elastic surfaces [26], step surfaces [27], and curved surfaces [1], etc., as mentioned
in Section 2.3.3. When considering non-flat surfaces, the analysis of surface wave
propagation encompasses not only the inherent characteristics of propagation but
also the influences of surface irregularities. This is due to the fact that non-directed
wavefronts impinging on uneven surfaces result in phenomena such as reflection
and scattering, which impact the propagation, magnitude, and phase of surface
waves [28, 29, 30]. These findings provide the theoretical groundwork for fur-
ther designing intricate surface structures aimed at manipulating surface waves. By
judiciously selecting appropriate surface structures tailored to specific application
scenarios, the propagation performance of surface waves can be enhanced, effec-

tively meeting the communication requirements of targeted applications.
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Metasurfaces have emerged as a prominent research direction for manipulating
surface waves. In the microwave frequency band, metasurfaces are designed with
subwavelength structured units to control the interaction between incident electro-
magnetic waves and surface waves, thereby enabling precise control over surface
wave propagation. The subwavelength units of metasurfaces provide the capabil-
ity to manipulate important parameters such as phase, amplitude, and polarization,
which play a crucial role in determining the propagation direction, scattering be-
havior, and refraction characteristics of surface waves [31, 32, 33]. For instance, in
the case of a chessboard metasurface composed of complementary metallic patches,
modifying the connectivity of the patches can establish predetermined pathways for
guiding surface wave propagation [5, 34]. Chessboard metasurfaces can also exploit
dual resonances and surface wave suppression properties to reduce the broadband
radar cross-section, allowing for partial energy coupling of incident waves into sur-
face waves and mitigating electromagnetic wave reflection, which holds potential

for stealth applications [6, 35].

Furthermore, both isotropic and anisotropic metasurfaces offer means to ma-
nipulate surface waves [36, 37, 38]. Anisotropic metasurfaces, employing specific
materials, can effectively minimize the scattering losses of surface waves occurring
at sharp angles in physical environments [39, 40]. On the other hand, isotropic pe-
riodic metasurfaces printed on grounded dielectric substrates enable nearly perfect
conversion of incident space waves into surface waves [41, 42, 7]. Additionally, by
controlling the surface properties, it becomes possible to achieve perfect conversion
from TM surface waves to TM leaky waves, which holds promise for the realization

of ideal leaky wave antennas and similar devices [43].

Conversely, metasurfaces can also be employed to convert surface waves into
space waves [44]. Moreover, 3D frequency-selective surfaces with periodic rectan-
gular frameworks can be used as planar filters for surface waves, effectively restrict-
ing the transmission channels of surface waves. This structure supports the prop-
agation of parallel-polarized surface waves in specific channels within a desired

frequency range, exhibiting excellent band-pass frequency response [45]. There-
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fore, it can be seen that metasurfaces offer significant potential for achieving di-
rected propagation, suppressing scattering, transforming wave characteristics, and
enabling frequency selectivity of surface waves. Their applications span various

domains, including communication, radar, and antenna systems.

Another research direction involves the utilization of metasurfaces as auxil-
iary devices to enhance the transmission performance of surface waves. Recon-
figurable intelligent surfaces (RIS) have garnered significant attention, showcas-
ing their potential in the context of sixth-generation (6G) mobile communications
[46, 47, 48]. Serving as programmable propagation medium, RIS not only augment
signals through reflection but also function as intelligent beamformers, directing
signals towards specific receiving devices to improve signal quality and transmis-
sion efficiency [49, 50, 51]. Moreover, RIS deployment costs are relatively low,
while exhibiting remarkable coverage performance [52, 53]. The reconfigurability
of RIS presents novel opportunities for its application in surface wave scenarios.
On one hand, RIS can serve as a programmable propagation medium, thereby mit-
igating path loss and enabling more controllable communication. It enables the
adjustment of surface wave propagation directions, optimization of signal transmis-
sion paths, and enhancement of coverage range and transmission rates. On the other
hand, RIS can function as an intelligent reflective beamformer, dynamically adjust-
ing the direction and phase of surface waves to facilitate their directed propagation
and improve transmission efficiency [1, 2]. RIS, in synergy with surface waves, can
be flexibly deployed across diverse environments, including urban building walls,
indoor desktops, and various other application scenarios. This flexibility empowers
wireless communication systems with multiple options for deployment and cover-
age. Leveraging intelligence and reconfigurability, RIS can dynamically configure
and optimize the propagation direction of surface waves, adapting to different chan-

nel conditions and user requirements, as elaborated in Section 2.6.

Surface waves can also be employed in the design of metasurface antennas
that interact with surface waves [54, 55]. Among these, the most common are

leaky wave antennas at millimeter wave (mmWave) implemented by printing elec-
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tric patches or slotting on a planar grounded dielectric substrate [56, 57, 58, 59].
In such antennas, surface waves serve as the radiation mechanism for leaky waves.
Leaky wave antennas are typically designed with slots in the top dielectric layer
to radiate signals in one direction while minimizing radiation in other directions.
And the slot varies spatially to achieve the desired customized leaky wave effects.
In certain applications, the signal radiated by the antenna can leak through the di-
electric layer and propagate in the form of surface waves along the surface of the
dielectric. By incorporating specific slot designs in the dielectric layer, the gener-
ation and direction of surface wave propagation can be controlled in the physical
structure. Furthermore, this design allows surface waves to radiate into free space
as space wave. [60, 61]. Therefore, Leaky wave antennas enables control over
surface waves at certain directions, and also make the adjustment of surface wave

dispersion characteristics [62] and directional gain [63, 64].

Additionally, leaky wave antennas can be guided by integrating them with
substrate-integrated waveguides (SIW) [65, 66] or embedding them within the sur-
face, forming structures such as surface wave horn antennas. These antennas radi-
ate at the transmitter end, allowing leaky wave antennas to function as independent
units and expand their application domains [67]. The integration of surface waves
and leaky wave antennas through this design approach enables more flexible and
efficient electromagnetic wave radiation and beam control. In a traditional sense,
SIW represents a waveguide design technological approach. It realizes the amal-
gamation of microstrip lines and waveguides through the creation of a structured
waveguide on the substrate of a microwave circuit [68, 69, 70]. This diverges dis-
tinctly from gap waveguide technology, characterized as a gap waveguide method-
ology that introduces intricate structures within the interstitial space between two
conductor plates, thereby facilitating the transmission of guided waves [71, 72]. In
comparison to the two technologies above, the modification of the substrate struc-
ture in SIW holds greater potential for conceptualization as a platform facilitating
the propagation of surface waves. Its intrinsic potential lies in drawing inspiration

from the internal design principles of SIW and utilizing them to internally guide
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these surface waves.

Furthermore, surface wave fluid antennas have emerged as a new type of an-
tenna design based on the principles of surface wave propagation and fluid con-
trol [73, 74]. These antennas exploit the characteristics of fluid material and the
propagation mechanism of surface waves to achieve the radiation and control of
electromagnetic waves. In surface wave fluid antennas, fluid material are used as
the radiating medium, replacing traditional solid materials. By introducing specific
structures or fine-tuning the properties of the fluid medium’s surface, the excitation
and control of surface waves can be achieved. These structures can be periodic,
directive, or specially designed to generate the desired radiation effects and beam

characteristics [75].

In the high-frequency mmWave and optical spectrum, the study of surface
waves has also attracted extensive interest. In the field of high-frequency, surface
waves are commonly known as surface plasmon polaritons (SPPs), which arise from
the coupling between electromagnetic waves and the interface of metal surfaces or
metal nanostructures, and it itself is also a coupling of electromagnetic waves and
plasmonic waves [76, 16]. It should be noted, as discussed in 2.2, the ZSW can
propagate on both conductive and non-conductive surfaces, while SPP primarily
occurs on the surface of conductive materials, typically metals. When considering
structural design and control of surface waves in dielectric layers, the primary fo-
cus remains on ZSW. The control and utilization of surface waves in the optical
spectrum can be achieved through specific surface structures and control methods
[77, 78]. For instance, spatiotemporal modulated metasurfaces have been proposed
to achieve nonreciprocal beam control, where incident light beams are reflected
into forward-scattered far-field radiation and backward-scattered into near-field sur-
face waves [79, 80]. Additionally, embedding a parabolic reflector redirects surface
leaky waves into forward waves, enhancing the bandwidth of holograms and en-
abling wideband beam scanning [81, 82, 83, 84, 85]. These techniques offer new
possibilities for directional control and broadband applications of optical waves. On

the other hand, in the optical frequency range, transformation optics [86, 87] and
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stacked Eaton lenses [88, 89, 90] have been utilized to control the characteristics of
surface waves. By manipulating refraction in the terahertz regime, these approaches
enable directional control and focusing effects of optical waves, providing new so-
lutions for imaging and optical communication applications [91, 92]. Moreover,
surface waves find potential applications in flexible transient photonics and surface
wave biosensors. Flexible transient photonics exploit the transmission properties
of surface waves on curved and deformable materials, enabling the development of
flexible and stretchable photonic devices [93]. Surface wave biosensors utilize the
sensitivity of surface waves to the interaction between metal surfaces and biological
molecules, facilitating highly sensitive detection and analysis of biomolecules [94].
These studies on surface waves open up new avenues for innovation and applica-
tions in the field of optics, with potential implications in optical communication and

biomedical research.

In recent years, there has been a notable increase in the widespread application
of surface waves in various domains. In network-on-chip systems, surface waves
have been proposed as a viable option for high-speed communication and data trans-
mission. By incorporating miniature antenna units on chips, surface waves can
be excited and propagated on the substrate, enabling the establishment of flexible
node-to-node transmission paths [9, 10, 95, 96]. Surface waves find utility in wire-
less communication and sensing in wearable devices and body networks. Placing
surface wave antennas on wearable devices or the human body’s surface facilitates
the transmission and reception of information between the body surface and the
surrounding environment [11, 12, 97]. These applications offer novel solutions for
intelligent health monitoring, the Internet of Things, and personal communication.
The emergence of surface wave fluid antennas as a novel antenna technology, which
combines fluid metal with surface waves, is noteworthy. By controlling the proper-
ties and flow state of the fluid medium, surface waves can be excited, manipulated,
and radiated, thereby expanding the functionality and scope of antenna applications
[13, 14]. This antenna technology holds potential for applications in communica-

tion, radar, and wireless sensing domains. Moreover, in industrial environments,
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surface waves are being explored as an alternative to cables to reduce the overall
lifecycle costs. Leveraging surface waves for signal and energy transmission in
industrial equipment and systems can diminish the usage and maintenance costs
associated with cables while enhancing system reliability and flexibility [15].

To summarize, the control and manipulation of surface waves through metasur-
faces or reconfigurable surfaces enable the regulation of their propagation charac-
teristics, transmission paths, and radiation effects, thereby expanding their applica-
tions in communication, sensing, optics, and other fields. These studies provide new
insights and solutions for future wireless communication systems, antenna designs,

and optical applications.

2.6 Potential Application Scenarios

2.6.1 Outdoor Communication with Reconfigurable Intelligent

Surface

One potential application scenario for surface waves is their use as carriers for
outdoor communication along walls, as demonstrated in Fig. 2.6. This innovative
scheme, where surface waves and RIS collaborate, distinguishes itself from the pre-
vailing focus on passive RIS. When the base station emits space waves that reach
the RIS-installed wall, two propagation modes are expected to emerge. On the one
hand, the RIS can act as a reflective surface, manipulating the space wave’s reflec-
tion direction for direct reception at the user receiver (illustrated by the blue line).
On the other hand, by seamless switching, the RIS can convert the space waves into
surface waves, which then propagate along the RIS-installed wall, resulting in a
reduced path loss significantly. And surface waves can exhibit strong adherence to
the wall as above sections mentioned, causing significant attenuation of waves away
from the wall. Therefore, the interference from the surrounding air will be consid-
erably diminished and the possible interference concerns predominantly confined
to close proximity to the wall. And then, the RIS is expected to re-emit the wave
to reach the user receiver (illustrated by the black line). The simultaneous applica-

tion of these two propagation modes, combining the utilization of space waves and
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Figure 2.6: A communication scheme utilizing RIS-installed walls acting as both a reflec-
tive surface and a propagation surface, to enable seamless switching between
space wave and surface wave propagation modes in outdoor environments [1].
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Figure 2.8: The deployment of RIS on indoor walls and desktops to achieve secure com-
munication indoors [2].

surface waves, can enhance signal strength effectively at the user receiver.

And Fig. 2.7 showcases an architectural model featuring RIS-installed walls
in outdoor environments. In scenarios where multiple user receivers are in close
proximity to the building walls, space waves from the base station reach the wall,
propagate along its length as the surface waves, and then emerge to reach user 1. Si-
multaneously, surface waves can traverse discontinuous walls to reach the backside
of the building, propagating along the back wall to reach user 2. By circumvent-
ing obstacles and overcoming line-of-sight limitations, this approach will empower
the reliable NLOS communication. Furthermore, this communication scheme also
facilitates multi-user communications on the same time-frequency resource by par-
titioning their signals, resulting in expanded communication coverage and enhanced

reliability in complex scenarios.

2.6.2 Indoor Communication and Secure Transmission

In existing indoor smart communication solutions, communications relying on
space waves often unintentionally occupies the entire indoor space, as space waves
naturally propagate and disperse in various directions. And along different propa-
gation pathways, the reflection and diffraction of space wave from objects further
complicate interference patterns. In contrast, the utilization of surface waves will

offer a more simplified solution by confining signals primarily to the surface and
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Figure 2.9: A surface wave-based hybrid wired NoC to improve energy efficiency.

providing more predictable behavior. Fig. 2.8 illustrates the deployment of RIS on
indoor walls and desktops indoors. And numerous miniature antennas can be de-
ployed on these surfaces and devices, enabling directional control of signals emitted
by transmitters towards multiple indoor surfaces. By localizing all users relative
to the RIS infrastructure, optimal and efficient communication paths can be deter-
mined in this system.

This approach can significantly reduce the distance between surfaces with
transmitters and receiving users, while directional propagation of surface waves can
also minimize vulnerability to interference indoors. Furthermore, this communica-
tion scheme can enhance security by containing signals within close proximity to
the users, establishing secure zones. Notably, the reduced wireless communication
distance associated with surface waves allows for lower transmission power, posing

greater challenges for eavesdroppers at a distance.

2.6.3 Network-on-Chip Based on Surface Waves

In small size application scenarios, Fig. 2.9 illustrates a surface wave-based hybrid
wired NoC, which offers a potential alternative solution to address the scalability
and performance limitations inherent in traditional wired NoC systems. Conven-

tionally, wireline transmission is employed in NoC for information transfer, but
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this approach demands significant wired signal transmissions accompanied by ad-
ditional thermal loss to ensure communication reliability, thereby amplifying the
overall power consumption of the system. To mitigate this challenge, the surface
wave-based hybrid wired NoC integrates miniature single oscillator antennas at
specific transmitter nodes, generating surface waves that propagate within a 2D
substrate. When two distant on-chip nodes necessitate communication, they can
bypass multiple wired interconnects and directly transmit information through sur-
face waves, establishing direct communication with remotely configured receiving
nodes. This scheme of transmission not only markedly diminishes power consump-
tion but also reduces dependence on intricate wired network architectures and rout-
ing algorithms, ultimately augmenting system scalability and performance. Conse-
quently, the utilization of surface waves opens new avenues for the advancement of

NoC architecture.

2.7 Conclusions

The low-loss and interference-resistant propagation characteristics of surface waves
make them a promising carrier for highly intelligent wireless communication sys-
tems, potentially addressing the challenges posed by complex channel environments
and massive device connectivity. Compared to traditional wireless communication,
surface waves present stable propagation near the surface closely, expanding the
application scenarios of SWC. They are expected to work with RIS in new intelli-
gent communication environments such as outdoor NLOS communication, indoor
communication, and NoC architectures. In these scenarios, surface architectures
play a crucial role in dynamically controlling the propagation pathways on the sur-
face. This allows for flexible selections of transmitting and receiving nodes while
reducing surface wave crosstalk. Recent research has demonstrated the feasibility
of designing internal or on-chip structures on the surface architecture to manipulate
surface waves, which is an exciting development. However, the demand for recon-
figurable propagation pathways requires dynamic or digital control of surface waves

through adjusting surface structure instantaneously. This also adds to the challenges
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of further considering complexity and flexibility on the surface.
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Reconfigurable Surface Wave Plat-
form and Mathematical Model

3.1 Introduction

This chapter is dedicated to discussing a novel reconfigurable surface wave plat-
form, with a focus on its geometric structure, working mechanism, and the mathe-
matical model used to analyze its propagation characteristics. The platform intro-
duces a porous architecture that enables dynamic manipulation and control of sur-
face wave propagation pathways. To enhance adaptability and flexibility in complex
communication environments, the platform also incorporates fluid metal and mi-
crofluidics techniques. The mathematical analysis model considers multiple surface
wave rays following different paths and accounts for scenarios involving multiple
reflections and transmissions at the wall. It provides expressions for the cumulative
field strength within and beyond the metal wall pathway at specific measurement
points on the surface. To validate the effectiveness of the model, the theoretical
values obtained from the mathematical calculations are compared with the corre-
sponding simulation values. By utilizing this model, it becomes possible to predict
signal attenuation in both short and long-distance transmission scenarios on the plat-
form. Furthermore, the study investigates the influence of surface materials, metal

wall material, pathway width on the propagation characteristics.
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Figure 3.1: A reconfigurable surface wave platform with evenly distributed cavities that
can be filled with conductive fluid metal.

3.2 Reconfigurable Surface Wave Platform

3.2.1 The Proposed Surface Geometry

A proposed reconfigurable surface wave platform, designed to create dynamically
directed propagation pathways, is illustrated in Fig. 3.1. The platform consists of
a porous structure comprising a top dielectric layer firmly adhered to a conductive
metal ground. The dielectric layer is characterized by small-sized cylindrical cavi-
ties uniformly distributed across a 2D surface, with each cavity having a radius of
r and a height of h,;. Notably, the height of the cylindrical cavities matches that
of the dielectric layer. The spatial arrangement of the cavities is determined by the
distances denoted as wj, and w,, which represent the separation of the center points
in the horizontal and vertical direction, respectively.

To guide and isolate surface waves, conductive fluid metal is utilized to fill the

61



CHAPTER 3

cavities from the bottom of the metal ground. A cavity filled with fluid metal is
referred to as a "metal pin," and a column of pins forms a metal "wall" within the
dielectric layer. By forming two columns of metal walls, a dedicated propagation
pathway is created with a pathway width denoted as w,, representing the distance
between the two metal walls. It is important to note that the term "wall" here does
not indicate a physical structure protruding from the top of the dielectric surface.
Thus, after the liquid metal fills the cavities and forms the metal walls, the entire
dielectric surface remains flat without any protrusions. This allows for the flexi-
ble placement of electrical elements, such as transducers, on the surface without
disrupting the formation of dynamic pathways within the dielectric layer by fluid
metal. This significantly increases the flexibility in the positioning of the trans-
mitting and receiving ends in the physical environment, which will be discussed in
Section 4.3. And fluid metal exhibits low adhesiveness and high fluidity and will be
described in in Section 3.2.3. Furthermore, this surface platform also suggests that
this surface has the potential to work in synergy with other electric elements. For
instance, the compact-sized reflection units in RIS can be embedded on the upper
layer of the surface to capture and release space waves at arbitrary angles into the
surface, as discussed scenarios in Section 2.6. It also can be seen that two transduc-
ers are positioned at opposite ends of the pathway to emit and receive surface wave.
This configuration forms the fundamental structure for the directed propagation of

surface wave along the pathway.

In fact, as confirmed by simulation results, the pin structures guiding surface
waves can adopt uniform rectangles, circles, or other regular shapes, and even irreg-
ular forms, showcasing a high degree of flexibility. The preference for circular pins
is mainly because arranging them in the laboratory environment allows for versatile
combinations, as described in Section 4.3. Furthermore, as discussed in Section
2.5, the design of the cavity draws inspiration from the internal design principles of
SIW and utilizes them to internally guide surface waves. In traditional SIW, there
is a classical design approach. Due to the discontinuity of SIW’s vertical walls, ra-

diation leakage may potentially flow between the through-cavities. Therefore, it is
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crucial to determine the geometric proportions of the through-cavities to minimize
leakage and ensure overall transmission quality [70]. Considering that the metal
pins with the diameter 2r needs to mimic the behavior of a continuous metal wall,
and in comparison to the diameter, the spacing w, and wj between the through-
cavities must be kept relatively small (assuming it is a uniform porous surface,
wy, = wy). The diameter should be smaller than the wavelength A of the operat-
ing frequency, and a validated empirical formula for this adjustment is as follows

[69]:

wyandwy, <4r
1 (3.1

<
=3

In designing the cavity structure for this thesis, it primarily referred to the reg-
ularities of this formula. Simulation results indicate minimal leakage waves, almost
negligible, validating the formula’s appropriateness in the context of surface waves.
It is worth noting that although SIW provides inspiration for the design of cavity,
such a porous structure confines surface waves within pathways composed of metal
pins. However, the propagation and attenuation characteristics of surface waves dif-
fer from those guided by SIW. The most fundamental difference lies in the fact that
electromagnetic waves in SIW are confined to transmit within the SIW structure,
with both upper and lower layers being metallic. In contrast, surface waves prop-
agate along the open surface of the dielectric layer. Additionally, surface waves
are radiative, even though they rapidly attenuate in the direction perpendicular to
the surface. Moreover, as cylindrical waves, the attenuation mechanism of surface
waves differs from normal spherical waves, as demonstrated in Appendices A.l.
And the decay, field strength and propagation pathway characteristics of surface
waves will be elaborately discussed in subsequent sections. As for other surface pa-
rameters, such as dielectric height i, and pathway width w,, each of these factors

influences the propagation of surface waves. They will be further discussed.
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Figure 3.2: [llustration of the working mechanism of the proposed reconfigurable surface:
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microtubes to (») create or (¢) withdraw the dedicated surface wave pathway.

3.2.2 Working Mechanisms

Fig. 3.2 illustrates the working mechanism of the proposed reconfigurable sur-
face platform, showcasing its flexibility in guiding surface wave propagation. The
porous surface features cavities extending from the dielectric layer to the metal
ground, with interconnected microtubes located at the bottom, as depicted in
Fig. 3.2(a). Selected microtubes are employed for the controlled introduction of
conductive fluid metal into the corresponding cavities, dynamically filling within
the dielectric layer. To demonstrate the creation of a pathway, Fig. 3.2(b) exempli-
fies the simultaneous filling of a columnar arrangement of cavities with conductive
fluid metal, resulting in the formation of a coherent columnar metal wall. Con-
currently, the remaining cavities, except for those explicitly designated for pathway
creation, remain unoccupied. Surface waves subsequently propagate along the path-
way through internal reflections from the two columns of metal walls, effectively
guided by this pathway configuration. Conversely, Fig. 3.2(c¢) illustrates the path-

way’s withdrawal by systematically pumping the fluid metal out of the cavities via
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Galinstan (fluid metal) Plastic microtubes
& /)
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Figure 3.3: A sample of (a) conductive fluid metal, Galinstan, and (/) its use in a surface
prototype.

Dielectric layer

Cavities 5 Copper ground

the microtubes. This approach enables the creation of diverse surface wave propa-
gation pathways by arranging fluid metal pins in columnar configurations, facilitat-
ing the formation of cohesive fluid metal walls. Such flexibility holds promise for

various applications in the field of surface wave manipulation.

3.2.3 Fluid Metal and Galinstan

As introduced above, this reconfigurable surface utilizes fluid metal to create dy-
namic pathways. Fluid metal offers several advantages due to its low melting point,
including excellent thermal and electrical conductivity, low adhesiveness, and high
fluidity [98]. These properties make it suitable for a wide range of applications
such as flexible electronics [99], wearable electronics [100] and fluid pumps [101].
Fig. 3.3(a) provides an example of Galinstan (a type of fluid metal alloy composed
of gallium, indium, and tin) exhibiting a fluid state and good electrical conductivity
0y =3.46X 10 S/m at room temperature. And Table 3.1 from [102] presents a com-
parison of different materials at room temperature. It is evident that Galinstan pos-
sesses the advantages of both high electrical conductivity and a low freezing point.
Additionally, when compared to other liquid metals, Galinstan exhibits several ad-
vantages for laboratory use. In comparison to mercury and mercury-containing
alloys, Galinstan is characterized by low toxicity. Relative to sodium-potassium

alloys, Galinstan is more stable and less sensitive to air and water, demonstrating
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Table 3.1: Comparison of different materials. All measures at room temperature
(Eutectic Gallium-Indium (EGaln) is a homogeneous alloy that consists
of approximately 25% indium and 75% gallium)

Non-Metallic o Freezing point (C)
Water 78 0
Salt water (5%) 65 -2.5
Water 5% ethanol 77 -3
Metallic Conductivity (S/m) Freezing point (C)
Mercury 100 -39
eGain 3.42x10° 16
Galinstan 3.46x 10° -19

excellent oxidation resistance. In comparison to other fluid metals containing lead
and thallium, Galinstan significantly reduces potential environmental and health
risks.

In summary, Galinstan strikes a balance between electrical conductivity and
malleability. Subsequent analyses in this thesis will utilize Galinstan as a represen-
tative case study for fluid metals. As depicted in Figure 3.3(b), this thesis envisions
introducing Galinstan into the plastic microtubes of a porous surface prototype and

controlling the Galinstan to flow within a physical environment.

3.2.4 Microfluidics and Pumps

Furthermore, as shown in Fig. 3.4 (a), the reconfigurable surface integrated with
fluid metal is expected to be operated in combination with a multichannel pro-
grammable pump. They are connected via microtubes that are filled with fluid
metal. By applying microfluidic technology, precise manipulation and control of
small volumes of fluid metal at the microscale can be achieved [103]. By adjusting
the flow rate and pressure of the pump, dynamic control of the fluid metal entering
and exiting the cavity can be achieved. And then through the design of multiple
channels, precise delivery and distribution of the fluid metal into multiple distinct
cavities can be realized, enabling dynamic adjustments of the metal wall in a recon-
figurable surface. Fig. 3.4 (b) illustrates two examples of a multichannel peristaltic
programmable pump [104] and a syringe pump [105]. These multichannel pumps
allow for simultaneous control of fluid delivery in multiple channels.

Table 3.2 [104] provides the characteristics of a commercial multichannel peri-
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Table 3.2: The characteristics of a commercial multichannel peristaltic pro-
grammable pump (Darwin Microfluidics: YZ1515X-A)

Characteristics Multichannel pump
Flow rates 2 yL/min to 366.7 mL/min
Flow control and resolution Digital operation
Channel Up to 24 simultaneously

Graphic LCD Control pump parameters and running state

Power supply AC 110V 50/60Hz or AC 220V 50/60Hz
Power consumption < 50W
Tubing compatibility Can be compatible with multi-dimensional channels

Optional inside and outside diameters,

Silicone Microtubes ] .
the inner diameter can reach 0.5mm

staltic programmable pump (Darwin Microfluidics: YZ1515X-A). This pump offers
programmable operation modes and parameter settings. For instance, flow rates can
be set from 2L /min to 366.7L/min, and it can maintain up to 24 channels simul-
taneously. In the envisioned scenario, these channels, i.e., Silicone microtube inter-
faces, as shown in Fig. 3.4 (c¢), connect to an ideal 1 to N Silicone connector. This
connector links to one column of cavities on the porous surface. By connecting
every two channels to the connector by microtubes, the system can control the flow
of fluid metals into two columns of cavities, influencing the generation of a surface

wave propagation pathway.

A recent research [14] introduces novel adaptive strategies with fluids. In this
approach, non-metallic solutions (typically ionic water or electrolytes) are injected
at both ends of a short segment of fluid metal. Additional direct current circuits are
applied at the ends to generate signals controlling the position of the metal within
the microtube. This method inspires the possibility of controlling the propaga-
tion pathway with electrical signals. To achieve this, connecting the programmable
pump to a field-programmable gate array (FPGA) [106], a programmable logic de-
vice, can convert the desired pathway into digital signals to control the pump’s
channels. However, research on microfluidics and digital pumps is a complex and
ongoing process. The methods described in this section are in the early stages and
require further exploration. The subsequent chapters of this thesis will focus on

the structural aspects of reconfigurable surfaces and the electromagnetic properties
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Flat surface Porous surface

Relative permeability e, =2.1  Effective relative permeability ¢ =1.86

Figure 3.5: The transformation from the flat surface to the porous surface by introducing
even cavities.

Samplel Sample2
p=11.78%, & =1.95 TY_—Z’ p2=19.63%, 5=1.86
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v _EMeasured ® ®
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Fluid metal pins

*The relative permittivity of the surface in both samplesis ¢, =2.1

Figure 3.6: Two samples of porous surfaces, each having different densities of cavity dis-
tribution, i.e., porosity.

of surface waves. Experimental details, as described in Chapter 4, involve the use
of 3D-printed surfaces for a quick and straightforward evaluation of surface wave

propagation characteristics.

3.2.5 The Porosity of the Dielectric Layer

Furthermore, porosity serves as a fundamental parameter in the design of this re-
configurable surface wave platform. The variation in porosity, also referred to as
cavity distribution density, can potentially impact the propagation of surface wave.
Fig. 3.5 illustrates the transformation from a flat surface to a porous surface by
introducing evenly distributed cavities and Fig. 3.6 presents two surface samples
with different porosity form the top view. Here the values of porosity p is de-

fined as p = Scavity / Smeasured-unit Where Scayity denotes the top area of each cavity and
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Smeasured-unit 1S the top area of the measured unit (i.e., the rectangular area marked
in the figure). In the proposed porous surface with uniform cavity distribution, the
porosity will change the relative permittivity of the dielectric layer €, and it can be

estimated to be an effective value 8$ﬁ as [107]

et & [1+3&,+3p(1—¢,)]
T 14+3g.+p(s - 1)

: (3.2)

It can be seen that in sample 1 and 2, the porosities are p; = 11.78% and
p2 = 19.63%, respectively. And their corresponding permittivities are gfilf =1.95
and sfg = 1.86, respectively. Additionally, when calculating the surface reactance
in (2.6) of Section 2.3.2, it is necessary to consider &° effected by the porosity to

replace g, as

X, = . hg+—

eff _
& —1 A). (3.3)

Based on (3.2) and (3.3), the effects of different porosity on the surface wave

signal will be further discussed in Section 4.3.1.4.

3.2.6 Simulation Results

To visually demonstrate the ability of the proposed reconfigurable surface to guide
surface waves along dedicated pathways using two rows of fluid metal walls,
Fig.3.7(b) presents the simulation result of a 3D electromagnetic simulation of this
surface in guided wave model in computer simulation technology (CST) software.
It can be seen that surface waves are excited by Transducer 1, which takes the form
of a standard rectangular waveguide (WR). And then surface waves propagate along
the surface-air interface in an open environment until reaching Transducer 2 at the
right end, with the propagation direction denoted as the +z-direction. And it is ev-
ident that most of the surface waves are concentrated inside the created pathway
consistently.

In contrast, Fig.3.7(a) depicts the non-guided model where the surface wave
spreads across the entire surface where the cavities remain empty. To quantify the

improvement, the E-field power density is normalized at a reference point located
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Non-guided model
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Figure 3.7: The E-field contour of (a) a non-guided surface model, illustrating that the
surface wave spread over the entire surface, and (») a guided model where the
surface wave is guided along a straight dedicated pathway by two columns of
fluid metal walls in the reconfigurable surface geometry in Fig. 3.1 in CST at
26 GHz.
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Frequency domain solver
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Figure 3.8: (a) The simulation results of time- and frequency-domain solver in CST at
26 GHz and 28 GHz. (b) The results of mesh accuracy from —20dB to —40dB
in a broadband.

Smm (0.44) in front of the aperture of Transducer 1, set as value of 0dB. The re-
sults demonstrate that the surface wave decays to —2.2dB at the aperture of Trans-
ducer 2 along the straight pathway, with a propagation distance of 80mm (74),
while it diminishes to —15.1dB in the non-guided case. The concentration of the
E-field within the fluid metal-filled cavities along the straight pathway is clearly
observed. Moreover, the power outside the pathway is kept to be a low value of
—37.1dB, in contrast to the higher value of —6.2dB observed at the same position
in the non-guided scenario. This observation strongly suggests that the proposed re-
configurable surface is capable of creating an isolated propagation pathway to guide
surface waves and facilitate efficient SWC.

In CST, it is common to utilize both time-domain and frequency-domain
solvers to address the Maxwell equation system. The time-domain solver is pri-
marily based on a hexahedral grid, simulating the behavior of devices across the
entire broadband frequency range. Meanwhile, the frequency-domain solver allows
the option of either Hexahedral or adaptive grids, specifically useful for the design
and analysis of narrowband antenna problems. Opting for a finer grid can enhance
model accuracy but comes with an increased computational time cost. Therefore,
when determining the level of grid refinement, striking a balance between compu-
tational precision and efficiency is essential. In CST, the default recommendation

often leans towards Hexahedral, setting for providing better numerical stability and
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efficiency, especially when dealing with regular geometric structures. Additionally,
CST provides the option to adjust grid precision using the Accuracy setting.
Fig.3.8 (a) provides simulation results for the guided pathway model in Fig.3.7
(b) by using CST in both time-domain and frequency-domain solvers, with the fre-
quency set at a narrow band at f =26 GHz or 28 GHz, a sampling period of 10 mm,
and a mesh accuracy of —20dB (CST default recommendation). It is evident that the
results obtained from both solvers are essentially consistent. Additionally, Fig.3.8
() illustrates wideband simulation results for the time-domain solver applied to the
model in Fig.3.7 (b), with the frequency range set at f =23 GHz—30GHz and mesh
accuracy set at both —20dB and —40dB (simulation time longer, approximately 1.5
times that of —20dB). A comparative analysis reveals that the results at —20dB and
—40dB are nearly identical, indicating that —20dB is sufficient to achieve reason-
ably accurate simulation results. Subsequent analyses in this thesis will consider the
performance of surface structures across a wide frequency range, and therefore, all
simulation results are primarily based on the time-domain solver with Hexahedral

mesh accuracy=—20dB.

3.3 Mathematical Analysis Model

3.3.1 The Geometry of Straight Guided Pathway

To evaluate the path loss of surface waves along the dedicated pathway in this sur-
face wave platform, a corresponding mathematical analysis model is proposed to
derive the theoretical power distribution at specific measurement points within the
surface wave propagation pathway. For facilitating the analysis, the pathway is
conceptually simplified by substituting two complete metal walls for the columns
of cylindrical metal pins, as depicted in Fig. 3.9. This idealized model aims to ef-
fectively focus the surface wave propagation along a specific pathway and restricts
its spreading beyond the boundaries of the pathway. The investigation is primarily
concerned with the interface between the air and dielectric layer, precisely the y —z
plane where x = 0. The bottom center point of Transducer 1, serving as the source of

surface waves, is set as the origin (0,0, 0) of the xyz coordinate system. And within
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Figure 3.9: The geometry of the straight guided pathway created by two complete metal
walls embedded into the surface for analyzing the surface wave rays in dif-
ferent propagation paths from the source point (0,0,0) to the measured point
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Figure 3.10: (a) The distribution of the field strengths of surface wave rays in paths 1 —3
within the two layers of metal walls and (b) their E, at the measured point.
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the pathway, a targeted measured point is set as (0, yg,zo). Two parallel columns
of metal walls are embedded in the dielectric-metal surface, extending along the
+z-direction and aligning parallel to the transducer. They can be modeled as metal
plates with a electrical conductivity of o, possessing a length of /,, and a width of
wy,. The bottom of the metal walls maintains contact with the metal ground. And
the vertical separation between these two metal walls, denoted as w,, characterizes
the width of the guided pathway. To ensure the accuracy of subsequent simulation
findings, the height of the metal walls can be slightly increased beyond the height
of the dielectric layer. This adjustment can mitigate the introduction of extraneous
boundary conditions that may impact the electromagnetic field strength at the inter-
face of the air-dielectric layer. Additionally, the left initial ends of the metal walls
are aligned with the y = 0 axis, thus eliminating any gaps between the metal walls
and the emission aperture of the transducer along the +z-direction, consequently

precluding additional leakage of surface waves from gaps.

Theoretically, at the y —z plane with x = 0, surface wave rays are excited
by transducer 1 from the source point (0,0,0) within a semicircular region cen-
tered around the transducer. The propagation trajectory is denoted as the path m
(m € N*) ! where the surface wave ray travels from the source point to the mea-
sured point. The communication modeling method employed here is known as ray
tracing, which analyzes and optimizes the performance of communication systems
by simulating the propagation of light rays in the environment [108]. Typically,
ray tracing is utilized to predict the signal propagation paths, multipath effects, re-
flections, refractions, and attenuations under various environmental conditions. It
can also find applications in indoor positioning [109, 110]. In this model, m is an
integer tending towards positive infinity, indicating an infinite number of paths in
the ray tracing model. As shown in Fig. 3.9, it can be observed that the formation
of a unique direct surface wave path, path 1, extending from the source to the mea-

sured point as a direct line-of-sight communication path. In addition to path 1, all

IFor the sake of clarity, path’ refers to the trajectory of the surface wave ray excited by the trans-
ducer from the source point to the measured point, while the term ’pathway’ refers to the specific
channel created by the guided metal walls for surface wave propagation in this thesis.
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other surface wave rays in paths will undergo reflection between the two layers of
metal walls before reaching the measured point. For instance, considering single
reflection, surface waves in path 2 and path 3 from the source point will reflect at
the inner sides of the upper and lower metal walls, respectively, at reflection points

A and B, and then reach the measured point.

And Fig. 3.10 depicts the surface wave rays of paths 1 —3 within the two lay-
ers of metal walls, illustrating the distribution of the field strengths. As discussed
in Section 2.3.1, surface waves propagate in the TM mode, possessing E-field com-
ponents both in the vertical and parallel directions to the wave propagation. Given
that the wave propagation direction in each path is not solely in the +z-direction
anymore, the equation in (2.1) for field strengths should be adjusted accordingly.
Here, the E-field component E p 1s defined as the component along the direction of
wave propagation, while H, represents the H-field component. And it is crucial to
note that the direction of E » remains unchanged, still aligned with the +x-direction.

Thus, for any surface wave in path m, their field strengths should be written as

.\ 1

H, =p——=Ae "imer5pl0l g
Vdpn
Fe =4 \/—dy;wser_y”d'"e'”e"‘“’Qm (3.4)
m
£ ~ Yx —Ypdm —VxX  Jwt
E =—p—" Ae Vpimp=VxXpl Q
PP jwe "

where d,, represents the surface wave ray propagation distance in each path m. A
is an initial amplitude constant, which can be set as 1 for convenience in calcu-
lations. v, X, and p denote the corresponding unit vectors for the field strengths.
The parameter y,, represents the propagation coefficient along the direction of wave
propagation, which is equivalent to y, in (2.1). On the other hand, y, remains the
same as the one in (2.3) in the +x-direction. e/’ is the complex exponential func-
tion and can be omitted in subsequent derivations. It should be noted that Q,, is
defined as a set factor that accounts for the influence of multiple reflections along
path m from the source to the measured point on the values of field strengths. It

is evident that, for each path m, the phase and magnitude of the field strengths are
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influenced by only two variables, namely d,, and Q,,. Further discussion will be
conducted to determine the specific values of these variables.

From Fig. 3.10(a), it can be observed that in the direct path 1 and the reflected
paths 2 and 3, surface wave rays with different phases and magnitudes converge
at the measured point and undergo superposition of field strengths. Here, ki, k>
and k3 represent the direction of the wave vector. In general, the magnitude of E,
is much larger than that of E p» Which is determined by the values of y, and 7,.
Therefore, in this ray tracing model and subsequent simulations, the power of E,in
dB can be approximately considered as the power of the surface wave. Furthermore,
as shown in Fig. 3.10(b), since the field strength of E, always aligns along the x-
axis rather than varying in the y — z plane like E p and H, with respect to path m, the
analysis focusing on the superposition of E can ignore the wave decomposition in
the y — z plane, significantly simplifying the mathematical analysis. And then the
vector notation can be omitted, and subsequent analysis will focus on x-axis only

and consider E, as a scalar directly.

3.3.2 Signal Superposition Within the Pathway

n(n € N) is defined as the number of reflections experienced by a surface wave ray
propagating along a specific path between the upper and lower guiding metal walls,
from the source point to the measured point. Fig. 3.11 illustrates several examples
of paths ranging from »n = 0O to infinity in the y — z plane. Let w; and w, represent
the distances from the source point (0,0) to the lower and upper metal walls, re-
spectively, where wi +ws = w,,. As mentioned before, it can be observed that when
n =0, there is only one path, i.e., path 1, from (0,0) to (yg,z0) with a propagation
distance of d| = /y3 +z7 as shown in Fig. 3.11(a). As n increases when n > 1, there
are precisely two distinct surface wave propagation paths, labeled as 2n and 2n+1,
emerge as depicted in Fig. 3.11(b) — (f). For example, when n = 1, only paths 2 and
3 are present, and for n =2, paths 4 and 5 are the only ones that exist. This pattern
persists for higher values of n due to the fixed incident angles 6,, and 6;,; for any
path 2n and path 2n+ 1 from (0,0) to (yo,zo), corresponding to a given value of

n. Additionally, apart from the incident angles, each path has specific propagation
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Figure 3.11: The illustration of the surface wave rays in propagation paths within the metal
wall after (a) 0, (b) 1, (¢) 2, (d) 3, (e) 4 and (f) n times reflection and its

E-field and H-field components distribution at a reflection point.

78



CHAPTER 3

distances that can be determined using trigonometric functions as shown in each
figure. Therefore, it can be concluded that for any positive integer value of n, the
equations of incident angles and propagation distances for the corresponding paths

2n and 2n + 1 can be derived as follows

<0
wa+(n—1)w,+(nmod2) (wa+yo)
1
+(n—1mod 2) (w1 = yo) (3.5)

dyy = \/[w2+(n—1)wp+(n mod 2) (wa+yo)

+ (n—1mod 2) (wl—yo)]2+z(2), n>1,

6, = arctan

and

20
0 n = t
p+] = arc anwl_l_(n_l)wp+(n—1m0d2)(w2+y0)
1
) +(nmod ?2) (wi—yo) 3.6)

dyn1 = \/[wl +(n—=1)w,+(n—1mod 2) (w2 +yo)

+(nmod 2) (wy —yo)*+22, n>1,

where the symbol mod represents the modulo operation. The incident angles 65,
and 65,41 are constrained to the range (0, 5). It should be noted that as n approaches
infinity, these angles tend towards infinitesimally small values, while the propaga-
tion distances d», and d»,+| tend towards infinity. Fig. 3.11( f) illustrates the distri-
bution of incident and reflected E- and H-field field components of the surface wave
ray on the metal wall during single reflection. By applying the boundary conditions,
the equation for the reflection coefficient R of the TM mode surface wave can be

derived as

cos; — e, /o — sin? 6, o
A AT L R i (3.7)
cosb; + e, /eg—sin’ w

where 6; represents the common incident angle, and &,, denotes the permittivity

R(Qi’o-w) =

of the metal walls, which is defined by its electrical conductivity o,,. It can be

observed that the reflection coefficient R is primarily dependent on the incident
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angle and the electrical conductivity of metal walls.

Previously, it is mentioned that the surface wave rays are excited from the
source point of the transducer within a semicircular region. Theoretically, the field
strength of the surface wave ray is variable along different propagation directions
from the transducer, i.e., % —6;. The magnitude variation coefficient C can be found

in [25] as

Ow, (mr—26;)

Cgl: )
(0) = cos ==

(3.8)

where A is the wavelength of working frequency and w, denotes the aperture width
of a rectangular transducer.

Then, the equation for E, in (3.4) at the measured point (yg,zo) can be re-
formulated within this ray tracing model considering multiple surface wave rays.
For n =0, E exists in path 1. For n > 1, Ey», and E, 7,41 exist in path 2n and
path 2n + 1, respectively. Furthermore, the set factor Q,, = R"C is also taken into

account. Therefore, the following equations are obtained as

Yp 1 —vYpd1 ,~YxX
Ei1=A- —C (O e 7Pe™* ) n=0
) JWEo Vd;
7[7 n —y,d —YxX
Eiry=A C (62,) R" (07, Yp@an =Yk >1 .
x,2n ng()@ (62:) R" (O2n,0v) e e n (3.9
Ex,2n+1 =A .yp ! C(02n+1)Rn (02n+1,0—w) e_7pd2n+le_'yxx, n>1,
JWEO Vdap4

where R" represents the factorial of R raised to the power of n, indicating the cumu-
lative impact of n successive reflections on the surface wave ray within the bilateral
metal walls.

Furthermore, the E-field strength E, . at the measured point is a superposition
of the E, ,, for all rays that arrive at the measured point along different paths m in

this surface wave model as follows

Ex,c: x,1+z (Ex,2n+Ex,2n+l) s (310)
n=1
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The number of reflections n will approach positive infinity co numerically, re-
sulting in infinitely small incident angles 6,, and 6,41, as well as infinitely large
propagation distance d», and d»,+1, as shown in (3.5) and (3.6). Additionally, these
infinitely large propagation distances give rise to an infinite decay in path loss, caus-
ing the E-field values to diminish significantly and become negligible. As a conse-
quence, as n tends to positive infinity, the cumulative E-field strength E\ ., which

represents the summation of individual E-fields, will converge to a specific value.

To derive the general relationship between the propagation distance d and the
cumulative E-field strength E, . for the surface wave as a whole, the scenario is
considered where the source and measured points are both positioned along the
central line of the metal walls in the y-axis. The values are then changed to w; =
wy = WZ—”, vo =0, and zo = d; = d. By substituting these values into (3.5) and (3.6),

the desired relationship can be obtained as

05, = 02,41 = arctan

a4
\rwp +d? G.11)
don = dopsy = \JW?W5 +d2,

Furthermore, (3.9) can be rewritten as

1
E,1=A .)/p —e eV =
Jweo \d
1 d
Exon=Exon1=A .yp C|arctan ———
JweEo 4/n2w§,+d2 /n2w§+d2 (3.12)
x R"| arctan L,o'w e r V"zwg’ﬂlze_%‘x, n>1,
nzw%, +d?

Finally, substituting (3.12) into (3.10), the desired general cumulative E-field

strength E, . can be obtained as
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(o)
Ex,c =Ly1+ 2 Z Ex,2n
n=1

2y 1 - N )
=A—2 —e_yl’d+z ﬁ x C| arctan e Y Nmwptd
WE, n-w
Jjweo | 2Vd n=1 i n?w? +d>
XR"| arctan —————, 0, || e 7.

D) w
1/nzvv%, +d?

(3.13)

It can be observed that the cumulative E-field strength E, ., i.e., total E-field,
at a specific measured point within the pathway exhibits a significant correlation
with the propagation distance. Furthermore, the characteristics of the propagation
surface and the metallic material and width of the pathway exert notable influences
on the E-field. These factors will be further elucidated in the subsequent results of

Section 3.4.

3.3.3 Signal Superposition Beyond the Pathway

On the other hand, in this guided pathway analysis model, the signal of surface
waves outside the metal wall can also be calculated. Fig. 3.12(a) illustrates the
placement of the measured point (y,zo) outside the wall, where it is observed that
the surface wave ray in path 1 directly traverses the lower metal wall from the source
point to reach the measured point. And in Fig. 3.12(b), the ray in path 2 undergoes
single reflection at the wall and continues its propagation through the transmission
to reach the measured point. n (n € N) is also defined as the number of reflections,
and Fig. 3.12(c) — (f) provide the equations for the incident angles and propagation
distances for different surface wave paths.

It is significant to emphasize that outside the metal wall, each value of n only
corresponds to single propagation path rather than two, determined by trigonometric
functions, in contrast to the scenario within the confines of the metal wall discussed

in the previous section. Furthermore, Fig. 3.12( f) presents the distribution of the
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Figure 3.12: The illustration of the transmitting surface wave rays in propagation paths
outside the metal wall after (a) 0, (b) 1, (¢) 2, (d) 3, (e) 4 and (f) n times
reflection and its E-field and H-field components distribution at a transmission

point.
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E-field and H-field components at the transmission point on the wall. It can be ob-
served that the incident surface wave undergoes two refractions before traversing
the metal wall and reaching the measured point. The transmission coefficients for
twice refractions can be denoted as 77 and 7,. Typically, the width of the wall,
denoted as w,,, 1s much smaller than the wavelength, thereby permitting its negligi-
ble influence on practical calculations of propagation distance. And the following

equation can be get

0, =arctan ———
Yo+ nwp (3.14)

’

ntl = \/(yo+nwp)2+z(2), n>0,

And as shown in Fig. 3.12(f), the transmission angle 6; can be determined

using Snell’s law, given by

Qt:arcsin( ﬂsinHlf),sW:—jﬂ, (3.15)
\ & w

Then, based on the electromagnetic boundary conditions, the transmission co-
efficients 71 and T, for the first and second transmission of this surface wave ray

can be obtained as

2.cos 9;

cos 0+ /i—g - sinzelf
(3.16)

2cos 6,
cosb; + /2L —sin? 6,
Ew

It can be observed that both 77 and 7, can be written as equations involving

T (6;,00) =

T (6], 0) =

the incident angle 6; and the electrical conductivity of the metal walls o,. Conse-
quently, the equation for £}, in Path n+1 at the measured point, after n reflections

and two transmissions, can be given by

Yp 1
e i,

E =4 C (671

)R'TiT (6

v d . -
e Ow) € Pime™ 1 n > 1, (3.17)
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And the cumulative E-field strength E;. . for all rays that arrive at the measured

point along different paths can be written as

El =Y El . (3.18)
n=0

In Fig. 3.12(a), 6y is defined as the tilted angle included between the z-axis
and the line connecting the source and target points. Subsequently, the values
z0 = dcosfy and yg = dsinfy can be substituted into equations (3.16) and (3.17).
By simplifying the E-field strength E} . in (3.18), the following equation can be

obtained as

Yp 1
Jweg o 4\/(d sin00+nw,,)2+d2 cos2 6y

(3.19)

dcos 6 _ . T
XC(arCtan— e Vp\/(dsln90+nwp) +d? cos? 6y

dsinfy+nw,

dcos 8y

X R"TT, (arc tan ,O'W) AR

dsinfy+nw,

Similarly, the value of E, . at the measured point outside the pathway is also
influenced by factors such as propagation distance d. And the comparison of E-
fields between the interior and exterior pathways will be discussed in subsequent

results.

3.4 Results and Discussion

3.4.1 Inside Pathway in Short-Distance Transmission

The above derived equations regarding E, are expected to be validated through 3D
electromagnetic simulations conducted using CST software in this section. For the
simulations, a targeted operating frequency of 26 GHz is set, and WR-34 rectangu-
lar waveguides with dimensions of height #, =4.318 mm and width w, = 8.636 mm

are used as transducers. Fig. 3.13(a) illustrates that Transducer 1 is the transmit-
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Figure 3.13: (a) A surface geometry featuring the guided metal walls and the simulation
results for a range of surface configuration models including the (b)surface-
only, (c¢)Galinstan wall pathway and (d)Galinstan pin pathway.
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ter, while Transducer 2 acts as the receiver, both placed at opposite ends of the
dielectric-metal surface. A copper plate with a thickness of 4, = 0.05mm serves as

the metal ground.

To investigate the impact of different dielectric layers on surface wave prop-
agation, low-loss PTFE (g,; = 1.8, tané = 0.00005 at 26 GHz) and lossy PTFE
(/2 =2.1, tand = 0.0002 at 26 GHz) are chosen as the dielectric layers. To en-
sure consistency, their thicknesses are set to hg; = 2.95mm and hgp = 2.50mm to
achieve the same surface impedance Z; of j270€, as determined by equation (2.6).
This impedance value can theoretically enhance the excitation efficiency of surface
waves [25]. And please note currently the surface is not porous. Additionally, two
parallel metal walls with a width of w,, = 1 mm are integrated into the surface to
guide the propagation of surface waves. Different wall materials, including perfect
electric conductor (PEC, o, = o), copper (0. = 59.6 X 10° S/m), and Galinstan (as
fluid metal, o, = 3.46 X 10 S/m), are investigated to examine their influence on
surface wave propagation. And initially, the pathway width w, between the metal
walls is set to 9mm and later adjusted to 11 mm and 13 mm for comparative analy-
sis. The E, values are measured using multiple sampling probes along the central
axis in the +z-direction of the propagation pathway. The measured range, referred
to as the propagation distance d, spans from 100 mm to 2000 mm (2 m), with the po-
sition at 100mm serving as the normalized reference point. The parameter values

used in the simulations are summarized in Table 3.3.

For visual comparison, Fig. 3.13 presents simulation results for a range of sur-
face configurations, demonstrating the propagation characteristics of surface waves
in a surface composed of surface-only, Galinstan wall pathway, or Galinstan pin
pathway (proposed platform using porous surface). The surface-only model, as de-
picted in Fig.3.13(b), shows the diffusion of surface waves across the entire surface,
accompanied by a gradual attenuation of the field strength magnitude as the propa-
gation distance d increases. Conversely, Fig. 3.13(c) demonstrates that the pathway
formed by Galinstan walls effectively concentrates the propagation of surface waves

within the pathway while preventing their transmission beyond the Galinstan walls.

87



CHAPTER 3

Table 3.3: Parameters used in mathematical models and simulations

Parameter Value

operating frequency, f 26 GHz

transducer (WR-34) frequency band, f; 22 -33GHz

height of transducer aperture, A, 4.318 mm

width of transducer aperture, w, 8.636 mm

relative permittivity of the dielectric layer, &, 1.8, 2.1

thickness of the dielectric layer, hy 2.95mm, 2.50 mm

surface impedance, Z; Jj270Q

loss tangent, tand 0.00005, 0.0002

pathway width, w), 9,11,13mm

thickness of the metal ground, 4,, 0.05mm

length of the metal wall, /,, same with d

width of the metal wall, w,, 1 mm

time of reflection, n 10000

tilted angle, 6 5°

propagation distance, d 100 — 2000 mm,
0.1-50m

radius of cavities/ metal pins, r 0.5mm

cavities center-to-center separation, W 2mm

electrical conductivity of PEC, o, 00

electrical conductivity of copper, o,
electrical conductivity of Galinstan, o,
permittivity of free space, &g
permeability of free space, ug

59.6x10% S/m
3.46x10% S/m
8.854x 10712 F/m
47 %1077 H/m

Similarly, in Fig. 3.13(d), the pathway composed of Galinstan pins exhibits compa-
rable behavior. These findings highlight the analogous electromagnetic interaction
between solid metal walls in this ray tracing model and metal pins in the proposed
reconfigurable surface wave platform, in terms of surface wave propagation in the

simulation results.

Fig. 3.14(a) illustrates the simulated values of E, obtained from the sampling
probes along the PEC, copper, and Galinstan wall pathways in the low-loss PTFE
surface. Additionally, the theoretical values computed using the aforementioned
ray tracing model in Matrix Laboratory (MATLAB) are presented for comparison.
The results from simulations indicate that at a distance of 2000 mm (corresponding
to 173.3 4 at the operating frequency of 26 GHz), the surface wave in the Galinstan

wall pathway (with electrical conductivity o = 3.46 X 10%S/m) experiences only a
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Theoretical values Simulations
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Mathematical theoretical values and simulation results for surface waves
guided by the PEC, copper, or Galinstan wall pathway in the (a) low-loss
PTFE surface or (b) the lossy PTFE surface within a short propagation dis-
tance d from 100 mm to 2000 mm.
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loss of 1.6dB, resulting in a path loss of 0.8 dB/m. Moreover, employing PEC walls
(0, = o0) results in a path loss of 0.5dB/m, while using copper walls (o, = 59.6 X
10° S/m) leads to a path loss of 0.6dB/m. It is evident that the path loss of the
surface wave in the pathway is inversely proportional to the electrical conductivity
of metal walls. Nevertheless, the differences in path losses among the different
wall materials are negligible. Therefore, the influence of wall material on path
loss can be disregarded for short-distance transmissions. In addition, by comparing
Fig. 3.14(a) and (b), it is obvious that the utilization of low-loss tangent PTFE
(tano = 0.00005) leads to reduced path loss in each metal wall pathway compared
with lossy PTFE (tano = 0.0002). This observation suggests that the selection of a

low-loss dielectric layer can effectively optimize path loss.

It should be noted that in the calculation of mathematical theoretical values, the
number of reflections 7 is set to 10000 to ensure a sufficiently number of surface
wave paths for the convergence of the cumulative E-field strength E, .. It is evident
that the theoretical curve exhibits a slight elevation of up to 0.05dB/m compared to
the simulation values. This discrepancy can be attributed to the presence of standing
waves in the simulation, which leads to a slightly lower field strength. Additionally,
in the simulation environment, the transducers deviate from the ideal point sources
described in the surface wave ray tracing model, resulting in minor disparities be-

tween the two sets of results. However, these discrepancies are deemed negligible.

Moreover, it is evident that the theoretical curves align closely with the sim-
ulation curves, thus validating the effectiveness of the ray tracing model and the
reliability of the calculated theoretical values. This confirmation establishes that
the model can be utilized to predict surface wave path loss at various scales, partic-
ularly over long distances, such as the further discussed 50, m in Section 3.4.3 where
current simulation software, such as CST, often encounters challenges in providing
precise outcomes in scenarios involving long-distance propagation. In some cases,
these software may even fail to produce results in a simulated environment with
extensive distances. Additionally, the implementation of mathematical calculation

tools like MATLAB enables nearly instantaneous computation time for the ray trac-
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Figure 3.15: Mathematical theoretical values and simulation results for surface waves be-
yond the copper and Galinstan wall pathways with a titled angle 6y = 5° in
500 mm.

ing model, while performing equivalent simulations in CST to gather similar results
would demand a significantly longer duration. This can underscore the advantages

associated with the adoption of the ray tracing model.

3.4.2 Outside Pathway in Short-Distance Transmission

Regarding the field value outside the pathway, Fig. 3.15 depicts the theoretical val-
ues and simulation results for the measuring line with a clockwise tilted angle of
5° as specified in equation (3.19), where sampling probes are positioned outside
the metal walls. The simulations reveal that the recorded E-field values outside the
copper wall pathway reach approximately —71 dB, while for the Galinstan walls, the
values are around —58 dB. Notably, these field strength values outside the pathway
are significantly lower, exhibiting a difference of approximately 50dB compared to
the values within the pathway in last section. This observation highlights the metal
wall pathway’s capability to effectively concentrate and guide surface wave prop-
agation, resulting in notable gains along the propagation pathway. The significant
attenuation of the surface wave signal on the outer surface of the copper wall under-

scores its strong shielding capability. On the other hand, the Galinstan wall, with
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its lower electrical conductivity, demonstrates a relatively higher level of surface
wave leakage. This indicates the potential to select wall materials based on specific
application requirements, enabling the achievement of either complete blockage or
controlled leakage of surface waves. Furthermore, it is worth mentioning that the
mathematical theoretical values are slightly lower, approximately 3dB, compared
to the simulation results. This discrepancy can be attributed to the consideration
of wave reflections in the simulations, leading to an increase in received power at
the receiver. In conclusion, these findings provide evidence for the practical feasi-
bility and utility of metal walls in effectively preventing surface wave propagation
in undesired directions. This, in turn, ensures the desired signal integrity while

minimizing interference.

3.4.3 Mathematical Prediction in Long-Distance Transmission

As in the above results, the consistency between the prediction of surfae wave ray
tracing model and the simulation results for short-distance propagation distances
has already demonstrated the effectiveness of the model in predicting surface wave
values. On the other hand, Fig. 3.16 illustrates the variations in the E-field within
the PEC, copper, and Galinstan wall pathways calculated by the ray tracing model
over a range of long-distance transmissions from 0.1m to 50m. As depicted in
Fig. 3.16(b), when ideal low-loss PTFE (tand = 0.0002) is used as the dielectric
layer, the E-field attenuation within the PEC, copper, and Galinstan wall pathways
reaches approximately —16dB, —21dB, and d attenuation of 80dB. Additionally,
the surface-only model, which considers only surface waves, demonstrates an E-
field attenuation of 58dB. In contrast, the attenuation of space waves is more pro-
nounced, exceeding 90dB.

Furthermore, Fig. 3.16(a) and (c) compare the theoretical E-field values based
on lossless (tané = 0) and lossy PTFE (tan¢ = 0.00005), respectively. It is evident
that the metal walls still provide significant gains. However, as the propagation
distance increases, the path loss becomes notably higher and can no longer be ne-
glected as in short-distance scenarios. Nevertheless, the path loss within the surface

wave pathway remains significantly lower compared to space wave propagation and
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Figure 3.16: Mathematical theoretical values for surface waves within the PEC, copper or
Galinstan walls in (a) the lossless PTFE surface with tand = 0, (b) the low-
loss PTFE surface with tand = 0.00005 or (c) the lossy PTFE surface with
tan =0.0002 in a long propagation distance, e.g., 50m. Also, the comparison
curves are drew such as space wave, coaxial cable and surface wave in the
surface-only model.
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Figure 3.17: The comparison results of surface waves within the Galinstan wall pathway
with a pathway width (a) w, =9mm, (b) w, = 11mm and (c) w, = 13mm
in the theoretical values and simulations.

coaxial cable transmission. In conclusion, the consistency between the predictions
of the surface wave ray tracing model and the simulation results, along with its per-
formance in long-distance transmission scenarios, further validates the metal wall
pathway’s ability to achieve lower propagation losses compared to other transmis-

sion methods.

3.4.4 Effect of Pathway Width

And the pathway width w, between the metal walls also affects the concentration
of surface wave propagation, as depicted in Fig. 3.17. It can be observed that the
variation in different pathway width will lead to similar attenuation levels of sur-
face waves within different pathways from 100 mm to 2000 mm, at an approximate
magnitude of 1.5dB. However, distinct initial attenuations are observed across the
pathways. For example, with w, = 9mm, the initial attenuation is 0dB at 100 mm,
which acts as the normalized reference point. When w,, = 11 mm, the initial attenu-
ation increases to 1.7dB, and while for w, = 13 mm, the initial attenuation increases
to 3.3dB. These findings demonstrate that narrower pathways effectively concen-

trate surface wave propagation, thereby mitigating the initial attenuation at the start-
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Figure 3.18: The comparison results of surface waves isolated between the Galinstan wall
or Galinstan pin pathway in (a) the low-loss PTFE surface or () the lossy
PTFE surface in the theoretical values and simulations.
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ing position. This behavior arises due to the confinement of surface waves within
narrower pathways, resulting in a more focused propagation. However, it is to note
that excessively reducing the pathway width is not a viable strategy for achieving
higher gains in the pathway. Overly narrow pathway widths lead to heightened
diffraction losses, exacerbating the attenuation of surface waves. Hence, selecting
an appropriate pathway width, preferably one that approximates or slightly exceeds
the transducer aperture width denoted as w,, ensures concentrated surface wave

propagation while minimizing excessive attenuation losses.

3.4.5 Metal Wall and Metal Pin Pathways

Finally, as discussed before, the applied ray tracing model for surface wave rays
on metal wall surfaces is a fundamental theoretical study aimed at predicting field
strength values for surface wave propagation within or beyond predefined pathways.
And this model can also be used to simulate scenarios involving the utilization of
liquid metal-filled cavities to achieve reconfigurable surface pathways in the pro-
posed surface wave platform. As Fig. 3.18 illustrated, the field decay characteristics
are observed in Galinstan wall pathways and Galinstan pin pathways using low-loss
PTFE and lossy PTFE surfaces, respectively. In the case of low-loss PTFE, the path
loss for Galinstan pin pathways with cavities is approximately 1.70dB, exhibiting
a slight increase of approximately 0.15dB compared to the path loss for Galin-
stan wall pathways of approximately 1.55dB. This difference can be attributed to
a minor leakage of surface waves beyond the pathway boundaries due to gaps be-
tween the cavities in this reconfigurable surface wave platform. Nevertheless, the
observed difference is negligible and can be disregarded. Moreover, the behavior
observed in lossy PTFE follows a similar trend to that of low-loss PTFE. The decay
curves obtained from all field simulations align well with the mathematical theoret-
ical calculations for metal walls, confirming the effectiveness of the surface wave
ray tracing model in accurately capturing path loss within reconfigurable surface
pathways. Leveraging this ray tracing model facilitates efficient investigations into
the influence of surface characteristics, such as loss tangent, dielectric constant, and

thickness, on surface wave propagation. Such analyses enable the determination of
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appropriate surface materials and dimensions, which play a critical role in optimiz-

ing the design and application of reconfigurable surfaces.

3.5 Conclusions

In conclusion, the proposed reconfigurable surface wave platform offers a promising
solution for the manipulation and control of surface wave propagation. By integrat-
ing a porous structure, fluid metal, and microfluidic techniques, the platform enables
the creation of dynamic pathways, allowing for flexible control of surface waves in
various communication environments. The connection with programmable logic
devices and pumps further enhances the platform’s capabilities by enabling pro-

grammable and dynamic pathway configurations.

The effectiveness of the surface wave ray tracing model used in this chapter
is validated through the close agreement between the calculated theoretical values
and the simulated attenuation curves. The model is utilized to analyze the impact of
surface characteristics, such as loss tangent, dielectric constant, and pathway width,
on surface wave propagation. This analysis provides valuable insights for selecting
suitable surface materials and dimensions. Specifically, dielectric materials with
low dielectric loss and high surface impedance are identified as optimal choices for
reducing path losses. Additionally, selecting a pathway width that closely matches
or slightly exceeds the transducer aperture width ensures focused surface wave
propagation while minimizing leakage losses. And the surface wave ray tracing
model of surface wave demonstrates accurate predictions of field strength varia-
tions in short-distance transmission scenarios, where surface wave attenuation can
be seen as negligible. And the findings can also be extrapolated to long-distance
transmission scenarios. Furthermore, the platform’s metal wall pathway exhibits
superior performance in mitigating propagation losses compared to other transmis-
sion modes, confirming its favorable characteristics. It should be noted that the
ray tracing model is highly parameter-dependent. Before every calculation, careful
adjustments of the model are necessary to obtain accurate results. While the ray

tracing model can intuitively model multipath and yield relatively positive results,
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such as the surface wave straight pathway described in this chapter, it becomes con-
siderably complex and challenging to model in more intricate application scenarios,
such as the reconfigurable pathways introduced later in this thesis. This complex-
ity implies that the model may not be suitable for simulating all communication
environments.

In conclusion, the innovative design and modeling presented in this chapter
hold the promise of opening new avenues for the exploration of the platform’s ap-

plications in SWC.
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Reconfigurable Pathway on the Re-

configurable Surface Wave Platform

4.1 Introduction

This chapter provides comprehensive results of the experimental measurements
conducted on the reconfigurable pathway within the reconfigurable surface wave

platform, employing a 3D-printed prototype and a lossy PTFE surface.

In the straight pathway, the primary objective is to analyze the path loss in the
physical environment, enabling a better understanding of signal attenuation at var-
ious propagation distances and operating frequencies. By doing so, the key factors
influencing signal attenuation can be identified. Furthermore, practical aspects such
as different pathway widths and the number of metal wall layers are measured and
evaluated to determine the optimal structure for the surface wave pathway. Addi-
tionally, the impact of surface porosity is explored on surface wave propagation,
providing further insights into the relationship between surface wave signal trans-
mission and distinctive surface geometries.

In the turn pathway, a T-shaped reconfigurable surface with an adjustable junc-
tion is designed to enable the directional switching of surface wave propagation
between a straight pathway and a 90° turn pathway. The attenuation characteristics

of surface waves propagating along these two distinct pathways are measured and
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compared. Furthermore, various corner configurations are studied within the 90°
turn pathway, and the optimal shape with minimal turn insertion losses is identi-
fied. This contributes positively to reducing the overall losses incurred by multiple
surface wave turns on the surface.

To ensure the reliability of the obtained data from the reconfigurable surface
wave platform in the physical environment, all experimental results are compared

with their corresponding simulation outcomes.
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g . 2 y - 3D-printed
3-axis optical stages ———¥| : reconfigurable surface
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Figure 4.1: The measurement setup for (a) a 3D-printed reconfigurable surface wave plat-
form prototype where the straight surface wave pathway is formed by (b) the
single-layer silver walls or (c¢) double-layer silver walls with a pathway width
of 10mm or (d) single-layer silver walls with a pathway width of 12mm. It
also show the vector network analyzer (VNA) and the calibration kit.

4.2 Measurement Setup

4.2.1 Operation of Experimental Equipment

Firstly, Fig. 4.1(a) illustrates the experimental setup of the proposed reconfig-
urable surface wave platform prototype connected to a Vector Network Analyzer
(VNA). Here, the dual-port VNA serves as the signal generator—an instrument
meticulously designed for thorough microwave scanning across a wide frequency
spectrum within electromagnetic systems. The VNA excels in providing precise
measurements of signal transmission and reflection characteristics. Its functional-

ity revolves around the synthesis of a sweeping frequency, allowing for the direct
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Table 4.1: Parameters in the measurements and simulations for straight pathways.

Parameter Value

operating frequency, f 26,28,30GHz

transducer (WR-28) frequency band, fj 21 -42GHz

height of transducer aperture, 4, 3.566 mm

width of transducer aperture, w, 7.112mm

thickness of transducer, [, 1 mm

WR-28 to 2.92mm coaxial adaptor, 26.5-40GHz
VSWR: 1.2:1 (Typ.)

relative permittivity of PTFE layer, &, 2.1

effective permittivity of PTFE layer, £° 1.86

loss tangent of low-loss PTFE, tan6 @26 GHz 0.00005

loss tangent of PTFE, tan6 @26 GHz 0.006

thickness of PTFE layer, & 3mm

relative permittivity of 3D-print resin layer, &, 2.8

effective permittivity of 3D-print resin layer, T 2.4

loss tangent of 3D-print resin, tand @26 GHz 0.0155

thickness of 3D-print resin layer, A 2mm

pathway width, w, 10, 12mm

radius of cavity, r 0.5mm

center-to-center separation between cavity, w 2mm

surface porosity, p 19.63%

propagation distance, d 50 - 150 mm

thickness of the metal ground, 4, 0.05 mm

electrical conductivity of silver ink, o

electrical conductivity of Galinstan, o,
vacuum permittivity, £o

surface impedance in the freq. band, Z;

3.15%x10° S/m
3.46x10% S/m
8.854x107'2 F/m
7240 - 7330Q

computation of crucial network parameters, notably the input reflection coefficient
(S11) and transmission coefficient (Sp1) [111]. Port 1 functions as the transmitting

terminal, while Port 2 operates as the receiving terminal.

Notably, the S| parameter is ascertained by the VNA through the transmission
of a known test signal, followed by the measurement of the corresponding output
signal. This computational process reveals the transmission loss and phase variation

of the signal traversing from Port 1 to Port 2. The formula governing the compu-

V()ut
Vin

tation of Sy in the VNA is articulated by the S = 2010g10( ) In subsequent
experimental section of this thesis, So; measurements obtained from the VNA are

predominantly leveraged to scrutinize the attenuation and insertion loss incurred by
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electromagnetic signals propagating as surface waves on a substrate. These em-
pirical measurements are subsequently juxtaposed with S;; curves derived from
simulation software CST to authenticate the experimental findings.

Furthermore, the experiments conducted in this thesis are all within a near-
field environment using the VNA, where errors introduced by connectors, cables,
adapters, or other components may impact measurement accuracy. This is due to
the potential variability in the physical states of these components over time, in-
fluenced by factors such as temperature. Therefore, performing calibration before
each usage ensures that the instrument can consistently provide reliable measure-
ment results across different environments and conditions. The calibration process
involves adjustments to the VNA using a calibration kit, as illustrated in Fig. 4.1(a),
encompassing open, short, and load calibrations to establish an accurate baseline.
Open calibration is performed using unconnected ports, short calibration involves
shorting the ports, and load calibration employs a known impedance load.

By executing these calibrations, the instrument can accurately compensate for
systematic errors during actual measurements, thereby improving the reliability and
precision of the measurements. In the subsequent sections of this chapter, the ex-
periment’s actual Sp; measurement data is presented. A meticulous comparison
with S,; data obtained from a completely ideal CST simulation environment is
conducted, revealing an agreement between the experimental and simulated result
curves, with an overall error not exceeding 0.3 dB. This attests to the high accuracy

of the actual S;; measurement data, establishing it as a trustworthy foundation.

4.2.2 Selection of Working Frequency Point

In the majority of experiments and simulations conducted in this thesis, the fre-
quency point of 26 GHz has been chosen as the primary analytical frequency. This
selection aligns with the current European deployment of 5G in millimeter-wave
bands. According to specifications from the European Telecommunications Stan-
dards Institute (ETSI), particularly in ETSI TR 138 913 [112], the millimeter-wave
frequency bands, especially the 26 GHz band, are deemed to possess ample spec-

trum resources capable of supporting larger bandwidths, thereby providing higher
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data transmission speeds. The 26 GHz band has also received corresponding spec-
trum allocation in Europe, offering regulatory and spectral support for its deploy-
ment in 5G networks [113].

Furthermore, the choice of 26 GHz over other 5G frequency bands, such as
3.5GHz, is motivated by the fact that the 26 GHz electromagnetic waves, being in
the high-frequency range, have a smaller wavelength of 11.5mm. This allows for
the design of smaller surface dimensions in the laboratory to meet the measure-
ment requirements of 10-30 times the wavelength, facilitating easier and more cost-
effective testing in a lab environment. The dimensions of the 3D-printed surface in
this experiment are 160mm X 160 mm (144 in@26 GHz), a size deemed sufficient

to measure the performance of surface waves in a laboratory setting.

4.2.3 3D-Printed Surface and Experimental Environment

The measured prototype is manufactured using a high lossy 3D-printed dielectric
resin (¢, = 2.8 and tand = 0.0155@26 GHz) and silver ink (o = 3.15x 10°S/m)
[114]. It should be noted that the resin surface, with significantly high loss tangent,
is solely used for sample measurements in this study. For practical application sce-
narios, it is recommended to employ a low-loss commercial PTFE surface with a
loss tangent value of 0.00005 to effectively reduce losses, as discussed in Section
3.4.3. To demonstrate the concept and simplify the peripherals, columnar silver ink
is utilized as the fluid metal, as shown in Fig.4.1(b) — (d), and is printed into the di-
electric layer and connected to the ground silver layer. The electrical conductivity of
the silver ink is approximately 8.9% lower than that of Galinstan. Nevertheless, as
shown in Section 3.4.1, different electrical conductivity of metal pins or walls have
negligible impact on the short-distance transmission. The center-to-center separa-
tion between two silver columns is defined as the pathway width w, of the straight
pathway. To match the pathway width in this study, two commercial WR-28 rectan-
gular waveguides with a thickness of 1 mm are chosen as transducers, positioned at
both ends of the pathway. The transducers are mounted on three-axis optical linear
stages, allowing for precise movement to change the propagation distance d. The

VNA is connected to the transducers via coaxial cables. It should be noted that there
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is a gap of approximately 0.5mm and the bottom thickness of the WR-28, which
can result in significant insertion loss close to 8 dB. This issue can be effectively ad-
dressed by incorporating a specially designed waveguide to achieve tight coupling
to the surface, as described in [25]. And this chapter focuses more on the prop-
agation characteristics of surface waves on the reconfigurable surface rather than
the matching issue. The complete physical dimensions of this 3D-printed reconfig-

urable surface are presented in Table 4.1.

4.3 Measurement and Simulation Results

4.3.1 Straight Pathway

4.3.1.1 Path Loss in the Physical Environment

As shown in Fig.4.1, the position of Transducer 2 can be adjusted by shifting the
optical linear stage to measure the received power at different distances from Trans-
ducer 1. Fig.4.2 presents the measured and simulated S results for a straight path-
way with a width of w, = 10mm created by a single-layer of silver walls. The
results cover a propagation distance d ranging from 50mm to 150 mm with a sam-
pling interval of 20mm. The 3dB half-power bandwidth of S;; is approximately
3.5GHz, ranging from around 23.7GHz to 27.2 GHz, with the peak occurring at
25GHz as seen in Fig. 4.2.

The results indicate that Sy; decays as the frequency increases, as the surface
impedance deviates from the optimal value for efficient surface wave excitation
[25]. The loss tangent of the dielectric material also increases with frequency, lead-
ing to higher E-field losses at higher frequencies. Additionally, it can be observed
that the measurement and simulation results are generally consistent. However, the
measured Sy; values are slightly lower than the simulation results below approxi-
mately 25 GHz. This could be attributed to the cut-off frequency of the coaxial-to-
waveguide adapters used in the measurements [115], while in the simulations, the
waveguide ports are directly connected to the transducers. Furthermore, the set of
S»1 curves gradually decreases as the distance increases across the bandwidth.

At 26 GHz, the S;; value steadily decreases from —13.7dB at a propagation
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Lossy PTFE surface
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Figure 4.3: The E-field power density in a straight pathway against the propagation dis-
tance for different frequency.

distance of S0mm to —16.5dB at 150 mm, resulting in a total attenuation of 2.8dB
over a distance of 100mm. The normalized results (assuming the initial reference
point at d = 50mm) are plotted in Fig. 4.3, where the measurement and simula-
tion results are compared. And results at 28 GHz and 30 GHz are also included for

reference.

In Fig.4.1, the adjustability of Transducer 2 is achieved by shifting the optical
linear stage in the +z-direction, facilitating the measurement of S,; at varying prop-
agation distances from Transducer 1. Moving to Fig.4.2, it illustrates both measured
and simulated S,; results for straight pathways with common PTFE and 3D-printed
resin. The pathways, featuring a width of 10mm and single-layer silver walls, span

a propagation distance d from 90 mm to 150 mm with a 10 mm sampling interval.

The presented results in Fig. 4.2 demonstrate a decay in S;; for both common
PTFE and 3D-printed surfaces within the frequency range of 23GHz to 30 GHz,

corresponding to the proposed 5G millimeter-wave frequency band. Two primary
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reasons contribute to this decay. Firstly, the surface impedance deviates from its
optimal value for efficient surface wave excitation at different frequencies, with
common PTFE exhibiting lower susceptibility due to its lower dielectric constant.
This is evident in the wider 3-dB half-power frequency bandwidth of common PTFE
compared to the 3.5 GHz bandwidth (23.7 to 27.2 GHz) provided by the 3D-printed
surface. Secondly, the dielectric loss tangent increases with frequency, resulting in
lower S,; at higher frequency bands. Notably, the loss tangent of the 3D-printed
surface shows a more frequency-sensitive decay, with an optimal frequency around

25GHz to 26 GHz, corresponding to the peak of the S, curve.

Examining the gradient of the lines, it is evident that the loss tangent of the
3D-printed surface exhibits a faster decay with increasing frequency. Despite gen-
erally consistent measurement and simulation results, experimental Sy; values are
slightly lower than simulations below approximately 25 GHz. This difference may
be attributed to the cut-off frequency of the two coaxial-to-waveguide adapters (Ta-
ble 4.2) connected to the transducers in measurements [115], while in simulations,
waveguide ports are directly connected to the transducers. Additionally, the set of

S»1 curves gradually decreases as the distance increases across the frequency band.

At 28GHz, the S,; value of the PTFE-platform steadily decreases from
—-9.22dB at a propagation distance of 90mm to —10.13dB at 150mm, resulting
in a total attenuation of 0.91dB over a distance of 60mm, equating to 0.15dB
per 10mm. In Fig. 4.3, normalized results (assuming the initial reference point
at d = 150, mm) are presented, comparing measured results and CST simulation.
Results at 30 GHz are also included for reference. Once again, the measurement
and simulation results exhibit excellent agreement with negligible discrepancies.
Therefore, the validity of the measurement results is demonstrated by the above

findings.

Additionally, Fig. 4.4 illustrates the simulation results at 26 GHz. The simu-
lation assumes a straight pathway of 2m and normalizes the results at a distance
of 0.1 m. The pathway is formed by using Galinstan walls with different dielectric

surfaces: low-loss PTFE (tand = 0.00005), lossy PTFE (tan¢ = 0.006), and high
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Table 4.2: Comparison of different transmission modes and path losses

Working Loss Path

Substrate
.. ) frequency, loss,
Transmission mode material / ¥ tangent, I
Type (GHz) tano (dB/m)

Reconfigurable surface

Low-loss PTFE [116] 26 0.00005 0.84
wave pathway

Reconfigurable surface

Lossy PTFE 26 0.006 14.5

wave pathway
Reconfigurable surface Lossy printed resin 26 0.0155 28.1

wave pathway
Reconfigurable Roger 6010 26 0.0023 142

transmission line [5]
Controllable mode

transmission line [117] Roger 4003 4 0.0027 6.25

Transmission
microstrip line [118] Roger 4350B 24 0.0037 17.1
Coaxial cable [119] Sucoflex-103 26 — 1.65
Coaxial cable [120] MaxGain-130 26 — 2.56

Simulations

S

—
< o
T T

—k—~Coaxial cable 1
Sucoflex-103)

\®)
S

—@— Space wave

Surface wave straight pathways
—&— Low-loss PTFE, tan& =0.00005
-80 |—M— Lossy PTFE , tand =0.006
—4&— Lossy printed resin, tand =0.0155

0 02 04 06 08 1 12 14 16 18 2
Propagation distance (m)

E-field power density (dB V/m)

Figure 4.4: The E-field power obtained from the simulation results assumes a straight path-
way of 2m created by Galinstan walls, with different dielectric surfaces: low-
loss PTFE (tand = 0.00005), lossy PTFE (tan¢ = 0.006), or lossy 3D-printed
resin (tand = 0.0155). A coaxial cable (Sucoflex-103) is also included for com-
parison.
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lossy printed resin (tand = 0.0155). A coaxial cable (Sucoflex-103) is also included
for comparison. It can be observed that selecting a surface with a lower loss tangent
effectively reduces the path loss in the reconfigurable surface wave pathway. Table
4.2 presents the path loss values for different surfaces with varying loss tangents
in the surface wave pathway, namely 0.84dB/m, 1.32dB/m, and 28.1dB/m. Fur-
thermore, the path losses for the reconfigurable transmission line (tané = 0.0023)
and the transmission microstrip line (tand = 0.0037) are 14.2dB/m and 17.1dB/m,
respectively. It is evident that surfaces with lower loss tangents, such as PTFE,
effectively mitigate path losses. Therefore, reconfigurable surfaces based on sur-
face waves hold potential for applications in short-distance network-on-chip com-
munication and long-distance relay outdoor wall communications, as discussed in
Section 2.6.

Due to the convenience of directly incorporating silver pins into the pathway
of 3D-printed substrates, creating diverse surface structures becomes more experi-
mentally accessible. Subsequent experimental analyses will be mainly based on the

utilization of 3D-printed substrates.

4.3.1.2 Effect of Multi-Layer Metal Walls

The effect of using multi-layer metal walls to form the pathway are further inves-
tigated. Firstly, the setup with double-layer metal walls is considered, as shown in
Fig.4.1(c), and the measurement and simulation results at several distances, includ-
ing 50mm, 110mm and 150 mm for different frequencies are presented in Fig.4.5.
It can be observed that the overall trend of S;; for the double-layer and single-layer
configurations is very similar, with a slight increase of approximately 0.1dB in Sy
for the double-layer case. This indicates that the double-layer setup slightly outper-
forms the single-layer in confining the signal within the pathway, as the additional
layer enhances the boundary’s ability to block signal leakage.

And then Fig. 4.6 illustrates the relationship between E-field power decay and
distance, including the simulation results for three-layer and four-layer metal walls.
It can be seen that the power decay for three-layer and four-layer metal walls is

very close to that of the double-layer walls, with a difference of less than 0.05dB.
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Figure 4.5: The S| results in a straight pathway formed by single-layer or double-layer
silver walls in the measurements and simulations with a propagation distance
d =50mm, 110mm and 150 mm.

This suggests that the signal improvement achieved by adding more layers is mini-
mal. Finally, based on above measurement and simulation results, both single-layer
and double-layer metal wall structures are capable of creating highly isolated path-
ways and effectively guiding surface waves. Adding additional layers beyond the
double-layer configuration does not significantly enhance the signal performance.
Therefore, for the design and manufacturing of reconfigurable surface pathways,
it is sufficient to choose either a single-layer or double-layer metal wall structure,
depending on the specific requirements and constraints. This simplifies the overall

design and fabrication process.

4.3.1.3 Pathway Width and Operating Frequency

As shown in Fig.4.1(d), the pathway width w, is increased from 10mm to 12mm
using two single-layer metal walls. Fig.4.7 presents the measured and simulated

S»1 curves, along with the simulated results for w, = 14mm and 16 mm at a fixed
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Figure 4.6: The E-field power in a straight pathway against the distance after normalization
for the (a) measurements and simulations containing single-layer, double-layer
and () multi-layer walls results at 26 GHz.
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Figure 4.7: Measurement and simulation results in different pathway widths of 10mm,
12mm, 14 mm and 16 mm with a propagation distance d = S0 mm.

propagation distance of d = 50mm. The results indicate that as the pathway width
increases, the Sy; curves shift to lower frequencies. The optimal operating fre-
quency of the surface changes from 25 GHz at 10mm to 24.2 GHz at 12mm, then
to 23.7GHz at 14mm and 23GHz at 16 mm. This suggests a positive correlation

between the appropriate pathway width and the signal wavelength.

Furthermore, the pathway width exhibits frequency selectivity properties for
the surface wave. By changing the pathway width on this reconfigurable surface, it
becomes possible to filter and split signals at different carrier frequencies. Addition-
ally, a slight decrease in Sy can be observed as the pathway width increases, which
may be attributed to signal leakage at the transducer-to-surface interface. Therefore,
it is preferable for the pathway width to be closer to the width of the transducer (in
this case, w, = 7.1 mm) to minimize leakage. Overall, these findings highlight the
significance of the pathway width in shaping the behavior of surface waves on the

reconfigurable surface, including frequency selectivity and signal confinement.

4.3.1.4 Porosity of Surface

Moreover, the six porosity patterns with different porous geometry, referred to as

Model 0 to Model 5, are considered in Fig. 4.8. The parameter w,,, which represents
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Figure 4.8: Models with different cavity distribution densities, i.e., porosity patterns.

the vertical center-to-center distance between adjacent cavities or metal pins, can be
modified to determine different values of porosity, while the horizontal distance w,
keeps a same value. Porosity is defined as p = Scavity/Smeasured-unit- Where Scavity
denotes the top area of each cavity and Smeasured-unit 18 the top area of the measured
unit (the rectangular region marked in the figure). A type of lossy PTFE (g, = 2.1,
tano = 0.0002) is used as the dielectric layer, and the effective relative permittivity

T of this surface will change with the porosity p and can be calculated according
to 3.2. To maintain consistency, the surface impedance Z; in all models is set to
Jj270€2, which can achieve significant surface wave excitation efficiency. And then
it can be accomplished by adjusting the thickness &, of the dielectric layer appro-
priately to match different porosities while maintaining a fixed surface impedance.

The corresponding parameter values are presented in Table 4.3.

Fig. 4.9 demonstrates a set of E-field distribution results over the surface of
Model 0 -5 inside the straight pathway localized by the Galinstan pins normalized
based on mathematical theoretical value of Galinstan wall pathway in Section 3.3.2.

The results show much fluctuation caused by standing wave reflection and diffrac-
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Figure 4.9: The E-field power results after normalization for the reconfigurable surface
with (a) only the Galinstan pin pathway, (b) the Galinstan pin pathway with
porosity p =7.85%, (c¢) p=11.78%, (d) p =15.71%, (e) p =19.63%, and ( f)
interleaved cavities with p = 39.26%.
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Table 4.3: Parameter variations in the comparative models

Model Vertical Horizontal Porosity Effective  Thickness

separation  separation permittivity
wy(mm)  wjy(mm) p(%) et h(mm)

0 - - 0 2.10 2.50

1 5.00 2 7.85 2.00 2.63

2 3.33 2 11.78 1.95 2.69

3 2.50 2 15.71 1.91 2.77

4 2.00 2 19.63 1.86 2.85

5 1.41 2 39.26 1.63 3.40

tion from the cavities. To facilitate comparison with the case without the cavities
shown in Fig. 4.9(a), all the numerical means lines of the Model 1 -5 are plotted
as well. Table 4.4 provides the standard deviation (SD) of the E-field fluctuation, o,
and the path loss L of each model. It can be seen that as the porosity p increases, the
fluctuation of the signal decreases. That is, the fluctuation SD, o, decreases gradu-
ally from 0.297 to 0.070 from Model 1 to Model 5 as the surface porosity increases
from 7.85% to 39.26%, suggesting that a surface with evenly denser cavities helps
reduce the signal fluctuation in surface wave propagation, approaching closer to
Model 0 which has a signal fluctuation SD of just 0.052. Additionally, the discrep-
ancy in path losses in different models is below 0.05dB in a 2000mm (173.34 at
26 GHz) propagation distance, indicating that potential loss caused by the porosity
is negligible if the surfaces are kept at the same surface impedance. Particularly, It
is noticed in Model 5 that the use of proposed reconfigurable interleaving porous
surface with an even 1.41 mm cavity separation could be effectively instrumental to
the subduction of E-field fluctuation. More cavity density means more combination
possibilities and these staggered cavities filled with Galinstan could provide a more
flexible pathway generation containing turns with different angles and positions for

the realization of reconfigurable surface waves.

This section can be summarized by studying the broadband performance of the
reconfigurable surface with interleaved cavities, i.e., Model 5. Fig. 4.10(a) shows

the Sq; and Sj; results in the frequency range of 20GHz to 35GHz. The results
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Figure 4.10: (a) The S;; and S;; simulation results for the interleaving porous surface
operating in a wide frequency band from 21.7 GHz to 31.6 GHz and (b) the
simulation results at 21.7 GHz, 24.5GHz and 31.6 GHz.

indicate that the peak, corresponding to the optimal frequency, occurs at 24.5 GHz
with S; measured at —11.6dB. Furthermore, the half-power 3-dB bandwidth is
determined to be from 21.7GHz to 31.6 GHz, which may be limited by cut-off fre-
quency of the transducer at 22 GHz and 33 GHz. And as shown in Fig. 4.10(b), the
simulation results demonstrate the capability of this pathway to guide surface waves
at different frequencies. In summary, the porous reconfigurable surface operates in
a broadband range, although it still requires adjustments in thickness to match the
transducer’s different operating frequencies in specific applications and maintain

the appropriate surface impedance.
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Table 4.4: Signal fluctuations and path losses of different models.

Model Porosity, p(%) Fluctuation SD, o Path loss, L(dB /m)

0 0 0.052 1.10
1 7.85 0.297 1.12
2 11.78 0.265 1.13
3 15.71 0.221 1.10
4 19.63 0.131 1.11
5 39.26 0.070 1.12

2
1 SD is the standard deviation, o = +/ W

2 n, is the number of data samples, x; is the value of each sample and y is the value of the local
mean.
3 Path loss L is measured using the numerical mean line in each model.
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Figure 4.11: Illustration of a T-junction reconfigurable surface structure for guiding the
surface wave along different propagation direction

4.3.2 Turn Pathway

4.3.2.1 Turn Pathway Model

The preceding chapter has examined the propagation characteristics of surface
waves along the straight pathway. Building upon this, the current chapter delves
into an investigation of the factors that impact surface wave propagation within the
turn pathway on the reconfigurable surface wave platform. To provide a understand-

ing of the turn pathway concept, the experimental setup employed in this chapter in-
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corporates a 3D-printed surface, which is detailed in Section 4.2. Within the central
region of the surface, where only cavities are present, copper (o = 59.6x 10° S/m)
pins with the same radius r as the cavities are directly utilized to create distinct prop-
agation pathways for convenient evaluation of the surface’s performance. Fig. 4.11
illustrates a T-shaped reconfigurable surface with an adjustable junction, enabling
the positions of the metal pins to be altered, thereby switching the direction of sur-
face wave propagation between a straight and a 90°-turn pathway.

In the simulation model, E-field sampling probes labeled as 1 —S7/T7, marked
in green, are placed along the center lines of the straight and 90°-turn pathways. By
inserting copper pins into the black-marked cavities, the surface wave propagates
from Transducer 1 to 2, while being prevented from reaching Transducer 3, thereby
forming a straight propagation pathway. Conversely, when the pins are repositioned
along a red-marked 45° line to guide the signal at the T-junction, the surface wave
can be directed from Transducer 1 to 3 through a 90°-turn, but it cannot reach Trans-

ducer 2, thereby establishing a turn propagation pathway.

4.3.2.2 Reconfigurable Pathways

The reconfigurable pathway in this surface is formed by adjusting the straight and
the turn propagation pathway, as depicted in Fig. 4.12(a) and (b), respectively.
It is evident that this T-junction effectively regulates the direction of surface wave
propagation. The E-field curves exhibit a significant disparity of over 30dB between
the desired and undesired directions. These findings underscore the capability of the
reconfigurable surface to efficiently guide a majority of surface waves towards the
desired receiver through dynamic pathway selection, while minimizing power in
undesired directions. It is noteworthy that the measurement results were obtained
by systematically shifting the optic stages from the transducer to the probe locations
for sampling.

This T-junction configuration serves as a proof-of-concept, and ideally the fluid
metal pins on the surface can be further utilized to create multiple junctions that
facilitate the manipulation of surface wave propagation directions or circumvent

obstacles. Additionally, a direct comparison between the straight pathway and the
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Figure 4.12: The measurement and simulation results for the surface waves along a (a)
straight pathway from Transducer 1 to 2 or a (b) 90°-turn pathway from
Transducer 1 to 3 by adjusting the shape of the T-junction.
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Figure 4.13: The comparison of the E-field power decay along the straight and 90°-turn
pathway in measurement and simulation results.

90°-turn pathway can be made by analyzing the S,; results depicted in Fig. 4.13.
The outcomes reveal an additional insertion loss of approximately 3.2dB along the
90°-turn pathway, which is likely attributable to signal reflections at the turn. This
phenomenon not only induces the formation of standing waves and amplifies sig-
nal fluctuations but also weakens the signal within the pathway. Furthermore, by
adjusting the distribution of the metal pins in the junction to modify the corner ge-
ometry, it is possible to moderately reduce losses at the corners, as elaborated in the

next section.

4.3.2.3 Corner Optimization

To study the losses associated with different corner configurations, the T-junction
in Fig. 4.11 can be replaced with corners of varying shapes in a 90°-turn pathway
for measurement, as illustrated in Fig. 4.14(a). Corner 0 is used as a standard right
angle turn reference, consisting of inner and outer metal walls both at 90°. Corner
1 is similar to Corner 0, but with the outer vertex pin removed and the shapes of the
pathway in Corner 0 and Corner 1 being the same, see the Sy results in Fig. 4.14(b).
Here, the distance from the inner vertex pin O to the center point A of the outer wall

BC is defined as the corner width w;. The corner width decreases as the outer wall
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Table 4.5: optimal frequencies of corners with different corner widths

Corner | 1(0) 2 3 4 5 6 7 8
Corner
width, w, | 127 11.3 99 85 7.1 57 42 128
(mm)
optimal
frequency | 24.4 245 249 25.0 25.1 256 26 26.1
(GHz)

BC gradually moves towards the inner wall from Corner 1 to 8.

The S,; results for these corners are shown in Fig. 4.14(b). The best-
performing shape is Corner 4 (w; = 8.5mm) with S,; of —16.2dB at 25 GHz, which
can be considered as the optimal operating frequency. This is followed by Cor-
ner 3 (w;, = 9.9mm) with Sy; of —17.4dB and Corner 5 (w; = 7.1 mm) with Sy; of
—18.6dB. All their corner widths w; are close to the pathway width w, = 10mm.
It is also observed that the optimal operating frequency is 24.5GHz in Corner 2
(w; =11.3mm) and 25.6 GHz in Corner 6 (w; = 5.7 mm), respectively. This discrep-
ancy further illustrates the frequency selection characteristics that can be achieved
by controlling the difference in pathway width. Therefore, signal separation based
on frequency may be possible in different propagation directions at a junction or
corner, which can be viewed as a signal filter. For Corner 7 (w; = 4.2mm) with Sy
of —30dB and Corner 8 (w; = 2.8 mm) with S;; of —33dB, the attenuation looks
much more significant. This is because the shrinking 45° outer wall results in more
signal reflection and blockage due to the too small corner width. Note that in Corner
7 and 8, the E-field power is too small and similar to the level outside the pathway,
leading to a larger discrepancy between measurement and simulation.

The optimal frequencies of corners with different corner widths are listed in
Table 4.5. Fig. 4.15 shows the relationship between the corner width and the average
S, value in the half-power bandwidth based on their respective optimal frequency.
It can seen that the S, value of Corner 4 with w; = 8.5mm is higher than that of
Corner 1 with w; = 12.7mm by over 15dB, indicating that the shape of the corner
plays a significant role in guiding the surface wave around a 90°-turn. Moreover,

Corner 4 performs slightly better than Corner 3 with w;, = 9.9mm, which is closer
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Figure 4.15: The relationship between corner width w, and the average S;; value in the
half-power bandwidth.

to the pathway width w, = 10mm. This suggests that moderately decreasing the
corner width, such as in Corner 4, will result in less loss under the premise of w;

approaching w, in practice.

4.4 Conclusions

By conducting actual measurements on the reconfigurable surface wave platform
using the 3D-printed prototype and lossy PTFE surface, this chapter offers valuable
insights into the path loss characteristics of surface waves along the straight path-
way across different frequencies. It reveals the existence of a minimum loss region
near the optimal surface impedance, which corresponds to the optimal operating
frequency. And at higher frequencies, the loss tangent of the dielectric material will

increase, resulting in higher E-field power losses.

Besides, through a comparison of measurement and simulation results, it is
found that both single-layer and double-layer metal wall structures provide highly

isolated pathways, with the double-layer configuration slightly outperforming the
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single-layer configuration. However, adding extra layers beyond the double-layer
configuration does not significantly improve signal performance. Therefore, for the
sake of simplifying the manufacturing process, it is recommended to choose either
a single-layer or double-layer metal wall structure. Moreover, a positive correlation
is observed between the appropriate pathway width and the signal wavelength, and
the pathway width exhibits frequency selectivity characteristics for surface waves.
The measured results show excellent agreement with the simulation results, with
negligible discrepancies. Additionally, denser surface pore patterns are investigated
as a means to reduce surface wave signal fluctuations.

Furthermore, the versatility of the reconfigurable T-shaped junction in enabling
flexible surface wave propagation direction switching between a straight pathway
and a 90° turn pathway is evident. Moreover, there is a substantial E-field disparity
of over 30dB observed between the desired and undesired directions, highlighting
the pathway selection capability and crosstalk mitigation potential of the recon-
figurable surface. Furthermore, the implementation of fluid metal on the surface
facilitates the creation of multiple turns, enabling the manipulation of surface wave
propagation direction and the circumvention of obstacles.

Moreover, varying corner configurations with different corner widths demon-
strate distinct additional insertion losses, which play a crucial role in guiding surface
waves through the turn pathway. The findings indicate that corners smaller than and
closer to the pathway width minimize the insertion losses associated with each turn,
resulting in an approximate value of 3.2dB. It is anticipated that this value can
be further diminished in future studies through the design of more suitable surface
geometry.

The findings of this chapter preliminarily provide comprehensive analysis and
confirmation of the effective operation of the proposed reconfigurable surface wave
platform in the physical environment, supported by measurements conducted on the
3D-printed prototype. Furthermore, these results lay a foundation for subsequent

research on different pathways and their characteristics.
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Distribution Pathway on the Recon-

figurable Surface Wave Platform

5.1 Introduction

This chapter presents the use of a reconfigurable T-junction on the surface wave
platform to divide a surface wave signal into two parts along distribution pathways.
Through extensive 3D electromagnetic simulations and experiments, the effective-
ness of splitting and guiding surface waves in different directions with minimal in-
terference is demonstrated. The impact of key physical parameters of the T-junction,
such as splitting depth, splitting shape, and symmetry or asymmetry, is analyzed.
The aim of this chapter is to understand how these parameters affect the perfor-
mance of the surface wave divider. Additionally, the feasibility of achieving varying
power ratios by utilizing the reconfigurable T-junction is investigated. The chapter
also examines the frequency dependence of different asymmetric T-junctions and
pathways. The study of the distribution pathway sets the foundation for the devel-
opment of reconfigurable architectures that facilitate simultaneous communications

among multiple devices on a shared surface wave communication network.
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Figure 5.1: Illustration of the distribution pathway surface model with a reconfigurable T-
junction where the sampling points, 1-4, U5-U8 and D5-D8, of a 10 mm inter-
val are added along the upward and downward pathways.

5.2 Distribution Pathway Model

The surface geometry of the distribution pathway with a T-shaped junction is illus-
trated in Fig. 5.1, and the corresponding simulation results are presented in Fig. 5.2.
In this configuration, Transducer 1 serves as the transmitter, while Transducers 2
and 3 act as the receivers positioned symmetrically at the two ends of the T-shaped
distribution pathway. The surface waves, excited and guided along the straight path-
way, reach the intersection point, i.e., the reconfigurable T-junction, where the split-

ting pins are located. At the junction, the surface waves will undergo a 90°-turn due
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Figure 5.2: The simulation results for the distribution pathway at 26 GHz.

to the presence of the splitting pins, resulting in their division into two branches.
Subsequently, the divided waves propagate towards Transducers 2 and 3 through
the pathways in the +y and —y directions, respectively. The main focus of this
chapter is to investigate how the arrangement of the splitting pins at the T-junction
affects the power division. By adjusting the distribution of the pins and evaluating
the S| parameter, where j =2 or 3, the optimal surface wave distribution geometry

can be determined.

In both simulation and measurement, E-field sampling points (indicated by
green dots in Fig. 5.1) are placed along the centerline of the surface wave path-
way from 1-4 to U/D5-8 in the distribution pathways. These sampling points are
spaced at intervals of 10 mm. Points 1 and U/D8 are located more than 20 mm away
from the transducers to minimize the influence of reflected waves. Moreover, longer
waveguides are used as transducers in the experiment to reduce the impact of wave
reflections occurring at the adapters connected to the end of the waveguides. No-
tably, points 4 and U/DS5 at the T-junction are of particular interest as they are used
to calculate and evaluate the insertion loss, which represents the loss incurred when
the surface waves pass through the junction and are subsequently divided into the

+y (Transducer 2) and —y-directions (Transducer 3).

The measurement setup of the 3D-printed surface prototype, connected to a
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Figure 5.3: (a) The measurement setup of a 3D-printed surface prototype connected to
a vector network analyzer and (b) the configuration of the reconfigurable T-
junction.

Table 5.1: Parameters in the measurements and simulations for distribution path-

ways
Surface Parameters Value
radius of cavity/metal pin, r 0.5mm
center-to-center separation between cavities, wy  2mm
relative permittivity of the dielectric layer, &, 2.8
effective permittivity of the dielectric layer, T 2.4
thickness of the dielectric layer, h 2mm
pathway width, w, 10mm
dielectric loss tangent, tand 0.0155 at 26 GHz
surface impedance, Z; j240Q at 26 GHz
depth of splitting pins, d, 0,2,4,6mm
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VNA via coaxial cables for S-parameter measurements, is illustrated in Fig. 5.3.
This surface prototype is also identical to the one utilized in Section 4.2. How-
ever, the experimental configuration for the distribution pathway differs. It can be
observed that three WR-28 rectangular waveguides with a thickness of 1 mm are
utilized as transducers to evaluate the surface wave distribution performance, in-
stead of the two used previously. When testing the information from the third trans-
ducer, it is achieved by disconnecting the coaxial cable from another transducer and
connecting it to the third transducer. It is important to note that calibration of the
VNA is necessary after completing this process. Similarly, these three transducers
are mounted on 3-axis optical linear stages, enabling precise adjustments to their
relative positions. Copper pins with the same radius as the circular cavities are
incorporated within the customized surface to showcase its reconfigurability. The

specific parameter values are provided in Table 5.1.

5.3 Measurement and Simulation Results

5.3.1 Symmetric Pathways and Splitting Losses

The effectiveness of T-junctions in distributing surface waves is investigated using a
symmetric distribution pathway, as shown in Fig. 5.4. Splitting pins are introduced
at the T-junction and evenly distributed along the centerline. The depth refers to the
distance of the splitting pins extending from the bottom wall of the junction towards
the —z-direction. It varied from O mm at Junction 1 to 6 mm at Junction 4, increasing
in 2mm increments between each step. Point 1, which have a normalized E-field
power density of 0dB, served as the reference point.

Based on the E-field distribution observed at Junction 1 in Fig. 5.4, it is evi-
dent that surface waves are directly reflected at the bottom wall, where no splitting
pins are present. This is indicated by a value of —28.82dB at the D/US8 point.
Consequently, the majority of surface waves are reflected back towards Transducer
1, while only a small portion reaches Transducers 2 and 3. In contrast, at Junc-
tions 2-4, where splitting pins are introduced, the corresponding values at D/US are

—-8.64dB, —-8.21dB, and —12.74dB, respectively. This significant increase in sur-
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*Depth: the distance of splitting pins extending
from the bottom wall of T-junction.
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Figure 5.4: Illustration of the distribution pathway performances of a symmetric geometry
in (a) Junction 1 without splitting pins, i.e., depth d, = 0mm, and Junctions 2-4
configured with the splitting pins with d, of () 2mm, (¢) 4mm, and (d) 6mm
at 26 GHz.
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Figure 5.5: The comparison of the E-field power attenuation at each sampling point in 1-D8
from Transducer 1 to 2 in measurement and simulation results at 26 GHz.

face waves received by Transducers 2 and 3 compared to Junction 1 suggests that
the splitting pins facilitate distribution pathways, reducing surface wave reflection
at the junctions and enhancing the signals received by the transducers. Additionally,
it is worth noting that the E-field power at D8 and U8 remains consistent across the
junctions, indicating a uniform distribution of surface waves along both the +y- and

—y-directed pathways in the symmetric geometry.

Fig. 5.5 illustrates the normalized values of the E-field power density in dB
at sampling points 1-D8 along the distributed pathway from Transducer 1 to 2 at a
frequency of 26 GHz. The performance of Junctions 1-4 is studied using two ref-
erence models. The first model represents a straight pathway without any junction,
resulting in a path loss of 0.28dB/10mm. In contrast, the second model simulates
an L-shaped 90°-turn pathway, with a junction insertion loss of 3.11dB. It is worth
noting that the path loss of 0.28dB/10mm is primarily attributed to the dielectric

loss tangent of the resin used, and this can be significantly reduced by employing
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Table 5.2: The E-field power variations at the T-junction

Model Point 4% Point D5 Point U5 | Average Loss at
(All data are in dB) the junction (dB)*

Straight path 0 -0.28 - 0.28
90°-turn path 0 -3.11 - 3.11
Junction 1 0 -20.56  —-20.58 20.57
Junction 2 0 —6.86 -6.85 6.86
Junction 3 0 —6.18 —-6.18 6.18
Junction 4 0 -10.62  -10.63 10.63

$Tn each pathway, the value at the reference point (4) is normalized to 0dB. *The average loss in dB
is calculated by subtracting the average value of D5 and U5 located at the reconfigurable T-junction
from the value at point 4.

low loss tangent materials such as conventional PTFE (tan¢ = 0.00005 at 26 GHz)
[116], which exhibits a path loss of 0.0078,dB/10mm.

Analyzing the results, it is evident that an E-field power reduction occurs be-
tween the sampling points 4-D5 in all T-junction models, representing the insertion
loss at the T-junction. The attenuation between sampling points follows a linear
path loss rate similar to that of the straight pathway. Furthermore, the agreement
between the measurement and simulation results across the models validates the
accuracy of the measurements, except for the higher measured S,; value in Junc-
tion 1 compared to the simulation results. This discrepancy may be attributed to
reflections in the physical environment, resulting in the reception of space waves by
Transducer 2, an effect that is not accounted for in the simulation where the bound-
ary condition assumes an open space without reflections. Similar observations are

recorded for points 1-U8 along the pathway from Transducer 1 to 3.

Table 5.2 presents the measured values at points 4, D5, and U5 at the T-
junction, along with the insertion loss of each model. The symmetric geometry
ensures that the values at DS and U5 are nearly identical, and the insertion losses
are calculated by subtracting the average of D5 and US from point 4. In Junction 1,
a significant insertion loss of 20.57dB is observed, indicating that the model with-
out splitting pins is unable to efficiently distribute the surface waves. Junctions 2
and 3 exhibit insertion losses of 6.86dB and 6.18dB, respectively. Considering the

3.11dB loss caused by the 90° turn, both Junctions 2 and 3 perform reasonably well
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Figure 5.6: The E-field contour of (a) a 90°-turn pathway and (b) a blocked pathway after
the metal pins at the T-junction, operating at 26 GHz.

as 3-dB power dividers, while Junction 4 may not be the optimal choice. Further-
more, in Junction 3, the splitting pins with a depth of 4mm demonstrate the least
insertion loss, indicating that deeper splitting pins in Junction 3 slightly outperform
the smaller ones in Junction 2. This can be attributed to the deeper splitting pins
guiding the surface waves along a slightly longer path, reducing reflections on the
bottom wall. The relatively weaker distribution performance of Junction 4 can be at-
tributed to the excessively long splitting pins, which further narrow the exit width at
the T-junction, resulting in a certain degree of mismatch. Therefore, achieving bet-
ter surface wave distribution requires an appropriate arrangement of splitting pins.
Additionally, the optimization process can be further enhanced by considering the

specific surface geometry associated with the application scenarios.
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Figure 5.7: The S11/S21/S31 (dB) results for a 90°-turn pathway and a blocked pathway in
the measurements and simulations.

5.3.2 Flexible Open and blocked pathways

Fig. 5.6 displays simulation results of an L-shaped 90°-turn pathway as mentioned
in Section 4.3.2.1 and a blocked pathway in the same surface at a frequency of
26 GHz for reference. By introducing splitting pins arranged at 45° at the T-junction,
the 90°-turn pathway exclusively guides surface waves from Transducer 1 to 2,
while blocking the wave propagation towards Transducer 3. The results reveal a
significant difference of approximately 29.6 dB between Transducers 2 and 3, with a
value of —3.11dB at the sampling point D5 and —32.75dB at US. On the other hand,
the blocked pathway completely impedes the surface wave propagation towards

both transducers.

The S11/S,1/S3;1 curves presented in Fig. 5.7 demonstrate that the S3; value
in the 90°-turn pathway is approximately —45dB, comparable to the Sy and S3;

values in the blocked pathway model, with a difference of nearly 30dB from the
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Sy value in the 90°-turn pathway. Additionally, the Sy value in the blocked path-
way slightly exceeds that in the 90°-turn pathway due to the presence of reflections
in the blocked pathway. Moreover, both the experimental and simulation results
are consistent. These findings illustrate that the surface pathway design effectively
guides and isolates surface waves, enabling flexible control over their propagation

and mitigating mutual interference.

5.3.3 Shape of T-Junction

Further investigations were conducted to assess the effects of different shapes in
the arrangement of splitting pins within the T-junction. The reference model, Con-
figuration 1, features symmetrically located splitting pins on the centerline, with a
splitting depth of 4 mm, which was found to yield the lowest insertion loss in Section
5.3.1. By gradually increasing the width of the base of the T-junction, Configura-
tions 2-4 were obtained, as illustrated in Fig. 5.8(a). The edges formed by joining
the pins, along with the bottom wall, can be approximated as isosceles triangles
with apex angles () of approximately 60°, 90°, 120°, and 150°, respectively.

Fig. 5.8(b) presents the measured and simulated S;; values across the fre-
quency range of 22 to 30GHz for different configurations, exhibiting negligible
differences of approximately 0.1dB. The results demonstrate that altering the apex
angles does not significantly impact the received surface wave signal at Transduc-
ers 2 and 3, while the splitting depth of the T-junction has a much more pronounced
effect on the insertion loss. This indicates that the shape of the T-junction can be
simplified by employing Configuration 1 to achieve a low insertion loss for the dis-
tribution of surface waves, provided that the pins maintain an appropriate depth,
such as 4 mm.

Furthermore, the measured and simulated S,; results generally exhibit good
agreement. However, the experimental Sy; values are slightly lower than those
obtained from the simulations below approximately 23.5GHz. This discrepancy
may be attributed to the cutoff frequency of the coaxial-to-waveguide adapters used
in the measurements [115], which is not accounted for in the simulations where the

waveguide ports are directly connected to the transducers.
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Figure 5.8: (a) The different symmetric configurations (Configurations 1-4) of splitting
pins with an apex angle of around 60°,90°,120°, and 150°, respectively, and
(b) their corresponding Sy; (dB) results in the measurements and simulations
compared with those in the 90°-turn pathway.
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Additionally, there is a promising design approach for distributing and direct-
ing surface waves. This involves laying small-sized units, electromagnetic struc-
tures, microstructures, or conductive structures on the surface to adjust the paths
and distribution of surface currents. By modifying the surface current, a new elec-
tromagnetic field is generated, interacting with the surrounding medium and result-
ing in the generation and propagation of surface waves. This design allows for
the customization of surface wave guidance and control by adjusting current inten-
sity, direction, and distribution density. To substantiate the potential of this study,
Appendices A.4 provides a series of derived formulas for the surface equivalent
transmission line. The conceptual framework of this approach is similar to deploy-
ing RIS on the surface, aiming to directly alter the characteristics of surface waves
on-chip rather than solely relying on changes within the medium. Mr. Hadumanro
Malau from our research group is actively investigating this aspect as part of his
doctoral research under the guidance of Prof. Kit Wong and Prof. Kenneth Tong.

The current state of research in this area is outlined in Subsection 6.2.1.

5.3.4 Asymmetric Junctions

Fig. 5.9 illustrates the geometries of Asymmetric Junctions 1-3, which are obtained
by gradually shifting the splitting pins on the centerline towards the —y-direction
in 2mm increments, up to 6 mm, resulting in an asymmetric T-junction. Three
sampling points, 4, D5, and U5, are selected at the entrance and exit ends of the
T-junction in three directions. Point 4, with a normalized value of 0dB, is taken as
the reference point, as listed in Table 5.3.

In the symmetric junction, the values at D5 and US are —6.18dB, with a ra-
tio of 1:1. Conversely, in asymmetric junction 1, the value at point D5 is —5.84 dB,
while that at point U5 is —7.13 dB, resulting in a ratio of E-field strengths of approx-
imately 1.3:1. For asymmetric junction 2, the difference in the E-field power ratio
increases to 4:1, and further changes to 5.1:1 in asymmetric junction 3. These re-
sults highlight the variation in power distribution of surface waves at the T-junction
when the splitting pins deviate from the centerline, with a greater proportion of sur-

face waves directed towards the wider side of the T-junction. As the pins move
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Symmetric junction Asymmetric Asymmetric Asymmetric
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Figure 5.9: The geometry of symmetric junction and asymmetric junctions 1, 2, 3 with the
splitting pins shifted from 2mm to 6 mm in the —y-direction and their corre-
sponding E-field at sample point 4, D5, US in three directions of the T-junction
at 26 GHz.

further away from the centerline, a complete blockage of the pathway eventually
occurs. Overall, these findings demonstrate the flexibility of adjusting the position
of the splitting pins to control the power distribution of surface waves in different

pathways.

5.3.5 Asymmetric Pathways and Frequency Selectivity

Fig. 5.10 illustrates an example of asymmetric pathways to demonstrate the fre-
quency selectivity of the pathway. The pathway width w. at the T-junction en-
trance, connecting to Transducer 1, is fixed at 10 mm, while the +y- and —y-directed
pathway widths are set at 16 mm and 6 mm, respectively. The splitting pins in the
T-junction are asymmetrically configured to control the power distribution. The
simulation results indicate that at f = 25.5GHz, S;; is —34.17dB, while S3; is

—14.82dB, resulting in an approximate 20dB difference between Transducers 2
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Asymmetric pathway

f=25.5GHz

-14.02dB

Asymmetric
pathway width

Asymmetric
junction
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f=28GH:z f=30.1GHz dB(v/m)

-22.32dB

-21.80dB

Figure 5.10: An asymmetric surface geometry with asymmetric widths of 16 mm and 6 mm
at upward and downward pathways and its E-field power in simulation results
at 25.5GHz, 28 GHz and —30.1 GHz.

and 3. At 28GHz, Sj; is —22.60dB, and S3; is —23.52dB, approaching similar
values. Furthermore, at 30.1 GHz, S,; is —13.37dB, and S3; is —29.68dB, result-
ing in a 16dB difference between the two ports. These results demonstrate that the
asymmetric pathway can effectively separate surface waves operating at different
frequency bands.

Fig. 5.11 displays the S;; and S3; values of the model obtained from both
measurements and simulations. For the 16 mm pathway, the operating frequency is
25.5GHz, with a 3-dB half-power bandwidth ranging from 24.1 GHz to 26.9 GHz.
On the other hand, the 6 mm pathway operates at 30.1 GHz, with a 3-dB half-power
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Figure 5.11: The S,,/S3; (dB) results for an asymmetric surface geometry in the measure-
ments and simulations.

Table 5.3: The E-field power variations in the symmetric/asymmetric junctions

Normalized E-field power | Difference | Power ratio
Junction (dB) (dB)

Point4 D5 Us D5-U5S D5:US
Sym. 0 -6.18 —6.18 0 1:1
Asym. 1 0 -5.84 -7.13 1.29 1.3:1
Asym. 2 0 —4.15 -9.89 5.74 4:1
Asym. 3 0 -3.74 -10.75 7.01 5.1:1

bandwidth spanning from 29.0GHz to 32.1 GHz. At the peak frequency point of

each separated pathway, the isolation is approximately 18dB. Therefore, the asym-

metric pathways have the potential to achieve frequency-based signal distribution

by controlling the splitting pins and pathway width simultaneously, allowing sur-

face waves at different frequency bands to be delivered to different transducers.

These results demonstrate the feasibility of flexible control over surface waves in

frequency bands. However, further comprehensive studies are required for more

precise frequency division and characterization.
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5.4 Conclusions

In conclusion, this chapter introduces a reconfigurable T-junction as a means of
flexible control over distribution pathway in the millimeter-wave frequency band.
By utilizing fluid metal or metal pins as splitting pins at the junction, the incoming
wave can be divided and directed along the +y and —y pathways towards transduc-
ers 2 and 3, respectively. In a symmetric splitting pins structure, the field strengths
in the two distribution pathways are totally equal. The selection of an appropri-
ate splitting depth is instrumental in minimizing insertion losses incurred during
the distribution process. Furthermore, this chapter reveals that the shape of the T-
junction has minimal impact on the distributed signals. By adjusting the degree of
asymmetry, the asymmetric arrangement of splitting pins and pathway widths ef-
fectively redistributes the power of surface waves along different propagation direc-
tions, and further regulate the half-power bandwidth in different distribution path-
ways. Consequently, these research findings demonstrate the remarkable capability
of the reconfigurable surface wave platform in flexibly managing and allocating the
propagation direction, power, and optimal operating frequency of surface waves.
This underscores the significant potential of this platform in various SWC applica-

tions.
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Conclusions and Future Works

6.1 Summary of the Thesis

In conclusion, this thesis has successfully developed a novel reconfigurable surface

wave platform and thoroughly investigated its propagation characteristics and the

analysis of different surface wave pathways as shown in Fig. 6.1. The proposed re-

Reconfigurable Surface
Wave Platform

B copier2

Application scenarios I

Mathematical model | ~

Reconfigurable pathway | —

Outdoor communication
Indoor communication
NLOS

NoC

Surface materials
Metal materials
Thickness of layer
Field strength

—

Propagation distance
Metal wall layer

Pathway width

Cavity porosity
Reconfigurable T-junction
Pathway switch

Turn shape

~—  Distribution Pathway

Multi-turn

Splitting depth

Splitting shape
Symmetry or asymmetry
Power distribution
Frequency selection

Figure 6.1: The summarized investigation structure of this thesis.
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configurable surface wave platform, utilizing a porous architecture and fluid metal
filling, has demonstrated dynamic propagation pathways for surface wave commu-
nication. The mathematical analysis conducted in this study has provided theoret-
ical models into the impact of surface materials, metal materials, thickness, cavity
porosity, and other parameters on the propagation performance of surface waves,

leading to effective optimization of the reconfigurable surface geometry.

Experimental measurements and full electromagnetic simulations of the three-
dimensional printed reconfigurable surface wave platform were conducted, provid-
ing comprehensive validation for the proposed technology. The examination of
pathway parameters, including guided pathways and turning pathways, further en-
hanced the understanding of the platform’s capabilities. The simulation results were
successfully verified through real experiments, confirming the accuracy and relia-

bility of the mathematical analysis.

The results obtained from the experiments and simulations have demonstrated
the feasibility of the proposed reconfigurable platform in terms of its wide band-
width, low path loss, and controllable communication capabilities. By optimizing
the studied parameters, such as surface wave pathway configuration dynamically,
power distribution, and frequency selection, the platform has exhibited higher flex-
ibility and adaptability. These research findings contribute to the advancement and
application of multiple devices accessing a shared surface wave communication

network simultaneously.

Future research directions can focus on further optimizing the reconfigurable
platform and exploring its applications in various practical scenarios, such as wire-
less sensor networks, IoT, NoC in 5G/6G communication systems. Additionally,
investigations into the integration of advanced signal processing techniques and in-
telligent algorithms can further enhance the performance and capabilities of the

reconfigurable surface wave platform.

Overall, this thesis has positive laid a foundation for the development and im-
plementation of reconfigurable surface wave transmission technique by introducing

a reconfigurable platform and providing a comprehensive analysis of its propaga-
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tion characteristics., opening up new possibilities for efficient and adaptable wire-
less communication systems, particularly in complex channel environments with a
massive number of connected devices. The research findings contribute to the un-
derstanding of surface wave mathematical modeling, experimental validation, and

optimization techniques and advancements in surface wave communication.

6.2 Future Works

6.2.1 Challenges and Strategies for the Future

In the future research and application scenarios of surface waves, there still ex-
ist several limitations and challenges. The following will outline and discuss the
potential issues that may arise or be faced by surface waves from the following
perspectives.

Physical Deployment Issue

The practical application scenarios of surface waves require further consideration.
For instance, the choice of operating frequency range is crucial. If operating in
the low-frequency range (centimeter waves), such as 3.5GHz in frequency range
1 (FR1) of 5G, a surface wave platform necessitates a large surface area for wave
propagation. The extensive use of dielectric and metal materials over a wide range
could lead to a substantial increase in costs. Alternatively, selecting a higher fre-
quency range (millimeter waves), like the 26 GHz discussed in FR2 of 5G in this
thesis, introduces increased path losses due to higher tangent losses with frequency,
as indicated in Equation (3.13). Additionally, inherent attenuation of surface waves
would also rise.

In such circumstances, it may be necessary to choose an appropriate frequency
range for different application scenarios. Addressing existing Sub-6GHz frequency
bands in outdoor 5G scenarios, designing building walls from the outset to facilitate
surface wave propagation can mitigate additional costs associated with secondary
construction. This process may involve the use of composite materials, such as
designing the external walls of buildings with glass as a dielectric layer, embedding

metal ground and pins within the glass to form a structure conducive to surface
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wave propagation. On the other hand, for small-scale applications like NoC, higher
frequency bands can be considered as carriers. Regardless of the scenario, the use of
low-loss dielectric boards is crucial to minimize energy loss during electromagnetic

wave transmission on the surface.

Wave transition Issue:

The transition from surface waves to space waves can be achieved through the use
of metal patches on the surface, as discussed in subsection 2.6. However, in practi-
cal scenarios, as illustrated in Fig. 2.6, it is essential to consider the user’s position
in different directions for beamforming propagation. Simultaneously transforming
surface waves into space waves on a surface and shaping space waves into beam-

forms are two complex and challenging problems.

Our current approaches do not consider the placement of a large number of
antenna elements on the surface, akin to beamforming in massive MIMO, as it is
impractical and cost-prohibitive. Therefore, the primary focus now is on leveraging
mature RIS technology for directional control of waves. This process necessitates a
reevaluation of how RIS are configured on the surface, with two research directions
currently being pursued. Firstly, in the horizontal direction, a layer of RIS is ad-
hered to the surface. This entails an analysis of the equivalent circuits for both the
surface and the RIS. Secondly, in the vertical direction, periodic small-sized RIS
elements are arranged to adjust parameters such as amplitude and phase of surface
waves. Both directions involve complex mathematical and physical modeling. Size
constraints, as mentioned in the previous section, also pose a challenge. Consid-
ering the use of small-sized diodes for controlling circuit signals within the RIS,
soldering these diodes onto the RIS presents a challenge. Fortunately, Mr. Hadu-
manro Malau, a member of our research group, is currently investigating this issue
(part of his doctoral research) under the guidance of Prof. Kit Wong and Prof. Ken-
neth Tong. Progress has been made, and it is now possible to adjust beam directions
on the surface by configuring diodes within the RIS. Positive simulation results
have been obtained, and efforts are underway to advance the entire project towards

experimental validation in the laboratory.
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Attenuation estimation Issue

In practical application scenarios, a common occurrence is the conversion between
space waves to surface waves and back to space waves. As reasoned in Chapter
3 and Appendices of this thesis, the entire process of this transformation requires
deriving the electromagnetic wave expressions based on the specific space structure
of the surface. The entire procedure involves multiple mathematical modeling of
the surface, and the derivations are inherently complex. Consequently, estimating
the electromagnetic wave attenuation from the base station to the surface and then

to the user is challenging.

Our current approach involves simplifying certain aspects of the model and the
problem during the derivation process. For instance, considering multiple antennas
simultaneously emitting signals from the active antenna unit (AAU) in existing 5G
base stations, we initially focus on modeling one channel. When the electromag-
netic wave enters the surface, we assume the wave to be a uniform plane wave,
facilitating the analysis of wave reflection and incidence. Diffuse waves in free
space and surface waves caused by secondary reflections are not considered at this
stage. Through the streamlined model, we aim to obtain a preliminary overall elec-
tromagnetic wave attenuation formula. We then assess the disparities between our
idealized simplified model and the simulation environment by quantitatively ana-
lyzing the same scenario using simulation software. Any differences identified are
summarized as additional parameters incorporated into our deduced formula. This
part of the work is primarily conducted by Miss. Haizhe Liu (part of her doctoral
research) in our research group under the guidance of Prof. Kit Wong and Prof.
Kenneth Tong. The current results are in the process of being organized, and we

plan to submit them for publication soon.

Communication Quality Issue

As outlined in this thesis, my doctoral research has primarily focused on whether
surfaces can control surface waves and how surfaces can flexibly manipulate them.
The overall perspective on existing surface wave systems is that they are still in

a nascent stage. Further contemplation is required for various indoor and outdoor
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Figure 6.2: A schematic diagram depicting the substitution of a thermoelectric semicon-
ductor material for fluid metal within cavities.

Metallic Silicon pins Metallic Silicon pins
(Room temperature at 20°C)  (High temperature around 700°C)
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)
Figure 6.3: The simulation results of (a) metallic silicon pins at room temperature at
20 °C (opr1 = 0.0012x 10° S/m) and (b) high temperature around 700 °C

(opm2 =0.8x10° S/m) and (c¢) Galinstan pins at room temperature (0g =
3.46x10° S/m) at 26 GHz.
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application scenarios, particularly as it pertains to ensuring communication quality.

As discussed in this thesis, while surface waves propagate stably and reliably
on surfaces under normal circumstances, obstacles on the surface can disrupt this
propagation. To overcome obstacles, flexible pathways can be designed to redirect
the surface wave propagation. However, this process necessitates a thorough aware-
ness of the entire communication environment. Accurate identification of obstacle
size and range is crucial for planning logical propagation routes. Similar to chal-
lenges encountered in many communication channels, this process requires an in-
tegrated approach combining sensing and adaptive propagation algorithms to yield
effective results. Likewise, this poses a highly challenging and long-term problem.
At this stage, research efforts are focused on refining the theoretical aspects of sur-
face waves and ensuring the reliability of surface wave communication in laboratory
settings. By incrementally addressing current challenges, we can progressively pave

the way for more extended considerations in the future.

6.2.2 Potential Research Direction

The programmable digital design of reconfigurable surfaces based on fluid metals
has been thoroughly detailed in this thesis. Building upon the summarized surface
wave characteristics derived from this, there is an opportunity to further explore al-
ternative materials for direct digital implementation, bypassing the pump introduced
in this thesis.

In future research, the author considers a promising direction for exploration,
envisioning the utilization of thermoelectric semiconductor materials as a replace-
ment for the currently studied fluid metals to achieve the guidance of surface waves
on a reconfigurable surface wave platform as well. The potential advantage of ther-
moelectric semiconductor materials lies in their significant increase in electrical
conductivity with rising temperatures. As illustrated in Fig. 6.2, heat-conducting
wires can be connected to the thermoelectric semiconductor pins at the bottom of the
metal ground. When the entire surface is in a non-guided state, the heat-conducting
wire remains inactive, and the thermoelectric semiconductor behaves like a normal

semiconductor without waveguiding functionality. However, in a guided state, when
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preparing to form a pathway beneath the cavity, the heat-conducting wire beneath
the cavity is heated through electrical signals, causing the thermoelectric semicon-
ductor’s electrical conductivity to markedly increase, mimicking the waveguiding

function of fluid metals.

A set of comparative simulation results is presented in Fig. 6.3. The novel
multilayered structure of metallic Silicon Si(111) serves as the test subject, with its
electrical conductivity capable of increasing by several orders of magnitude upon
heating ideally [121]. Fig. 6.3 (a) and (b) simulate the metallic silicon pins at room
temperature (20 °C) (o1 = 0.0012x 10% ,S/m) and high temperature around 700
°C (o2 = 0.8 x 10° ,S/m), respectively. It is evident that the former exhibits weak
electrical conductivity and cannot guide surface waves, while the latter demon-
strates effective surface wave guidance, with results comparable to Fig. 6.3 (¢),
depicting Galinstan pins in the surface at room temperature (o = 3.46 X 10%,S/m)
at 26, GHz. This suggests that thermoelectric semiconductor materials have the
potential to replace fluid metals as guiding materials. They can be controlled di-
rectly through electrical signals transmitted by the underlying heat-conducting wire,
bringing digital control of the surface one step closer. However, this concept is
highly idealized, and delving deeper into this direction requires addressing several

challenges.

The exploration of thermoelectric semiconductor material: This involves re-
searching the construction of a novel thermoelectric semiconductor material, with
the stability of such material requiring further evaluation. The challenge lies in the
implementation of this material in connection with heat-conducting wires, espe-

cially in smaller dimensions.

Excessive heating temperatures: The current requirement for excessively high
temperatures to alter the conductivity of thermoelectric semiconductor materials is
impractical for real-world applications. Exploring temperature-sensitive materials
on a small scale becomes essential, necessitating research in the fields of chemistry

and new materials.

Connection status detection and feedback: Building upon the solutions to the
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aforementioned challenges, the next concern is ensuring the stability of the designed
system. This involves employing sensors or other components to detect the connec-
tion status of each pin and providing timely feedback to the control system. This
facilitates closed-loop control and real-time adjustments.

Through research in this direction, the potential for dynamic control of surfaces
can be expanded, enabling more flexible and programmable connectivity functions
across various application domains. Furthermore, this is expected to catalyze the

future development of reconfigurable surfaces in the realm of SWC.

6.2.3 Digital Control

In the future work of digital control of surface waves, a key task is to enhance
the design of the digital control surface wave platform. This entails developing
algorithms to control and select surface wave paths, converting real path information
into digital data, and dynamically generating paths using programmable pumps.
This work encompasses several aspects as follows

Path encoding algorithms: Researching methods to encode actual path informa-
tion into digital format. This involves modeling and analyzing surface wave propa-
gation characteristics to determine path parameters and constraints. Algorithms can
then be devised to generate digital path encoding schemes for implementation and
control within the digital control surface wave platform.

Path selection algorithms: Designing algorithms to select suitable paths that meet
specific communication requirements. This entails considering mutual interference
and signal attenuation between paths, as well as optimizing path selection for op-
timal transmission performance. By analyzing communication needs and environ-
mental conditions, intelligent path selection algorithms can be developed to achieve
efficient signal transmission and communication quality.

Programmable pump design: Investigating the design and control techniques for
programmable pumps to enable dynamic path generation. This includes studying
appropriate materials and structures to facilitate pump controllability in different
paths and directions. Designing precise control mechanisms is crucial for accurately

controlling the pumps and adjusting the paths.
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System integration and optimization: Considering the overall integration and op-
timization of the digital control surface wave platform is essential. This involves
integrating sensors, control units, and communication interfaces (such as micro-
tubes) to enable dynamic control and adjustment of surface wave paths.

By pursuing research in these specific directions, further advancements in dig-
ital control of surface waves can be made, resulting in more flexible and efficient

control of surface wave paths and communication capabilities.

152



Appendix A

Appendices

A.1 Derivation of Surface Wave Excitation Process

This section will particularly introduce the derivation for the excitation process of

surface waves and the surface impedance functions.

A.1.1 Oblique Incidence Model

Fig. A.1 illustrates a ideal model where the oblique incidence of a uniform plane
wave onto the ideal multi-layer medium interface, consisting of a metal ground
(Layer 1), dielectric layer (Layer 2) and air layer (Layer 3). That is the basic
propagation surface for surface waves in this thesis. In this scenario, the incident,
reflected, and transmitted waves deviate from propagating perpendicularly to the
interface. For oblique incidence, the plane formed by the wave vector of the inci-
dent wave and the normal vector to the interface is termed the incident plane (x —z
plane). If the incident wave is characterized as a parallel-polarized wave, signifying
that the E-field of the incident wave aligns with the incident plane. Currently, all E-
field component directions parallel the incident plane, while the H-field component
directions remain perpendicular to the incident plane.

Within the multi-layer structure depicted in Fig. A.1, the incident wave experi-
ences two reflections and refractions at the interfaces x = 0 and x =/, corresponding
to the boundaries between layers. The E-field E can be decomposed into XE, and

%E. components at x and z directions, respectively. The H-field H can be written as
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Figure A.1: The process of oblique incidence of a uniform plane wave on a multi-layered
surface.

yH, at y direction. Therefore, in this model, there are only components yH,, XE,
ZE, # 0 are present. Here are some parameters for the different layers as follows.

Air layer (Layer 3): 63; and 63, are the incidence and reflection angle, respec-
tively, and 63; = 83, by boundary condition (Snell’s law). The intrinsic coefficients
are €3 = &9, 43 = 4o and 03 = 0.

Dielectric layer (Layer 2): 6,;, 6>, and 6, are the incidence, reflection and
transmission angle, respectively, and 63; = 03, = 63;. The intrinsic coefficients are
&) = &,€0, Uy = po and o, = 0. &, is the relative permittivity of the dielectric layer.

Metal ground (Layer 1): 6y, is the transmission angle. The intrinsic coeffi-
cients are €1, up = o and o7.

Then the waves in the air layer are analyzed by using decomposition. k is de-
fined as the wave vector. 1%3,‘ could be decomposed with —Xk3 cos63; and Zk sin 63;.
And 123, could be decomposed with Xk3cos 63, and Zk3sinf3,. The wave number

is k3 = wA/o€o in air layer. E 3; 1s the incident E-field in the air layer and could be
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decomposed with X sinf3;E3; and X sin63; E3; along X and Z directions, respectively,
and E73; is regarded as the magnitude of Es;. Similarly, the other layers have the

same decomposition principle.

A.1.2 Vector Decomposition

In a rectangular coordinate system, the position vector is # = Xx + yy +2z. The
Incident wave wave vector is k; = Xk, + Yk;, + 2k, the reflected wave wave vector
is ky = Xk, + Yk, + 2k, and transmitted wave vector is k; = Xk, + Yk + 2k

The H-field of the incident wave is

H;=yHe ki (A.1)
Here
ki-# = (Rkix+kiy+2ki) - (Zx + Py +22)
=Xkjx-Xx+Yk;y -y +2ki;- 2z (A.2)
= ki)c-x-i'kl'yy'l'kl'zZ (fi’,fﬁ,j}ﬁ :0)’
Therefore

A

H;= S,Hl.e—j(kixx*'kiy)”'kizz) (A.3)

Similarly, H r and H ¢ can be written as

A

H,=$H.e™ (krxxtkryy+kr.2) (A.4)

And
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Ht — S,Hte—j(ktxx+kryy+ktzz) (A.5)

where H;, H,, H; are magnitudes of IAf,-, ﬁ, and ﬁt, respectively. And kv, k;y, kiz,
kix, kry, krzs kix, key, ki, are the wave numbers in incident, reflected, transmitted

wave on the x, y, z axes.
At the boundary where x = 0, i.e., e /¥ = ¢7/¥(0) = 1 the tangential compo-

nents of the E- and H-fields are continuous on the y and z axes. Therefore,

Hl.oe_j(kiy}'+kizz) +Hroe_].(kryy+krzz) — Htoe_j(ktyy*'krzz)
(A.6)
kiyy+kizz=kryy+krz2=Kkyy+kzz

And then,

kiy=kry =k =k, A
ki;=ky;=ki;=k;

where H;o, H,o, H;o are magnitudes of H;,H, and H, in the tangential direction at

x=0.

A.1.3 Electromagnetic Field Analysis in Three Layers
Decompose the E- and magnetic components along the Cartesian coordinate sys-
tem, as shown above.

Air layer (Layer 3):

In incident wave:

E;; = (Xsinf3; +Zcos63;) E3,’€_j (k3ixx+k3iyy+k3izz)
. (A.8)
= (R8in 03 + 2 cos O3;) Ezze~/k3(-cosOaixtsinsiz)
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And

A

H3i — 5\’%E3ie—jk3(—C0893,')C+Sin93iz) (A9)

In reflected wave:

E3, = (Rsin03; — 2008 03;) Ezy e /k3(c0s0six+sindsi2)
| | (A.10)
= (&in 63 — 2c0Ss 03;) R3 E3je/k3(cosaintsindsiz)

And,

~ 1 . .
H3r — j\,%R3E3ie—]k3 (cos @3;x+sinf3;z) (A 1 1)

where 173 = ,/‘8‘—3 represents the wave impedance in the air layer. Rj3 is the reflec-
tion coefficient in the reflection plane, and 73 is the transmission coefficient in the

transmission plane.
Dielectric layer (Layer 2):

In incident wave:

E2i = (J’E sin 92,‘ + 2COS (92,') Ezie_jkz [-cos i (x—I)+sinfiz]

(A.12)

= (R $in0y; +2C08 Oy ) T3 Ezpe~*21c0s02i (x=D+sin 2]

And,

N 1 . .
HZi — y%T:;E:;ie—sz[—COSHZi(x—l)+Sln92iZ] (A13)

In reflected wave:
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EZr — (AAC sin @y — %c0s 92;') Ezre—jkz [cosBp; (x—1)+sin6y;z]
(A.14)
= (Xsinfy; —Zcosby;) R2T3E3ie_jk2 Loos 6 (x=D)+sin 2]
And
N 1 . .
H, = 5,%R2T3E3ie—]k2[c0392i (x=10)+sin ;7] (A.15)

where 17, = \/‘;:‘2) = \/ggo is the wave impedance in the dielectric layer. Here, the
analysis primarily focuses on when the boundary conditions are satisfied between
the dielectric layer and the metal layer in the x—direction. It is essential to exam-
ine the boundary conditions at the bottom layer interface because, in a multi-layer
model, the lower layer influences the equivalent wave impedance of the upper layer.

Metal ground (Layer 1):

In transmitted wave:

E| = (Xsin6y, +2cos8y,) Ej e/ kil-costi(x=l)tsin0nz]

(A.16)
= (£sin6), +2cos§y,) TrT3 Ezze/ Filmcosbuu(=Dssindi ]
And,
~ 1 . .
Hy = ?aTszEsie—JklFC"S"M”—”*S‘“W],En =DyT3E3 (A.17)

A.1.4 Boundary Condition Formula Derivation

According to the boundary conditions, the tangential component of the E- and H-

field are both continuous across the interface at x =0 and x = /.

At the interface x = [ between he dielectric layer and the metal ground, have
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Elz :EZZ ;Hly :HZy
Ey=Esi;+Ey B = Eyy (A.18)

H2y :H2iy +H2ry;H1y =Hy;

Then,

Esi,+Esy = Eyy (A.19)

And

Hyiy+Hyy = Hy, (A.20)

Combine (A.12), (A.14) and (A.16), (A.19) can be written as

—%cos 02iR2T3E3ie_jk2 [cos O (x=D)+sinb2iz] | 5 g 92,~T3E3ie_jk2 [—cos 6 (x—[)+sinby;z]
=%c0s 91,T2T3E3i€_jkl [-cosB;(x=I)+sinf;z]

(A.21)

where ky sin@y; = k; siny, and x = [ then e/~ = 1. And it can be get

(1 =Ry)cosby; =cosby,T» (A.22)

Combine (A.13), (A.15) and (A.17), (A.20) can be written as
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j\’iT3E3ie—jk2[—COSGZi(x—l)+sin92iZ] +5’iR2T3E3ie—ij [cosBr; (x—1)+sinBy;z]

| & (A.23)
— 5’_T2T3E3ie_jkl [—cosBi;(x—=1)+sinb,z]
m
And get
1 1
—(1+Ry)=—T, (A.24)
m m

Combine (A.22) and (A.24) , get

1n2€0s 6y —n1cosby,
Ry =

A.25
12€0s 62+ 11 cosby; ( )

211 cos Oy;
=
172C0S8 6 +1m1cosby;

(A.26)
At the interface x = 0 between the air layer and the dielectric layer, have
E3z = EZz;H3y = HZy

E3Z:E3iz+E3rz ;E222E2i2+E2r2 (A.27)

H3y :H3iy +H3ry;H2y :H2iy+H2ry

Then,

E3iz + E3rz = Ez:'z +E2rz (A-28)

And

160



APPENDICES

ﬁ3iy +}A13ry :ﬁIZiy +ﬂ2ry (A.29)
Combine (A.8), (A.10), (A.12) and (A.14), (A.28) can be written as
5cos 03iE3ie—jk3(—00503,~x+sin93iz) —%c0s 6’3,'R3E3i€_jk3 (cosB3;x+sin63;z) (A.30)

=2%cos 92iT3E3ie_jk2 [—cosbai(x=D)+sindriz] _ 500 02,~R2T3E3ie_jk2 [cos O (x—1)+sin ;2]

(A.31)

And

cos 931’ (1 —R3) e—]k3 sinf3;z — COSHZZ'T3 (ejkzcos@il _ R2e—jkgcos€2,~l) e—jkzsm(iziz

(A.32)
Get
cos03; (1 —R3) = cosOy T (eij cosal _ Rze_jkzcosgzil) (A.33)
where k3 sinfs; = ks sinfy; and e /¥ = 1.
Combine (A.9), (A.11), (A.13) and (A.15), (A.29) can be written as
5’iE3ie—jk3(—C0893ix+sin93iz) +§’iR3E3i€_jk3 (cos@3;x+sinb3;z)
n3 | | | 3 X | | (A.34)
— S'ET3E3i€_]k2[_COSHZi(x_l)-'-SmQZiZ] +5’ER2T3E3ie_]k2 [cosBy; (x—1)+sinBy; 7]
Get
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L Gsry =L (eszcosezfl + Rye~Tkacostail ) (A.35)
n3 n2

Combine (A.33) and (A.35), get

o 1 —R3 0 ejszOstil _Rze—jkzcosezil (A 36)
coS 03— =1 C0S Op; — . . A .
UK 3i 1+R3 m 2 eJkacosbail +R2€_Jk2 cos 6il
Bring (A.25) into (A.36), get
o L=Rs
3COS03
1 TR
0 (12c08 0 + 11 cosby,) el k20502l _ (1, cos 0y — 171 cos O;) e/ k200802l
=12 COSUy; - -
" (172005 02; +171 €08 01,) e/k2¢0302il 1 (175 cO8 6 — 171 cO8 1) =T k20082l
172 COS 021’ (ejkzcosez,-l _ e—jkzcoseg,-l) +171 COS@], (ejkzcosaz,-l +e—jk2c0502i1)
=17 C0S B; - , - ,
2 2i 172 COS 921‘ (ejkzcosezil +e—]k200892il) +11 COS@U (ejkzcosozil _ e—jk200502il)
_ 1pcos 02.772 cos By; j sin (ky cosBy;1) +11 cos by, cos (kp cosby;l)
1772 cos Bp; cos (ko cosbr;l) +11 cos by, sin (kp cosby;l)
n1cos 6, +1n,cos by jtan (ky cosOy;l)
=1]2C08 0;

12 c0s 6 + 11 cosBy,j tan (kp cos ;1)
(A.37)

The impact of the dielectric layer and the metal ground on the reflection coef-
ficient at the interface x = 0 can be effectively replaced by an equivalent medium.

The intrinsic impedance of this medium serves as the equivalent impedance, set

0 WA/LOEQ COS 93
Z3=13c0s803; = Ho cosfz = ———
1)) wE(

. (A.38)
k 03; k
_ [3CosO3i J 3% set ks = k3 cos 3
wE( JWEQ
k 0> 'k
Zy =1mC0sby; = 200502 _ _JR% ;set ko, = kpcosby; (A.39)

we? Jwereo
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Ho JwHo . wHo
Zy=ncosby ~1 = | ~ 4 =(1+)) (A.40)
Emetal Ometal 20 metal

When the incident angle is Brewster’s angle at the interface x = 0 between the

air layer and the dielectric layer, the reflection component is 0 with R3 = 0.

Bring (A.38),(A.39) and (A.40) into (A.37), get

Z +sztaIl(kle)
222 + jZy tan (kyl)

Z3 =

(A41)

Up to this point, Z3 has been derived as the equation for the equivalent
impedance of the surface. In Section A.3, it will continue to follow the derivation

approach of the equivalent circuit to establish the same equation.

A.2 Derivation of Equivalent Surface Impedance

Based on Helmholtz equation as above prove, in air layer

Yo tY:i=73 (A.42)
2
ki, +k2 = k3 = (w+/Hog0) (A.43)
kZ=k5-kz, (A.44)
And in dielectric layer
Yo +vi=v, (A.45)
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k2, +k2 = k3 = (wyoere0)” = &,k3 (A.46)
It can be get that
k2 =k3 ks, (A47)
Now we have
ky, = (er = D3+ kg, = (e, = Dwposo + k3, (A.48)
Solve
Z1+jZytan (ky,!
zy=2,2"12 (k) (A.49)
Zr+ jZ tan (ky,l)

Since [ is very small and ky,! < 1, so that tan (ky,[) ~ ky,[, (A.41) can be

rewritten as

z

Z—Z (Za+jZikel) = Zi +j Zokyl (A.50)
V4

Z3 =71+ Zoky,l —jZlZ—zkal (A51)

1 — jkx3 — @ — jkx2 — kxp -
Bring Z5 = wes = weg and Z, = ey = werey INMO (A.41), get
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k k
S o 24—kl — 2y D
WwWE WEEQ wWE x2
Then
k2
kxg =wepZ +]'L21 —jWSrS()Zlkx3l
Er
Now we get

1
)lwz,uoso+jl—k)263 — jwereoZikysl
&

r r

kys=weoZi+]J (&

Since k3l < 1, omit jl-k%y — jwers0Zikl =0, get

Z (g -1
kx3=W2,uo8o[ ! +J( )l]
WHo Er

2 e [ e [ _ 4
where who (1 +']) 20meral WHo (1 +‘]) 2wpoTmetal 2’ hence

—+ I+j—
PP

2
k3 =—wuogo

4 (e—1) A]

(A.52)

(A.53)

(A.54)

(A.55)

(A.56)

A.3 Derivation of Field Strength Equations in Sur-

face Wave

The differential form of Maxwell’s equations is as follows:

1. Ampere’s law with Maxwell’s addition:
) )
VxH=J+egy—
01
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2. Faraday’s law of electromagnetic induction:

. OH
VXE =—uygy—
X lloat

3. Gauss’s law for magnetic fields:

A

V-H=0
4. Gauss’s law for electric fields

v.ik=F
£0

such as g, represent scalars.

(A.58)

(A.59)

(A.60)

where E represents the electric field vector, H represents the magnetic field vector,
p is the electric charge density, J is the current density, & is the permittivity of free
space, o is the permeability of free space, V- denotes the divergence operator, and
Vx denotes the curl operator. Note that symbols in bold and with a superscript, such

as E, represent vectors indicating direction, while symbols without bold formatting,

Consider that E in the plane wave in free space is a function of ¢/“’, here

E _ J wE. Then (A.57) can be rewritten as

VxH=0E+jweE =(0+jwey) E

(A.61)

Expand V x H in the Cartesian coordinate system xyz. (A.61) will be

dy 0z

A (8Hx _0H;
0z 0x
_(0H, OH,
Z(E_ dy

= (0'+jw80)E'x
= (0'+jw80)fi'y

= (0 +jwen) E;

(A.62)

Previously, it is deduced that in this model, only the components in directions

166



APPENDICES

H y=YyH,, E «=XE,, E ; = ZE; exist, while the components in other directions are
all zero. Furthermore, ﬁy = JAe Tk kX il = § A V1YY eIl s obtained.
Here H, = Ae™7<%¢™x*¢/! is the magnitude of H,. Therefore, (A.62) can be ex-

pressed as

. 0H 1 .
Ex:.ﬁ(_ a y = ) :.ﬁ '71 Ae—yzze—yxxe]wt
7 O+ jwe wEe(
e / J | (A.63)
EZ = 2 (—) - ) = —2 ‘/}/x Ae_'yzze_'}’xxe.laﬁ
ox o+ jwe Jjweg
Take the curl on both sides of (A.58) and obtain
N 0 N
Vx(VxE) :—yE(VxH) (A.64)
Take (A.57) into (A.64), get
R ’E
Vx (V X E) + 0807 =0 (A.65)

Based on vector identity V x (V XE) =V (VE) ~V?E and V (V . E) =0in
(A.60), then (A.65) can be written as

S s
R E
V’E - “08060_; =0 (A.66)

Here %—’;‘" =] wE , ‘9;—{3 = —w?E , then in Helmholtz equation (A.66) will be

(V2+K3) E =0, (A.67)
where ko = w+\/uo€o, and y = jko = jw+/Ho<o, then it can get

(V2 —)/2) E =0, thatis,V? E = y*E (A.68)
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Left side of (A.68) is

VZE=3iV*E +yV* E,+2V*E,

9’E, 0°E, O’E,
+ +

oxz  0yr 972

0’E, s 0’E, s 0°E, o

ox2  0y? 072 Y
d’E, s d°E, s 0’E,
ox2  0y? 072

= %E, (7§+7§)+2Ez (7f+7?)

(A.69)

+
~ND

where E,, E,, E, are magnitudes of E > E ¥ E z» respectively. And right side of
(A.68)1s

y?E =y* (RE,+JE, +2E,)

(A.70)
= JAcyzEx + éyzEz
Combine (A.69) and (A.70), get
RE, (%3 +v? ) +2E; (73 +v2 ) =%y’ Ec+2y°E;
(A.71)

that is,y)% + 722 =2

Combine (A.63), (A.71), the equations of surface wave in air layer can be

obtained

Hy, =yAe 7% el

E,.=x .’)’z Ae Vi Vxx gt

[O2
v | (A72)
E,=—-2-"""Ae V% Vx¥ el
Jweo
Yi+vi=7’
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interface
0 O

N

z | 2

@N
3
()————————

Figure A.2: An equivalent circuit diagram of a basic surface.

A.4 Equivalent Transmission Line

Fig. A.2 shows an equivalent circuit diagram of a basic surface, here two equations

describe the circuit elements

i— i+ﬁdx =Gy u+8—udx a’x+C0i u+%dx dx (A.73)
0x 0x 0x 0x

And

u— u+%dx = Roidx+L0@dx (A.74)
0x ot

The coupled differential equations are derived

ou ReitL 0i
-— =Ry 0—
ox ot
5i ou (A.75)

o Geit+C
ox 0Tt

In terms of real and imaginary parts

u(x.1) =Re [\/EU (x) efW’] (A.76)
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i(x,t) =Re [\/51 (x) ejwz]

The impedances are

dUu

- = (R()+jWLO)I: Zol
dx

Zo=(Ro+jwLo)

dl
-— = (Go+jWCo)U: Y()U
dx

Yo =(Go+jwCy)

And the wave equations for voltage and current are obtained

d*U

— =ZoYoU
dx2 010

dZI—ZYI

The propagation constant is defined as

y = jk =ZoYo =V (Ro+ jwLo) (Go+ jwCo)

General solutions for U and I are given

v,
dx? =rv
ar
a7

(A.7T7)

(A.78)

(A.79)

(A.80)

(A.81)

(A.82)

(A.83)
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U=Aje ™" +Ae™

I=Bie " +Bye”™

And then

1 dU 1
=== o (“Ayye " + Ayye”™
70 dx Zo( 1ye 2ye’™)
A A
= L 22 e " =Bie " +Be?*

Zo Zo
Yo Yy

Z) - _ [Zo_ [(Ro+jwLy)
teristic — Y T~ - AN
cnaracteristic YO (G0+]WCO)

Expressions for By and B in terms of Z, are given

A Ay
B, = —

[z20 Ze

Yo

A A
By=—-2=-22

Zy Z:

Yo

x=d Uy

The final expression can be get
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Ur=Aje 7%+ Aye??

1
Ar=3 (Ur+Z.1r)e?

1
Ay =2 (Ur=Z1) e

And then
: (dx) , L ~y(dx)
U:E(U/+chl)e7 +§(U/—ch)e Y
I=1 2+I/ e"(d_x)—l z—I/
2\Z. 2\Z,
1 yx’ 1 —yxs
U= (Ur+Zdn) e+ 2 (Ur=Zel)e
1 (U 1(Ur
==+ —= | -1
sz )3z
Now we get

1 1 1 1
U= EU/eyx + EU/e“”x + EZCI/eyx - EZCI/er =

) (d=2)

(A91)

(A.92)

(A.93)

(A.94)

(A.95)

Urcosh (yx)+ Z.1rsinh (yx)

1U 1U 1 1 U
I= iz—:eyx - EZ_:e_yx + EI/eyx + Elle_” = Ircosh (yx) + 7: sinh (yx)
(A.96)
cosh (x) = &8 ginh (x) = & _; (A.97)
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JX 4 ,—jx Jx _ ,—jx
cos(X)= 8 jsin(x)= &= (A.98)
2 2
U =Urcos(kx)+jZ.Irsin (kx) (A.99)
Therefore
Ur .
I:I/cos(kx)+jZ— sin (kx) (A.100)
The input impedance is calculated as
, _Us_ Urcos(kx)+jZcIrsin (kx) _ Y cos (kx) + jZ sin (kx)
zn—x—z_ Ur - - Ur :
Ircos (kx)+j Z-sin (kx) cos (kx)+J 7,7 sin (kx) (A.101)

Zycos(kx)+jZ.sin(kx) _ Zi+jZ tan(kx)
“Z.cos(kx)+ jZysin(kx) ~“Z.+jZtan (kx)
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