New Feeding Networks and Planar Antenna
Designs for Leaky-wave Systems and

Communication Applications

Victoria Gémez-Guillamén Buendia

Submitted for the degree of Doctor of Philosophy

School of Engineering & Physical Sciences
Heriot-Watt University
Edinburgh, United Kingdom
April 2019

The copyright in this thesis is owned by the author. Any quotation
from the thesis or use of any of the information contained in it must

acknowledge this thesis as the source of the quotation or information.



Abstract

The fast development in modern communication systems such as radars, medical
imaging, sensors or satellites demands efficient and compact antenna designs that
can satisfy the high data throughput and beam scanning requirements. This is
commonly achieved by different means including electromechanical or mechanical
steering, which sometimes are not the best option as additional cost, size or losses
may be introduced. However, low-cost and compact structures can be obtained
by using planar leaky-wave antennas, whose inherent high directivity and electrical
beam steering capabilities have been realised to be a solution for the issues encoun-

tered by these systems.

Nevertheless, there are several limitations that these antennas still need to overcome.
One clear example is the lack of efficient and simple feeding networks for certain
types of leaky-wave antennas that can reduce their performance and compactness.
In turn, there are modern indoor applications, such as WiFi or radio frequency
identification (RFID), where selective distributed communications are required but
current leaky-wave antennas cannot efficiently provide or their use implies cost and

weight constraints.

In this thesis, planar configurations are presented to provide efficient and low profile
solutions for leaky-wave antennas using concepts such as partial reflective surfaces
or simple technologies as parallel-plate waveguides. It is also demonstrated that
novel systems for two-dimensional (2D) or wideband beam scanning can also be
obtained by the use of simple feeders including vertical electric dipoles. In addition, a
broad-beam alternative to a non-selective and expensive beam scanning performance
inside airplanes for RFID systems is introduced easing weight restrictions. These
configurations represent an advancement for the state-of-the-art and are interesting
alternatives to their non-planar counterparts. To support these designs, theoretical

analysis, full-wave simulations and measurements are provided.
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Chapter 1

Introduction

1.1 Motivation

Many modern communication systems benefit from the use of steerable radiated
beams for tracking, selective transmission or detection purposes. One illustrative
example is an airborne radar [1,2], which scans a region with a high directive beam
for target detection. This beam scanning can be done mechanically, electrically or
both, if the beam needs to be steered in the elevation and azimuth planes. While
mechanical scanning can be a simpler implementation, as it normally consists of an
external motor that moves the antenna along the azimuth or elevation planes, it
can also be slower, bulkier and with a higher maintenance cost |1]. Therefore, given
the trend to compact and low-cost systems needed for new devices and technologies,
electrical steering has been preferred. This is also due to its fast and flexible scanning
despite of its relative complexity and limitations when moving towards end-fire,
where a gradual loss of directivity is observed because of the smaller effective area

of the antenna aperture [2].

There are several means to obtain electrical beam scanning. These options can
include switching between a set of feeders, varying the phase of the different elements
in an array, or using leaky-wave antennas [1,2]. The latter has inherent beam steering
capabilities with a variation in frequency. This is because their phase constant, that
is frequency dependent and defines the beam pointing angle [3]. This feature presents
a clear advantage with respect to other electrical scanning options as there are no

external devices involved in the antenna operation, e.g., phase shifters or switches,
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which can increase design complexity, size and cost [3]. Thus, planar leaky-wave
antennas can be an interesting alternative to bulky or complicated beam steering
devices given their low-cost and low-profile while keeping efficient and directive

scanning.

However, planar leaky-wave antennas are not a panacea and sometimes require com-
plex feeding networks that can arise some challenges in terms of implementation or
integrability. See for example [4-7], where leaky-waves antennas placed on parallel-
plate waveguides, i.e., two conductors in parallel separated by air or dielectric ma-
terial, are fed by bulky coupling waveguides, intricate coupling windows made of

metallised vias inside the substrate or large integrated parabolic reflectors.

In addition, there are indoor or underground communication scenarios where se-
lective distributed radio frequency (RF) systems are required and leaky-wave or
distributed antenna systems are traditionally used. However, they do not offer any
adaptive and simple switching mechanism to selectively distribute RF power within
the coverage area. Furthermore, in the case of leaky-wave antennas, these may no
longer be suitable for modern applications as WiF1i or radio frequency identification
(RFID), due to the large increment of losses with higher frequencies [8] or the extra

weight provided in critical cases such as inside airplanes [9).

Given these limitations, the objective of this research is to provide efficient and com-
pact structures that present an advancement on the current state-of-the-art that can
mitigate the drawbacks of using this type of electrical beam steering systems. Sev-
eral feeding networks will be proposed based on the excitation of surface-waves,
leaky-waves or using simple vertical electric dipoles. Moreover, in the case of the
vertical electric dipoles, interesting features including two-dimensional (2D) scan-
ning or wideband performance could be achieved. On the other hand, it will also be
studied a planar broad-beam distributed antenna with selective distributed trans-
mission that could replace the beam scanning from a non-planar leaky-wave antenna
inside airplanes for RFID or WiFi applications, reducing cost, losses and weight con-

straints.
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1.2 Methodology of Research

To accomplish these objectives, a literature review is carried out to assess the chal-
lenges that leaky-wave antennas are facing nowadays. The focus is established on
technologies that are more sensitive to these limitations given their physical char-
acteristics. These technologies include dielectric image guides, i.e., dielectric slabs
with an extended ground plane, parallel-plate waveguides, leaky slotted coaxial ca-
bles and Fabry-Perot cavities, which consist of a cavity formed between a partially

reflective surface and a perfect electric conductor wall.

Once the issues to overcome are clear, the design process is started and can be

summarised in the following steps:

e Theoretical analysis. These analysis are performed to confirm feasibility and
provide the starting point necessary to optimally design the different systems.
Transverse resonance networks, mode propagation, dispersive analysis, Bloch
analysis, radiated field calculations and impedance matching are among the
theoretical approaches explored. The tools employed for such studies are Mat-

lab [10] and Mathematica [11].

e Full-wave simulations. Electromagnetic solver CST [12] has been utilised. This
software has been chosen as it is based on different algorithms to compute
Maxwell’s equations providing an approximation of the expected performance
for the designed structure. In particular, the simulations carried out in this
thesis have been performed using the frequency domain solver, based on the
finite element method. This method divides the structure in small triangles to
find simple equations to then assemble them into a larger system of equations
that models the whole structure. Results obtained from these simulations
are used to validate theoretical concepts and optimise the design parameters.
Parametric simulations have been used to optimise the designs, while field

monitors have been set to acquire 2D field propagation and far-field radiation.

e Manufacturing and measurements. The different configurations presented in
this thesis have been manufactured using printed circuit boards (PCBs) etched
in-house by the Electrical and Mechanical Workshop at Heriot-Watt Univer-
sity. When not possible, industrial manufacturers have been selected. Mea-

surements have been carried out in the Microwave Lab at Heriot-Watt Uni-
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versity utilising the equipment available, which comprises: calibrated anechoic
chamber, NSI near-field system, Diamond far-field acquisitioner software and

2-ports and 4-ports vector network analysers.

e Post-processing. Measured results are then compared to theory and simula-

tions to corroborate the concept. The tool used has been Matlab [10].

In turn, part of this research has been carried out in collaboration with researchers
from La Sapienza University of Rome, under a Erasmus+ frame. In particular, the
work related to 2D leaky-wave antennas were performed by a joint effort between
both research teams to provide competitive alternatives to improve the state-of-the-
art for advanced radar systems, medical imaging or wireless communication and
power transfer applications. Same methodology has been followed as for the rest of

the thesis.

1.3 Document Overview

This thesis presents configurations that can mitigate feeding and selective distributed
transmission issues that leaky-wave systems encounter nowadays. The focus is on
feeding networks and selective distributed indoor communications. Three feeders
based on surface-wave, leaky-wave and vertical electric dipole concepts are intro-
duced. Moreover, it also proposes an alternative consisting of broad-beam dis-
tributed antennas to allow for selective transmission and ease weight constraints on
airplanes where leaky-wave antennas fail to be an efficient and low-profile solution
at microwave frequencies. These configurations are explained in individual chapters,
with a total of seven chapters including the Introduction. The thesis is organised as

follows.

Chapter 2| presents the literature review for leaky-wave systems and their differ-
ent drawbacks, covering also the available solutions on the literature with their
benefits and disadvantages. This will include feeding networks for dielectric image
guides, parallel-plate waveguides and 2D leaky-wave antennas, together with leaky
feeder systems inside tunnels and airplanes. Background theory on leaky-waves and
surface-waves as well as leaky feeder systems will then be explained in order to set

the fundamentals for the concepts presented in the following chapters of the thesis.
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Chapter |3| deals with the challenges of exciting leaky-wave antennas on dielectric
image guides, which lack of low-cost and fully integrated feeders. A feeding network
based on a surface-wave launcher consisting of simple microstrip and parallel-plate
waveguide technologies will be proposed. Theoretical analysis focused on the con-
ventional guided-wave theory needed for surface-wave excitation by the truncation
of a parallel-plate waveguide on a grounded dielectric slab will be presented. Follow-
ing the explained conditions and by the addition of a sub-wavelength array of square
patches as a matching section, an efficient and fully planar surface-wave launcher
will be designed. As proof of concept, this launcher will be simulated to excite a
leaky-wave antenna on a rectangular grounded dielectric slab. Subsequently, it will
then be applied to dielectric image guides and substrate integrated image guides
(SIIG), which consist of air holes drilled on the sides of the guide confining the
propagating fields, to improve the actual state-of-the-art. Challenges faced during
the manufacturing process of the SIIG structure, the actions taken and measured

results will be provided.

Chapter [4 introduces the application of leaky-wave concepts to create a feeding
network capable of creating uniform phase and amplitude wavefronts, which is a
limitation encountered when feeding array antennas placed on top of parallel-plate
waveguides. Therefore, a novel launcher will be presented to excite the fundamen-
tal parallel-plate waveguide mode by means of a leaky T-junction implemented on
substrate integrated waveguide (SIW) technology. This technology consists of a di-
electric substrate with conductor layers at top and bottom with two separated rows
of metallised vias along the direction of wave propagation to emulate the side walls
of a metallic waveguide. A transverse resonance equation and a Bloch analysis will
be developed to accurately analyse the mode propagation and set the parameters
needed for the launcher. Full-wave simulation results will be shown to assess and
confirm the expected performance. Manufacturing and measurements will be re-
ported and comparison to the expected results will be discussed. Moreover, it will
also be explained that by the addition of the matching network used in the previous
chapter, this structure could be implemented as a surface-wave launcher itself, as

well as an end-fire antenna as additional applications.

Chapter [5|explores the use of vertical electric dipoles in individual and array configu-

rations to excite 2D periodic leaky-wave antennas, focusing on a bull’s-eye prototype
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and a Fabry-Perot cavity to improve the bandwidth. This chapter is a result of a
collaboration between research teams at Heriot-Watt University and La Sapienza
University. The dispersive analysis and impedance matching techniques for antenna
design will be reported. Simulations, practical experiments and manufacturing pro-
cess developed by the author will be reported in detail throughout the chapter.
Different features that are possible in the near-field as well as the far-field for the
bull’s-eye antenna with this feeding setup will be discussed. Moreover, 2D beam
scanning capabilities studied for the Fabry-Perot cavity will be explained. This
chapter will end with a comparison between the two proposed antennas and their

applications.

In Chapter [0] the focus is on the design of an alternative antenna configuration
that could substitute leaky coaxial cables employed for RFID or WiFi applications
inside airplanes, where weight constraints are in place and selective distribution of
RF power within the coverage area is needed to achieve higher transmission power
levels. It will be shown how by the use of broad-beam distributed antennas the
same coverage as beam scanning transmission by leaky feeders could be achieved.
Moreover, by the addition of a control unit, these antennas could be turned “ON”
and “OFF” as required to achieve higher transmission levels avoiding unnecessary
radiation. Theoretical approaches for impedance matching and power distribution
will be discussed. Detailed explanations on the design process will be given, while
simulations and measurements will be shown to support the concepts. Moreover,
a link budget analysis will be performed for two test case scenarios were the worst
situations in terms of power propagation will be examined and a comparison with

a commercial leaky coaxial cable will be reported.

Finally, in Chapter 7| the conclusions of the work presented in this thesis will be
summarised including a list of contributions, as well as the possible future work
that arises from it, such as new directional routing circuits, transmission line bends
and transition sections exploiting surface-waves, as well as other new planar leaky-
wave antennas driven using cylindrical leaky-wave concepts or conventional theory

among others.
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Leaky-wave Systems

2.1 Introduction

Leaky-wave antennas use discontinuities, e.g., slots or metallic strips, to perturb
a travelling-wave along a guiding structure as a radiating mechanism [3]. These
antennas date back from 1940 when a waveguide with a continuous slot in one of
the side walls was patented [13]. Radiation was achieved by means of leaked energy
from the travelling-wave inside the waveguide into free-space by a continuous slot.
This one-dimensional (1D) configuration falls into the uniform leaky-wave antenna
classification [3] as the perturbation element introduced does not change its geom-
etry along the structure. Nevertheless, there is no control on the amount of leaked
energy, which consequently produces broad-beam patterns [13]. Therefore, a modi-
fied version was proposed a decade later in [14], where the long slot was substituted
by holes closely spaced along the waveguide side wall. Given the proximity of the
holes, this structure is considered quasi-uniform as the radiating mode is the fun-
damental mode, which is still a fast-wave, i.e., its phase velocity is greater than the
speed of light. Thanks to this configuration, 1D leaky-wave antennas with directive
narrow-beams were finally possible to achieve in practice [3}/14]. Diagrams of the

structures described are depicted in Fig. 2.1}

Following the development of these structures with discontinuities, a periodic printed
leaky-wave antenna was proposed in [18]. This structure was based on a coplanar
transmission line periodically modulated using triangular, sinusoidal and trapezoidal

shapes. The main difference with quasi-uniform structures is that periodic leaky-
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wave antennas are based on the radiation of a modulated travelling slow-wave, i.e., its
phase velocity is less than the speed of light, supported in the guiding structure [3].
This slow-wave can be decomposed into an infinite number of spatial harmonics or
Floquet’s modes |19-21] of which, typically, only the fast n = —1 harmonic will be

excited by the design, being the main contributor to the radiation.

At the same time as their 1D counterpart, two-dimensional (2D) leaky-wave anten-
nas, which are planar by nature, were also proposed in [22]. Highly directive pencil
beams with gain values between 15.00 and 20.00 dBi were achieved by means of a pla-
nar cavity with a partially reflective screen or surface on top of the antenna aperture.
This partially reflective surface can consist either of a stack of substrates |[16,[23] or
a periodic array of slots or metallic gratings [17,[24-26] (see Fig. [2.1). The main
feature of these 2D systems is that these antennas can produce a pencil beam at
broadside or an omnidirectional conical beam depending on the design and type of

feeding [3] as it will be explained in Section 2.3.2.

€ Hr € Ur €, Kr

1D Uniform LWA 1D Quasi-Uniform 1D Periodic LWA

LWA
€r3, Mr3
€, Hr2
€r1y Mr1
2D LWA

Figure 2.1: Diagrams of the examples of the different types of leaky-wave antennas. On top,
1D leaky-wave antennas are depicted; starting from the waveguide with a continuous slot on the
sidewall [13] on top left, followed by the quasi-uniform leaky-wave antenna with close-spaced holes
[14] and the periodic leaky-wave antenna, which in this example, is based on a microstrip line loaded
periodically with stubs [15]. On the bottom, two-dimensional (2D) leaky-wave antennas examples
consisting of partially reflective surface cavities are illustrated; on the bottom left, periodic metallic

gratings and on the right, a stack of substrates [16}17].
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In parallel to these advancements, during the 70s leaky-waves antennas were demon-
strated to be very useful for beam scanning and radio frequency (RF) communica-
tions in scenarios where power transmission was challenging to be provided by other
types of antennas, e.g., corridors, mines or subways [27]. Several studies involv-
ing experimental testing with leaky feeder antennas, that are slotted coaxial cables,
were developed inside these underground conditions to assess the feasibility of these
systems [28]. It was then stated that these leaky-wave antennas were the best so-
lution for communications in the very high frequency (VHF) and lower ultra high
frequency (UHF) bands given the cable limitations at higher frequencies in terms
of losses while also considering the spatial constraints which additionally influenced
the radiation, e.g., tunnel dimensions that could prevent the propagation [27-29].
These systems have been commonly implemented over the years taking advantage
of their beam scanning features in different environments and for higher frequencies
than initially planned, such as inside high speed trains [30-32], RF communica-
tions inside airplanes and building corridors [33-35] or as buried sensors for intruder

detection [36-38].

2.2 State-of-the-art Review

Modern communications systems such as radar, tracking, wireless power transfer
or sensors are moving towards higher frequency ranges, requiring the use of planar
antennas with low-profile and high efficiency beam scanning features. 1D and 2D
planar leaky-wave antennas can be a good candidate to satisfy these needs. The
use of 2D periodic structures for instance allows to achieve conical beam scanning,
which is a planar and high directive option [3,39]. The propagation of radial leaky-
waves produces an omnidirectional conical beam that can be steered in frequency
and achieve high gain values (> 20.00dB). Several examples can be found in the
literature that are commonly implemented by single or multilayer structures with
a partially reflective surface on top [40-46]. For example in [42], the use of hor-
izontal magnetic dipoles as feeders to excite the fundamental transverse magnetic
(TMy) surface-wave mode instead of the typical transverse electric (TE;) is studied
for bandwidth enhancement. In this work, it is demonstrated that by using these
launchers, broadside and uniform conical beam radiation can be achieved keeping a

planar profile. In [44], this idea is implemented on a “bull’s-eye” antenna made of
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concentric annular strip gratings on top of a grounded dielectric slab that achieves
conical radiation due to horizontal magnetic dipoles etched on the ground plane.
When using the surface-wave launchers, the excited slow-wave is perturbed by the
annular rings to allow its fast spatial harmonic n = —1 to be radiated increasing the
bandwidth to a 35.00%. Alternatively, in [47], a Fabry-Perot cavity fed by horizon-
tal electric dipoles etched on the ground plane is implemented on a multifunctional

radar for vehicle detection, achieving 20.00 dBi of gain at 60.00 GHz.

1D leaky-wave antennas have also been implemented in a variety of technologies for
microwave and millimetre waves. For instance, many communication systems are
based on dielectric image guides as they provide low losses at higher frequencies. In
[48] for instance, distributed dielectric image guide leaky-wave antennas are installed
on a collaborative robot for industrial processes. These antennas are acting as
sensors at 160.00 GHz to detect humans within their vicinity in order to protect
workers from injuries due to accidental collisions with the robot. The first leaky-wave
antenna using dielectric image guides involved the use of a corrugated structure [49),
being the top of the dielectric image guide modified with grooves (see Fig. ,
showing high performance and setting the base for future high frequency leaky-
wave antennas. On the other hand, the use of periodic strip gratings instead of
altered dielectric slabs is common due to the simple manufacturing provided by
microstrip technology, as reported in [50,51]. However, this grating is only desirable
for lower frequency ranges of the millimetre-wave band given the high conductor

losses experienced at these frequencies.

In turn, there is a variety of different features and improvements that can be achieved
using this technology, either involving metallic gratings or by modifying the guiding
structure. For example in [52], a leaky-wave antenna was implemented in a nonra-
diative dielectric image guide with a printed strip circuit on top to efficiently and
originally taper the aperture illumination allowing also sidelobe reduction. Just by
modifying the printed strip shape and its position, the leakage constant o can be
modulated to increase antenna efficiency as required. In addition, gain performance
can be highly improved by just adding another dielectric layer with a staircase shape

as in [53], where the gain bandwidth is improved by four times.

On the other hand, dielectric image guides are not the only 1D option available

due to the introduction of substrate integrated waveguide (SIW) technology (see
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Figure 2.2: Diagrams of dielectric image guide and substrate integrated image guide (SIIG) leaky-

wave antennas.

F ig.. Many leaky-wave antennas implemented using waveguides or other non-
planar structures have been re-designed to realise a planar form using this technol-
ogy. Its competitive characteristics in terms of power handling and low-losses at
these frequencies can offer significant advantages when compared to its non-planar
counterparts , while also allowing for simple feeding using microstrip and other
planar designs . A straightforward way to create leaky-wave radiation in these
kind of structures is to use a partially reflective surface in one of the sides of the SIW
guide while the other acts as a perfect electric conductor (PEC) wall, as explained
in (see Fig. . In particular, the dominant mode for SIW is a fast-wave which

can become leaky by introducing the partially reflective surface.

In addition, recent studies demonstrate that it is possible to independently control
the leakage rate and the phase constant enabling pointing and beamwidth customiza-
tion as desired ,. Other advancements include the suppresion of the open
stopband problem. This region, present in most periodic leaky-wave antennas ,
features high reflections back to the source and poor radiation when the beam is
scanning at broadside. This is because the travelling-wave becomes a standing-wave
with a leakage rate a dropping to zero ,. This is due to one of the fast
spatial harmonics being radiating. At this point, all the reflections from the differ-
ent periodic discontinuities are added in phase back to the source . This effect
can be easily prevented with a reduction of the SIW width in a small section of the
bounding channel, as explained in [61], where full scanning, including at broadside,
is reported. Besides, another limitation of leaky-wave antennas that can be over-
come using SIW is reported in [62], where scanning in the end-fire direction can be

achieved by using a slotted SIW. This can be done since the fields present at the
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Figure 2.3: Diagram of an SIW leaky-wave antenna and its radiation principle.

slots are equivalent to magnetic currents in the longitudinal direction.

As a combination of these two technologies for millimetre-waves, in researchers
proposed the use of substrate integrated image guides (SIIGs), which consist of air
holes drilled instead of plated vias on the sides of the guide to confine the propa-
gating fields. As depicted in Fig. and explained further in [64], the use of this
technology combined with metallic strips for leaky-wave antenna excitation can ob-
tain up to 84.00% radiation efficiency for a 50.00% smaller structure when compared
to dielectric image guide antennas. Yet, this structure involves a more complex man-
ufacturing process including the attachment of waveguide transitions. Nevertheless,
it simplifies the feed matching given the bounded characteristics. Despite its mod-
est complexity, SIIG is a novel technology that is in full development nowadays
and several leaky-wave antenna systems have already been developed. Designs with

an efficiency of 60.00% have been demonstrated for frequencies around 60.00 GHz
in and .

On the other hand, for indoor communications at lower frequencies bands such as
VHF, UHF or L bands, planar and non-planar leaky-wave antennas are also com-
monly employed. For instance, in a leaky-wave antenna in SIW is implemented
for wireless power transfer with possible applications to charging handhold devices.
In , a leaky coaxial cable is installed inside a room to detect bad postures from
patients in order to prevent ulcers and other bedsore symptoms. These cables are

also used inside airplanes as airborne WiFi providers reducing death spots, as ex-

plained in [33].
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2.2.1 Challenges for Leaky-wave Antennas

Leaky-wave antennas are versatile structures useful for many different applications
and that can be implemented on different technologies as desired. Nevertheless, there
are different issues that these antennas still need to overcome. Many studies have
been focused on different alternatives to solve these constraints and allow leaky-wave
antennas to be more attractive to modern applications. For example, when installed
inside airplanes [33], leaky feeders present certain limitations. Modern airplanes can
have many control systems that employ wireless technologies to acquire data from a
large number of sensors [69}70]. When these conventional implementations are cable
based as well, it can be problematic in that additional fuel is required to support the
weight limitations during flight. Leaky feeders are usually heavy and their radius
of curvature is limited [9], this is because the placement of the cable on a bended
area could lead to the obstruction of the radiating slots preventing the radiation to
occur. Moreover, if the leaky feeder antenna got an accidental cut the whole cable

would have to be replaced, being an expensive and involved process.

Alternatively, more classic and non-adaptive distributed antenna systems have also
been widely used in the past for indoor wireless communications to reduce leaky
feeder limitations [71]. These systems generally consist of several standard antennas
separated by a few wavelengths and connected by a coaxial cable [71}[72]. Therefore,
the typical range of frequencies for these structures is dependent on the type of an-
tennas selected for the distributed antenna systems, which offers an alternative for
leaky feeders at higher frequencies. Previous studies found in the literature have been
focused on the enhancement of these kind of systems for the indoor communications
such as the analysis of fading channels [73]74] or the calculations for the optimum
antenna location [75,/76]. There have also been some research on distributed antenna
systems in high speed trains where wireless coverage is complicated due to contin-
uous handover at high speeds [77,78] that could replace leaky feeders [30-32]. Yet,
leaky feeders or current distributed antenna systems do not offer any adaptive and
simple switching mechanism to selectively distribute RF power within the coverage
area, which leads to lower transmitted levels that may not satisfy the higher data

requirements nowadays.

Furthermore, when moving towards higher frequencies, antenna designers struggle

to find a simple, efficient and fully integrated feeding network for certain planar

13



CHAPTER 2

1D leaky-wave antennas. This is very common for dielectric image guide and SIIG
configurations given their physical characteristics. The typical feeder for dielec-
tric image guide structures is a horn-shaped waveguide [66,79], which consists of a
tapered dielectric section inserted into the open waveguide horn. However, integrat-
ing this system in a planar form is not easy as the junction between the dielectric
image guide and the planar device can introduce losses from impedance mismatch-
ing or unwanted radiation [66,79]. To reduce the impedance mismatch, the use
of microstrip-fed slots on the ground plane or a flared conducting strip from the
microstrip line to the dielectric image guide have already been proposed [80-82].
Nevertheless, these structures are less efficient, e.g., insertion losses around 2.5 dB
for the flared conductor strip, and can be complex to manufacture requiring tapered
dielectrics with intrincate milling process that prevent mass production. Addition-
ally, SIIGs are normally fed by coplanar waveguides connected to horn waveguides
transitions [83]. This involves complex manufacturing for millimetre-wave and op-
tical frequencies as lasers are needed to avoid the air gap between the ground plane

and the dielectric, making this system not very popular for low cost applications.

One solution available is the use of surface-wave launchers that are common for
grounded dielectric slabs and can achieve efficient (> 80.00% launching efficiency)
and uniform wavefront excitation of the fundamental surface-wave mode [60} 84~
88]. This can be achieved using simple technologies such as microstrip lines or
truncated parallel-plate waveguides. Surface-wave launchers are also typical for 2D
leaky-wave antennas as they can provide fully planar configurations. Some surface-
wave driven structures that have been recently reported exploits surface-waves for
the transformation from a slow guided wave to a fast leaky-wave mode [84},89-91].
As shown in these studies, planar Yagi-Uda like slot arrangements in the ground
plane can couple power into the dominant TM, surface-wave mode of a grounded
dielectric slab. Cylindrical-waves can be observed with radial propagation along the
planar guiding surface. These printed structures are also typically fed by coplanar
waveguide transmission lines, and this means that the launcher system is typically
implemented in the ground plane. This might not be practically favoured when a
continuous metallic backing is required for low profile positioning on an airplane

fuselage for example.

Other possibility is to employ leaky-wave features for feeding purposes. For instance,
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the independent control of the phase and attenuation constants [6,[57] may allow to
direct the excited leaky-wave in one direction or in other, while also being able to
create uniform wavefront propagation by controlling the phase constant. One exam-
ple where the use of leaky-waves has been demonstrated to be useful is when feeding
slot array systems, where efficient aperture illumination and element excitation are
critical for the performance of the antenna. In [6], a partially reflective surface based
on leaky-wave theory was implemented to illuminate the reflectors used to feed the
slot array. In this case, the application of quasi-optical concepts to create a planar
and fully integrated structure was studied, where reflected waves eventually formed
a uniform field distribution starting from a cylindrical leaky-wave. The use of two
parabolic reflectors required to generate the desired wavefront makes this antenna
electrically large, as the main reflector was at least 5\, in size (2.5 times the wave-
front), being larger the feeding network than the antenna array. Some systems have
also been fed by two coaxially fed probe pins (perpendicular to the ground plane) to
shape and control the cylindrical-wave launched inside the parallel-plate waveguide
when using a partially reflective surface for leakage, such as in [92]. This type of feed
arrangement can easily excite the reflector system, however, at the same time, does
not allow for simple integration and compact feeding of linear slot arrays. Also, some
undesired mutual coupling effects between the sources can be problematic in these
designs, requiring some compensation techniques to enable the desired parallel-plate
waveguide field launching and antenna radiation when considering grid-based slot

arrays.

Different feed network arrangements have been investigated previously using various
approaches with application to slot antenna arrays etched on the top conducting
layer of parallel-plate waveguides. For example, the concept of integrated launching
of a uniform transverse electromagnetic (TEM) mode for slot arrays was introduced
in [4], where a coaxial-fed rectangular metallic waveguide was placed under the
parallel-plate substrate. This feed system operated at 11.50 GHz with an efficiency
of almost 50.00% by means of coupling slots on top of the waveguide. Moreover,
this technique required a multi-layer implementation which increased the volume

and manufacturing complexity of the launching system.

In order to avoid such multilayer structures, several approaches to uniformly dis-

tribute the TEM field have been proposed for more planar implementations. For
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example, the use of metallic walls was proposed in [93] as a series of T-junctions
inside an air-filled parallel-plate waveguide. Dense post-walls were also employed
in [5] acting as narrowband coupling windows, which required careful design for
each cavity to efficiently set the phase and amplitude along the structure. While
the amplitude stays fairly constant with variations of £5.00 dB and +3.00 dB in [93]
and [5], respectively, uniform phase can be difficult to achieve for the excited field at
the design frequency. For instance, a decrease of 60.00° in phase was observed in [93]
for the T-junctions cavities while phase variations between 10.00° and -20.00° were
observed for the post-wall structure in [5]. These structures reduce the launcher
size while sacrificing design and manufacturing simplicity, but yet do not obtain a

uniform amplitude and phase distribution.

When conical beam scanning is required for radars or other tracking applications,
the trend is to use phased-array structures since they provide same features in terms
of high directivity and beam steering capabilities [43,94,95] as leaky-wave antennas.
Nevertheless, low-cost and efficient designs can be complex or challenging to achieve
due to the different passive or active elements needed to feed and control the radi-
ation of the elements within the array [43,95]. Therefore in the recent years, the
interest for steerable planar conical beam configurations is increasing as a low-cost
and efficient alternative in such applications, specially at millimetre-wave frequen-
cies [96]. However, fully planar and low-profile designs seem difficult to achieve. For
instance in [97], a wideband horizontally polarised conical beam for wireless appli-
cations was explored. This configuration can seem bulky as it is implemented by a
pair of sectorial-shape horizontal plates achieving a gain of 5.00 dBi. Alternatively,
a linearly polarised (LP) antenna with switchable radiation from a conical beam to
broadside was implemented in [98]. This structure has three layers, an RF switch
circuit on the bottom, a monopolar patch on the central layer and a L-probe fed
patch antenna on top. While the antenna efficiently radiates a conical beam, the
design is still very intrincate and non-planar. A more compact design is presented
in [96], where an open circular waveguide fed by a coaxial probe excites a conical
beam with gain values around 9.00 dBi for the K, band. A circular grounded dielec-
tric slab is required as a transition between the probe and the circular waveguide.
This causes some losses and limits the impedance bandwidth in the system. A fully

planar design is presented in [99] based on a coplanar annular ring microstrip an-
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tenna with shorting strips. Nevertheless, this design has a maximum pointing angle
of 40.00° and a broad beamwidth being unsuitable when high directivity is required.
Other feeding networks for these systems are based on directive folded magnetic
dipoles implemented on the ground plane to keep a fully integrated system when
single layer structures are required [84,89]. This can be problematic if the struc-
tures do not allow for ground plane modifications because of the presence of another

metallic surface under or very close to the ground plane.

These limitations will be addressed in the following chapters of the thesis, presenting

planar alternatives to improve the current state-of-the-art.

2.3 Relevant Background Theory

Leaky-wave and surface-wave propagation have been key concepts for the develop-
ment of this research. Therefore, fundamental theory to provide a better under-

standing of the structures implemented on this thesis will be discussed next.

A surface-wave is a type of travelling-wave that is propagating on the interface
between the dielectric material and the air as depicted in Fig. They are excited
by a source and propagate along a guiding media until they reach a discontinuity
where they get radiated in the end-fire direction or reflected back to the source
[100,/101). Their excitation is commonly avoided since it can significantly affect
the expected radiation performance of systems implemented on the same material

[601[100[102].

Assuming a lossless grounded dielectric slab as the guiding media, surface-wave
propagation normally occurs horizontally parallel to the air-dielectric interface, while
its amplitude decays vertically when travelling away from the source (see Fig.
[100,/103-105]. Due to this vertical attenuation, the phase constant (3 only exists
in the longitudinal axis, while the attenuation constant o« varies in the transverse
direction. This also implies that surface-wave propagation is independent of the
other axis (in this case, the y-axis, see Fig. . Thus, the wavenumbers in the
relevant axis can be defined as [60L{100]:

k= —ja, (2.3.1)

ke = B, . (2.3.2)

17



CHAPTER 2

Ql

Electric field
7 Air

Surface-wave

<— Dielectric slab

X T

Ground plane

Figure 2.4: Diagram of surface-wave propagation considering a grounded dielectric slab.

Surface-waves are considered slow-waves since their phase velocity is always less or
equal to the velocity of air in the hosting media, or in other terms, the phase constant
is higher than the propagation constant in free-space (5, > ko) [106]. Another key
feature of surface-waves on a grounded dielectric slab is that TM and TE modes

are present after a certain cutoff frequency, however, there is always a fundamental

mode propagating, the TM, [102].

On the other hand, the work carried out by Oliner and Jackson , helped
with the understanding of the phenomena behind leaky-wave radiation, which is
more complex than its surface-wave counterpart. Leaky-waves are defined as ra-
diating fast-waves (8 < ko) that leak energy continuously while propagating as a
travelling-wave in a guiding media . For simplicity purposes, a lossless grounded
dielectric slab will be used again for explanations as shown in Fig. The leaky-
wave propagates away from the source leaking energy along the structure, for ex-
ample, through the periodic perturbations on top of the grounded dielectric slab.
Due to this leakage the longitudinal and transverse wavenumbers are complex and

defined as [3]:

ky = By — joua (2.3.3)

k, =8, — ja. (2.3.4)

which are related as k, = \/kZ — k2, being ko the propagation constant in the free-
space, calculated as ko = w/lipeg, where w is the angular frequency, pg and ¢y the

permeability and permittivity in free-space respectively.

Furthermore, a leaky-wave can be classified as improper or proper depending on its
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Source

Figure 2.5: Diagram of a leaky-wave antenna where the bound fields are perturbed by the periodic

strips placed at the air-dielectric interface, causing them to radiate.

radiated fields behaviour. If the leaky-wave is defined as improper, assuming the
wave propagates in the z-direction and radiating away from the guiding surface,
the fields in the air region are exponentially increasing (a, > 0) while decreasing in
the guided region as the field propagates longitudinally [111},/112]. This behaviour
determines the wave as forward, i.e., phase and group velocities are in the same
direction. This means that the beam will scan from broadside to forward end-
fire [3]. This is illustrated in Fig. [2.6] where the phase constant vector is depicted in
an arbitrary slab supporting leaky-waves with darker green colors reporting stronger
radiated fields. On the contrary, if a leaky-wave is defined as proper then the
radiated fields decay exponentially in the vertical direction away from the source
(see Fig. [2.6). In this case, the leaky-wave is a backward wave whose group and
phase velocities are in opposite directions, and the beam steering, in this case, is
from backward end-fire to broadside [3]. The direction of radiation, assuming a, to

be small, is then defined by [113]:
sinfy = — . (2.3.5)

Eq. (2.3.5)) indicates that the main lobe pointing angle increases with frequency,

which causes the beam scanning behaviour typical from leaky-wave antennas.

In turn, the beamwidth of these radiated fields in the far-field is [3]:

2a
Afy = —F— 2.3.6
0 kq cos 0y ( )
and the efficiency:
n=1-¢ 2l (2.3.7)

where L is the length of the antenna aperture and Ay the free-space wavelength

(Ao = ¢/ f, cis the speed of light and f is the frequency of operation).
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Figure 2.6: Schematic of leaky-wave antenna radiation regions for the improper (left) and proper

type (right). Darker green regions illustrate stronger radiated fields.

Highly directive pencil beams can be achieved if 5, and «a, are made small enough,
at the penalty of requiring large antenna apertures L. The radiating performance of
the leaky-wave antennas significantly depends on the attenuation constant and the

physical length of the antenna aperture .

In the case of uniform leaky-wave antennas, typically only forward leaky-waves are
supported as the radiation mechanism is based on a continuous discontinuity where
the fast travelling-wave is leaking energy [3/[13]. On the contrary, for periodic leaky-
wave antennas (2D or 1D fed at the center), backward and forward leaky-waves can
be supported. This could entail a two-sided beam pattern with both beams scanning
from end-fire to broadside (see Fig. until merging together at broadside where
the open stopband region explained in Section 2.2 will happen. In this region,

radiation performance is very poor and high reflections will occur [113].

Moreover, the slow-wave propagation when considering periodic leaky-wave antennas
can be perturbed to become a leaky fast-wave and decomposed into an infinite
number of spatial harmonics or Floquet’s modes characterised by a phase
constant f3,, which in turn is related to the fundamental harmonic (n = 0) and by

the mathematical representation following the Bloch-Floquet’s theorem ,:

2nm

B = Bo + — (2.3.8)

where n is the harmonic order and d is the periodicity of the perturbing element.
The space harmonic phase constant, (3,, mainly depends on the periodicity d and
the frequency of operation, whereas the leakage rate for the different harmonics is

defined by the periodic leaky-wave antenna aperture that alters the fundamental
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Figure 2.7: Diagram of a periodic leaky-wave antenna where two-beams radiate from end-fire and

scan towards broadside with an increase in frequency.

harmonic. The harmonics of order n > 0 and n < 0 are defined as the positive
and negative space harmonics [3,/60]. In this thesis, the structures utilised will only
excite the fundamental n = 0 and the n = —1 harmonics. The phase constant [,
of the fundamental or unperturbed mode sets the direction of propagation of the

bounded wave.

2.3.1 Frequency Regimes

Depending on the frequency of operation, different solutions for the waves can be
obtained for an arbitrary dielectric slab, which implies that the leaky-wave regime
can only be achieved under a certain frequency range for a propagating mode above
cutoff . These regimes are all summarised in Fig. m, where it can be seen that
there are five possible frequency regions for the mode to operate in a different way,
the key feature for the mode to behave as a radiating leaky-wave is to work in the so-
called physical region [100,[108]. This means that the leaky-wave wavenumber is in
the fast-wave region (83, < ko) and with a small attenuation constant [108|[111}[112].

The other regimes are also important and present different performance bands for
the mode of interest, as explained next. Starting above the cutoff regime (f > f.),
there are two solutions for the longitudinal phase constant in the media f3,, a proper
surface-wave (a, > 0) and an improper surface-wave (a, < 0) which are by nature
slow-waves [3]. The proper surface-wave will be propagating (but not radiating)
with the fields vertically decaying away from the source, while the improper one
will never be physical . This frequency region above cutoff (f > f,) is also called
the passband region where the longitudinal wavenumber is purely real in lossless

media due to the absence of leakage (k, = f3,) and the transverse one is imaginary
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(k. = o) [3,/60L[108).

As soon as the frequency is lowered towards cutoff, the phase constant starts de-
creasing being equal to kg at cutoff (f = f.) [108]. Below this frequency, the proper
surface-wave mode will become an improper surface-wave with an increasing phase
constant until reaching the splitting point frequency (f = f;). In this frequency
range (fs < f < f.), a stopband region for the slow surface-waves is defined, where
the attenuation constant is typically high causing the mode to be reactive and with

significant field attenuation along the structure [60L|108].

Once the splitting point is reached (f = f;), the two improper surface-waves merge
to then divert into two complex leaky-wave solutions where one is the conjugate of
the other, i.e., having the same g but different «, and is considered non-physical
since it grows exponentially in the direction of propagation [108|. The other solution
reaches then the physical frequency point (f = f,), where the leaky-wave enters in
the fast-wave region and starts to strongly radiate. This is called the radiative region
(fi < f < fp), where the leaky-wave has an almost real transverse wavenumber
k. [60]. In this region, there is also a frequency for which the attenuation constant
decreases to zero preventing radiation and therefore, creating a leaky-wave stopband
region [113]. The frequency region between the cutoff frequency and the physical
frequency point (f, < f < f.) is called the spectral gap, where the mode is improper
and non-physical [108/111,112].

If going lower in frequency (f < f;), the mode will become again a non-physical
leaky-wave where its attenuation constant, which mainly corresponds to reactive at-
tenuation and not to antenna leakage, increases significantly achieving values higher
than the phase constant |60,/108]. There is no radiation in this region as the mode

quickly attenuates along the antenna aperture. These regions are all summarised in

Fig. 2.8

2.3.2 Cylindrical Leaky-wave Antennas

2D leaky-wave antennas behave differently from their 1D counterparts as they sup-
port cylindrical leaky-waves that propagate radially outward. This produces an om-
nidirectional conical beam pattern perpendicular to the antenna aperture [3,/109],

which create a two-sided beam pattern in the z — y plane. One example of such 2D
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Figure 2.8: Mode regimes for the different frequencies of operation with respect to the normalised
longitudinal phase constant, 83, /ko. Red dashed line represents when /3, = ko and the circles for
the frequency points when this occurs, i.e., the lowest physical regime frequency (f;), the physical
point (fp) and the cutoff frequency (f.). Coloured sections report whether the wave is a slow or a

fast-wave for each frequency region.

leaky-wave antenna can be a grounded dielectric slab with one or several layers with
a metallic partially reflective surface on top excited by a finite source (see Fig.,
where the antenna aperture is defined by the interface between the grounded dielec-

tric slab and air (z=0).

Cylindrical leaky-wave modes can either be defined as TE, or TM,, where the TM,

mode mainly determines the field component in the elevation plane, Ey in the far

Radiated

Figure 2.9: Schematic for an arbitrary planar cylindrical leaky-wave antenna showing the typical

omnidirectional conical beam.
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field, whereas the TE, determines the far-field in the azimuthal plane Eg, defining
the beamwidth in the E-plane and H-plane respectively [108]. Closed-form equations
for low order modes excited by a vertical or horizontal (launching n =0 and n =1
order modes respectively) electric or magnetic dipoles were developed in [107] for
infinite and truncated apertures. These modes were of interest as they would be the
only ones excited by an infinitesimal electric or magnetic dipole source. Moreover,
their main feature is that there is no variation in the azimuth plane ® for n = 0
while there is a sinusoidal variation in ® for n = 1 [107]. In this thesis, the focus will
be on n = 0 modes as the source used for the designed and manufactured cylindrical
leaky-wave antennas is a vertical dipole, however vector potential functions for n = 1
modes will be similar to the ones described below but with the addition of sinusoidal
functions describing the azimuthal variations. Detailed explanations and closed-form

expressions can be found in [107].

The magnetic vector potential component A, describing the TM, and the electric
vector potential component F, describing the TE, (as TM, and TE, only have
electric and magnetic field components in the z-direction respectively) excited by a
vertical electric or magnetic dipole (n = 0 mode excitation) are defined as follows

above the aperture [107]:

1 _ipTM

Aulp,z > 0) = SHE (kM ple % (2:3.9)
1 wie B

F.p,z>0) = 52?2 HP (KT p)e b2 (2.3.10)

where HéQ)(-) is the zero th-order Hankel function of the second kind (due to az-
imuthal symmetry) with respect to its argument, &, is the radial complex propaga-
tion wavenumber of the cylindrical leaky-wave and k. is the transverse wavenumber
defined by kTM"F = 3— ja and k? = k§— k2 respectively (with free-space wavenum-
ber ky = w,/eojtg, where w is the angular frequency, 1o and €¢ the permeability and
permittivity in free-space respectively and the time dependence e™*! suppressed

here and throughout the chapter).

Once the expressions for the electric and magnetic vector potential components are
known, magnetic fields can be derived allowing the electric current distributions in

the antenna aperture for both modes to be defined by [107]:
J, = —kIMHP (KT p) (2.3.11)
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1
Jo = Sk “HP (k] %p) (2.3.12)

Following [107], the radiation patterns for an infinite aperture for the TM, case are

. 00 ‘
E@ _ JwWlo - Sin — . efjkor (2313)
T (%)% —sin® 0
Es =0 (2.3.14)
and for the TE, case
Ey=0 (2.3.15)
. 0 4
By= 220 S07 eI (2.3.16)
T (=)? —sin 0

These fields produce an omnidirectional conical beam that can be polarised with the
electric field in the elevation (TM,) or azimuthal direction (TE,). For both cases,
the maximum radiation beam angle, p, depends mainly on the phase constant /3

when the leaky-wave is lightly attenuated (o << ) as

sinfp = s (2.3.17)
ko

while the beamwidth is related to the attenuation constant «

2c
kocos@

BW = (2.3.18)

Normalised radiation patterns are calculated and shown for TM, with different o
and 3 values in Figs. and . As it was expected following Eqs. and
, for lower values of 3, the pointing angle of the radiated beam scans towards
broadside and vice-versa. On the other hand, if « is varied, the beamwidth changes
becoming narrower for smaller values. It must be noted that when o and g are
equal and low enough (see yellow curve in Fig. the narrow-beam is pointing
almost at broadside, nevertheless it will never completely reach broadside as there
will always be a null. To avoid this, higher order modes (n = 1) can be excited in
a dielectric layered configuration [107]. However, despite how small « could get, a
narrow-beam at broadside could only be achieved if the components of both modes
are equal (aTM = aTF = §TM — BTE)  Moreover, in Fig. it can be observed

that there is a beam squint for o = 0.5, this is due to the fact that 3 is no longer
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Figure 2.10: Plot of normalised radiation patterns (|Ey|) for different values of 8 for a fixed

a(=0.01).
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Figure 2.11: Plot of normalised radiation patterns (|Ep|) for different values of « for a fixed

B(=0.5).

the main parameter in Eq. (2.3.17) and therefore a more accurate equation should

be used [113]:
BY (o)
fp = arcsin <k0> - <k0> . (2.3.19)

For practical cases the antenna aperture cannot be infinite and the radiation pattern

will not be ideal. Instead, for smaller apertures, higher side lobe levels related to
the unwanted radiation can appear and occur at the edges . To better predict
this behaviour, equations for a finite aperture, defined for the region a < p < b, are
also obtained for the TM, fields as [107]:

—wpioh M

E, =
P r((KIM)? — k3 sin? 0)

ko' Jo(Kop! sin ) H (P'kM)sind
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- kZMp’Jl(kop' sin Q)Hém(p'ijM)]z;zb . g~ dkor (2.3.20)

a

Ep =0 (2.3.21)
and for the TE,
Ey=0 (2.3.22)

Wt kgE

r((KTE)2 — k2 sin? 0)

Ey = ko' Jo(Kop! sin ) H® (P'k)")sind

— KT Ty (kop! sin ) HS? (9 KT E))0) =0 - e dkor (2.3.23)

p'=a

where Jo and J; are the Bessel functions of the first kind of zero and first order with

respect to their arguments.

2.3.3 Leaky Feeder Antennas for Indoor Communications

A leaky feeder antenna mainly consists of a periodically slotted coaxial cable that

couples energy to and from different receivers through its forward leaky-wave radi-

ation [27], see Fig. [2.12]

In the past, researchers could not accurately explain the leaky-wave mechanism that

Leaky-wave / f i
propagation & :

[
\
I Radiative | \Pin /
\

slots Insulator
Jacket Outer

. ." / lf

Additional slots configuration

Figure 2.12: Schematic of an arbitrary leaky feeder antenna and the detailed slot configurations

covered by the insulating jacket.
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causes the radiation in this structure. Instead, two modes used to be defined as the
source of this particular performance: the bifilar mode, which is confined between
the central pin and the outer conductor and is responsible of the leakage (the actual
quasi-TEM), and the monofilar mode, which is considered a surface-wave that is
propagating in the outer conductor due to reflections at the slots (higher TM modes
excited at the discontinuity) [8[28[29,[114]. However nowadays this type of antenna
can be easily seen as a 1D periodic leaky-wave antenna whose principle of operation
is based on the perturbation of a propagating slow-wave, the quasi-TEM, by a series
of discontinuities (i.e., slots) causing its radiation [§]. These periodic slots allow to
define the propagating quasi-TEM mode as an infinite number of space harmonics or
Floquet modes [19-21]. In the leaky feeder antenna configuration, the main target is
to only radiate the fast n = —1 harmonic of the quasi-TEM mode in order to achieve
optimum radiation performance in the forward direction (f_; > 0) [8], otherwise
bidirectional radiation would occur causing high reflections of the transmitted signal
compromising performance. This is because leaky feeder antennas are normally fed
at one end and that a bidirectional beam is typically supported from a structure
that is fed at the center. The lowest and highest frequencies that define the region

where this condition is satisfied can be found using [27]:

fr=—rc (2.3.24)

P(/e +1)

C

P(ye — 1)

where c is the speed of light in free-space and ¢, the relative permittivity of the insu-

fr= (2.3.25)

lator. These frequency ranges for different periodicities P are depicted in Fig.[2.13]
where it is shown that smaller values of P allow the leaky feeder antenna to op-
erate in a mono-harmonic configuration over a wider frequency range. However,
this would entail an increment in the coupling losses as if the slots are not separated
enough, the interference between them for the radiated fields becomes significant [§].
Moreover, if the cable operates in its surface-wave regime and not in the leaky-wave
range, coupling losses would also be considerably increased, as most of the radiated
power is bounded near the outer conductor which can cause a high attenuation in

the radiated fields [§].

On the other hand, to avoid the excitation of higher order harmonics and keep

the structure mono-harmonic, additional slots are required between period P (see
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Frequency (GHz)

0.1 0.2 0.3 0.4 0.5
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Figure 2.13: Plot of the frequency ranges where only the n = —1 harmonic is radiated for different
slot periods P (shadowed region). The red solid line represents the highest frequency in the range

while the blue line is the lowest one.

Fig.[2.12)) to efficiently delay in frequency the excitation of these harmonics [§]. The
periodicity P; for the additional slots is given by [3]:

P

)

(2.3.26)

where ¢ is the number of extra slots per period.

In addition, there are important constraints related to the losses existing in the
structure that a designer needs to take into consideration to implement an efficient
leaky feeder antenna. These systems require two types of losses to be assessed: lon-
gitudinal and coupling losses ,. While longitudinal losses are straightforward
to calculate, coupling losses are challenging due to their dependence with inter-
nal and external factors that leads to uncertainties when theoretically predicting
the leaky feeder antenna behaviour. Longitudinal losses are ideally found by basic
transmission line theory in coaxial cables and should be set as low as possible

to maximize the operating length of the cable.

Coupling losses are not that obvious as they depend on the slots arrangement, their
size and shape, while also on environmental factors, such as the position of the cable
in the tunnel or corridor or multipath propagation, making this parameter difficult
to predict by theory. Coupling losses are defined to be the ratio between the power
excited into the cable and the power received in a mobile station at a fixed distance
from the cable . Moreover, as the coupling loss is a local parameter of each

slot, the characterization of the entire cable requires these losses to be defined in
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a statistical fashion. Thereby, two different values of coupling losses are provided
by most manufacturers, the 95.00% and the 50.00% of the reception probability,
meaning that the 95.00 or the 50.00% of the tested data are less than a certain
value of given loss [8]. The distance where these losses are measured also affects
the obtained value, therefore a standard distance of 1.50 or 2.00 m has been widely
adopted [8,134]. Furthermore, if the cable is operating low enough in frequency
(VHF band especially) external effects such as the tunnel cutoff frequencies or wall
materials need to be considered for the loss calculations [27,129]. One option to
reduce these coupling losses is to rotate the slots from the vertical position to an
angle ¢ (see Fig. , however a trade-off is necessary for higher angles since the
stability in the coupling losses is compromised with values oscillating along the slot
length [8]. The equation that quantifies these losses is given by [8]:

0.13A2| E|?

2.3.2
1207 P, (2.3.27)

P
A, = —10log =~ = —101
og Pt og

being E the total radiated electric field, \y the wavelength in free-space and P; and
P, are the input power at the cable and the received power at a standard dipole

antenna receiver, respectively.

The process to obtain closed-form equations for the radiated electric fields is quite
involved and different techniques have been proposed through the years in the open
literature, see for reference [8]28}29,/114}/116]. However, field equations depends
on the shape and orientation of the slots, thus there are specific equations for the
different configurations. In [114] for example, reflections and radiated fields in the
far-field are found by combining Garlekin’s and mode matching methods, where
approximated closed-form equations for the radiated electric fields components in

cylindrical coordinates for standard circular slots are defined as [114]:

M, (cos @)

E, ~2j edkor 2.3.28
T’H(gl)(koa sin 6) ( )
M,(cos @ ,
Ep ~ 2j (S)COS ) ibor (2.3.29)
rsin@H; " (koa sin 6)

where kg is the wavenumber in free-space (kg = w,/Eopy where w is the angular
frequency, o and gy the permeability and permittivity in free-space respectively),
H(()l) is the zero th-order Hankel function of the first kind with respect to its argument,

r is the distance to the observation point, a is the radius of the outer conductor
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and M, is the magnetic surface current that generates the fields due to the slot

approximated as a constant [114].

In general terms, leaky feeder antenna design is normally an involved process that
varies depending on the slot configuration, cable properties and environmental fac-
tors. However, it represents a good solution for RF communications in complicated
scenarios at lower frequencies (VHF and low UHF bands). On the contrary, if higher
frequencies are required, coupling losses may be unbearable for most of the receiving
devices and other systems, like the proposed smart cable, showing higher efficiency
with less input power are then more suitable. In addition, leaky feeder antennas
are normally expensive systems, with additional losses if the cable is installed in a
curved fashion. For the practical case where a part of the cable becomes damaged,
the propagation is disrupted and not repairable which can require a completely new

cable.

2.4 Summary

In this chapter, the literature review and theory background have been discussed.
It can be concluded that leaky-wave antennas have been significantly investigated
in the literature during the last few decades, being extremely useful for planar and
low-cost electrical beam steering applications. Moreover, leaky-wave antennas fea-
tures include flexibility for implementation in different technologies such as dielectric
image guides, SIIGs or Fabry-Perot cavities, being a reliable solution for higher fre-
quency bands where other common technologies, such as microstrip, fail to provide
good performance. Leaky-wave antennas not only show competitive features for
modern applications but offer unique scanning capabilities that would require oth-

erwise an involved design process using other kind of antennas.

Issues that motivate this research and that can be found when using modern leaky-
wave antennas have been introduced. The focus is established on feeding networks
and alternatives to bulky leaky feeders for indoor communications. When analysing
the current feeding networks based on surface and leaky-wave launchers, complex,
lossy or expensive configurations are found. Similar occurs to 2D leaky-wave an-
tennas that become bulky multilayer or narrowband structures for conical beam

radiation. In the case of indoor communications for WiFi or RFID configurations,
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leaky feeders are employed which do not allow for selective distributed transmission.
This can lead to unnecessary losses that are critical given the restrictive sensitivities

for these applications.

The theory necessary to understand the designs that will be presented next is also
explained. Special emphasis is made on general leaky and surface-wave theory as
it is present in all the systems designed. Additionally, more specific theory such as
cylindrical leaky-waves and leaky feeders is also introduced for conical radiation and

selective transmission configurations.
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Simple Surface-wave Launcher for

Leaky-wave Antennas

3.1 Introduction

In this chapter, a wideband, low profile and fully planar feeding network is proposed.
It consists of a surface-wave launcher based on a truncated parallel-plate waveguide
for one-dimensional (1D) leaky-wave antennas on grounded dielectric slabs, dielec-
tric image guides and substrate integrated image guides (SIIGs) |[117]. This launcher
is designed to overcome the feeding limitations encountered when using these tech-

nologies for leaky-wave antenna implementation as outlined in Chapter 2.

Surface-waves can be efficiently excited (> 80.00% efficiency) and confined inside a
dielectric |101]. These waves can be useful for feeding antennas that are placed on
the same material allowing for full integration. A very practical way of launching
a surface-wave into a grounded dielectric slab is the use of truncated parallel-plate
waveguides [105,[113]. In [105] it is explained how a transverse magnetic (TMy)
surface-wave mode can be excited with a 90.00% efficiency by the truncation of a
parallel-plate waveguide. With the addition of a sub-wavelength matching section
composed of an array of square printed patches it is possible to tailor the modal
phase constant [ in order to avoid radiation losses while also increasing the coupling
efficiency [118]. A low profile launcher can be obtained combining these two concepts
as depicted in Fig. 3.1} In addition, a microstrip taper is used as a transition from

the input microstrip line to the parallel-plate waveguide. Also, the use of a parallel-
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Figure 3.1: Diagrams of the proposed single-layer TMy mode launcher using parallel-plate waveg-
uide technology consisting of the microstrip-to-parallel-plate waveguide transition, the truncated

parallel-plate waveguide and a sub-wavelength matching section \\

plate waveguide allows for simple and straightforward design while also low cost and

compact implementation.

Theoretical analysis for surface-wave excitation on parallel-plate waveguides using
Matlab will be introduced. As a proof of concept, the launcher has been designed
to work in different practical scenarios such as an end-to-end structure in a rectan-
gular grounded dielectric slab, a leaky-wave antenna system and in millimetre-wave
technologies as dielectric image guide and SIIG systems. These configurations are
shown in Fig. . Simulation results obtained with CST in its frequency domain
solver will be presented. Further comparison with measurements of a prototype as

well as the issues encountered when manufacturing will be discussed next.

3.2 Theoretical Approach

Due to the necessary discontinuity in the parallel-plate waveguide to excite the
surface-wave, some of the incident power can be reflected, partly radiated, and
the remainder coupled into the surface-wave on the grounded dielectric slab. Sub-
strate parameters such as thickness h and relative permittivity ¢,, are key to achieve
surface-wave coupling efficiencies up to 90.00% . However, these parameters

are restricted to the conditions where unimodal surface-wave propagation is en-
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sured [105]:

™

koh <

(3.2.1)

Er
~1

NG

where ko is the free-space wavenumber (kg = w,/fi0g0, where w is the angular fre-

0 < arctan( tan(y/g koh)) < (3.2.2)

quency, po and gy the permeability and permittivity in free-space respectively).

Two analysis for different relative permittivity ¢, and frequency values have been
performed to assess the thickness that would satisfy conditions and .
The needed thickness, permittivities and frequencies resulting from these analysis
are reported in Tables [3.1 and [3.2] According to these results, low relative permit-
tivity dielectrics imply the use of thicker substrates, this is due to majority of the
incident surface-wave remaining close to the upper plate area enabling pronounced
radiation at the truncation of the parallel-plate waveguide if the substrate is not
thick enough [100,[105]. On the other hand, higher frequencies restrict the avail-

able thickness range for a given relative permittivity. Therefore, a trade-off between

P2 P2

b) Leaky Wave
Antenna Feeder

a) End-to-End
Launcher
d

P1

N Top
Metallic Strips
for Leakage

P1

c) Dielectric Image d) Substrate Integrated
Guide Feeder Dielectric Image Guide
Feeder : P2

Figure 3.2: Schematics of the different configurations employing the planar surface-wave launcher:
(a) the end-to-end test structure in a rectangular grounded dielectric slab, (b) the leaky-wave

antenna system, (c) the dielectric image guide and (d) the SIIG feeders.
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Table 3.1: Regions for unimodal propagation for different values of relative permittivity e, and

thickness h, at a fixed frequency of 24.00 GHz

Relative Permittivity Range of Dielectric Thickness (mm)

10.2 1.00-1.50
8 1.50-2.00
6 1.50-2.50

4.3 2.00-3.00

24 2.00-3.50

Table 3.2: Regions for unimodal propagation inside the grounded dielectric slab for different fre-

quencies and thickness h, for a fixed relative permittivity of 10.2.

Frequency (GHz) Range of Dielectric Thickness (mm)

10.00 1.00

15.00 1.00-1.50
20.00 1.50-2.00
30.00 2.00-3.00
35.00 2.50-4.00

finding high relative permittivity materials and achieving low frequency operation

would be necessary for a compact and simple design.

Once the ranges of substrate relative permittivity, thickness and frequency values
for unimodal propagation are set, parameters can be chosen using design curves
[105], where formulas relate these parameters with the reflection coefficient, surface-
wave coupling and radiation efficiency. These curves are calculated in terms of
normalised thickness kgh and including a possible air gap d between the upper plate
of the parallel-plate waveguide and the dielectric. The three equations obtained by

Poynting’s theorem are described as follows [105]:

(ag + 1)%(ag — ay)? day 1 Qx)
P cexp (202 [ @) 2.
ref (aa — 1)%(ag + a1)? P T /o 1+ 572 — a2 d (3:2:3)

4(ay — 1)(ag + a1)azay sech?(kods')
s(az — 1)(ag + aq1)%(1 + tanh(kods))?

Ptra,ns -
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N 2
. exp <2k0d5—a2ln (a1+ )—/O E——— Q(a:)dx) (3.2.4)

a; a; — 1 T ax? —x?>  af —2?

2as(ag + 1)(s — 5)%(1 + sin @) (s* + cos? )

Prag = -
7 T(as — 1)(as + a1)2(ay + sin )2(s” + cos? )

-2

£, — Sin” -
tan(kod Y " tan(koh/e, — sin?
an(kod cos ) + P an(kohy/e, — sin” )

: —
|sech(kod cos )| J R & tan?(kohy/e, — sin? @)

(e, cosp)?

2 1 1 2 si 1 Z-Q
- exp <_a2/0 aiﬁ(ac)dacqL smgop 2 () dx) (3.2.5)

T 92 — 1? ™ 0 sin? ¢y — 22

Ve — 22
Q(x) = kodV'1 — 2% 4 arctan (m tan(kohm) (3.2.6)

where x is the variable that represents the path of integration limited between 0
and 1, ¢ is the angle of radiation defined by ¢ = 2arctan(a; — s), ' and ¢ are
the absolute value of the normalised wavenumbers with respect to the free-space
wavenumber of the incident mode in the dielectric |k.,. ,/ko| and in the air |k,,, /Ko

respectively and a; and ay are two variables defined for convenience by:

a; = V14 s? (3.2.7)
as = V1+s? (3.2.8)

being s the absolute value of the normalised wavenumber in the air with respect to

the wavenumber for the lowest TMy mode in the dielectric |k, , /K|, with k = ko/ /e,

These wavenumbers are calculated by [102]:

"+ =g, —1 (3.2.9)
g8 = r'tan(kohr') (3.2.10)

and represented in Fig. 3.3
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Figure 3.3: Plot of the normalised wavenumbers with respect to the free-space wavenumber of
the incident mode in the air and in the dielectric for a relative permittivity of 10.2 for different

thickness h and air gap variations d.
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Figure 3.4: Plots of the percentage of power reflected, radiated and transferred for the TMy mode

at the truncation of the parallel-plate waveguide for different normalised thickness h and air gaps

d.

These curves are calculated for a relative permittivity of €, = 10.2. As depicted in
Fig. for normalised thickness as > 0.50, the unimodal condition is no longer
preserved and the performance of the system is highly compromised, limiting the

bandwidth of the grounded dielectric slab.
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To avoid this narrowband performance, a rectangular grounded dielectric slab is used
instead (see Fig. [3.1]), which allows for mode confinement in two-dimmensions (2D),
not only 1D as for the grounded dielectric slab case [119]. Therefore, the width of the
rectangular grounded dielectric slab W becomes critical for unimodal propagation
in a wider bandwidth, as if too large it can excite higher order modes. These
guides support hybrid modes as there are always spurious fields in the orthogonal
components to the most significant ones and they are classified as EZ, (TM-to-z)
and E¥ ~ (transverse electric (TE)-to-x). Ef, and Ef, are the fundamental modes
with main transverse field components E, and H, for the EZ  and E, and H, for

the E7 . modes respectively [119]. Nevertheless, given the presence of the ground
plane, the E¥ =~ modes have their component E, shorted allowing the suppression of

these modes and increasing the frequency bandwidth for unimodal operation [119].

3.3 Launcher Design, Simulated Results and Dis-
cussions

Following the trade-off between high launching efficiency and substrate availability,
the selected material has been the ROGERS 6010LM with a relative permittivity
g, of 10.2. The width W has been set as 3.25 mm and a thickness h of 1.90 mm to
operate at K and K, bands. Once these parameters are set, the transition has been
designed for a 50.00 2 microstrip line with a width W,,, of 1.50 mm connected to the
parallel-plate waveguide of width W (see Fig. .

In order to confirm unimodal propagation expected from theory for the selected
material and parameters, the phase constant [, for the designed structure is calcu-
lated with CST [12] and plotted in Fig.[3.5] It can be observed how higher order
modes start to propagate above 25.00 GHz. In fact, when including the parallel-plate
waveguide and the microstrip line, these higher order modes do not significantly al-
ter the performance until 30.00 GHz. As depicted in Fig. for an end-to-end
configuration, the |Sy;| and the | Sy | for these modes are below -40.00 dB suggesting

unimodal Ef; surface-wave excitation.

The matching section, consisting of a subwavelength array of square metallic patches,
improves the launching efficiency being a smooth transition between the truncation

of the parallel-plate waveguide and the rectangular grounded dielectric slab [118].
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Figure 3.5: Plot of the normalised phase constant for the designed rectangular grounded dielectric

slab.
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Figure 3.6: Plot of the S-parameters of the higher order modes E3; and Ef,.

This section has two parameters, the distance D from patch to patch and the gap G

between them. The reason why this is considered a sub-wavelength array is because

the distance D is more than four times smaller than the free-space wavelength [120].

The surface grid impedance, Z,, related to the alteration of the gap G between the

patches allows the phase constant 3 of the TM, surface-wave mode to be tailored

and controlled ,. In addition, it can be calculated establishing a relation
between the gap G and the period of the array of patches D as G/D = 0.10. Then

parameters can be found using the following equations [118[120] together with full-

wave simulations to calculate the needed grid impedance:

Meff
Zy = —j—=
g ] 2,7
lel 1
= n
7 T sin(Z%)

(3.3.1)

(3.3.2)

where Z, is the surface grid impedance and k; = k,\/¢,, the effective impedance

Neff = \/ Mo/ (Eocesr) and the relative effective permittivity e.;p = (e, +1)/2.
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The size of the matching section is a multiple of A\;/4, being \, the guided wavelength
in the dielectric defined as Ay = A\o/+/g;. The total length of the matching section
is 2.96 mm, the distance D between the patches 0.76 mm and the gap G 0.076 mm.

Different practical design examples with these parameters have been simulated and

are described in the following subsections.

3.3.1 End-to-End Structure using Two Launchers

The proposed feeding network has been simulated in an end-to-end configuration, see
Fig. (a), consisting of two launchers facing each other and separated by a distance
of 5\, (d =20.00mm). In this way, losses along the dielectric and the transmitted
power levels that would go from one port to another in a guiding structure can be

understood.

Simulations results in CST [12] of the S-parameters are depicted in Fig. , where
it can be observed that the reflection coefficient is below -10.00 dB from 20.00 GHz
onwards, with values slightly above -10.00dB from 17.00 GHz. Transmitted power
levels are around -1.30dB from 17.00 GHz to 27.00 GHz, which implies 0.65dB of
insertion losses per launcher. These losses are mainly due to the small amount of
power being radiated on the parallel-plate waveguide borders as predicted by the
design curves in Fig. 3.4l Simulated E-field distributions for different frequencies
are also represented in Fig.[3.8 showing uniform Ef; propagation. In addition,
normalised Ef; field components are depicted in Fig. [3.9] confirming fundamental
mode excitation with the main components as E. and H,, while as a consequence
of its hybrid nature, spurious components can also be found in the y direction for

the electric and magnetic components.

3.3.2 Leaky-wave Antenna Design

An array of 17 printed patch elements have been placed on the rectangular grounded
dielectric slab section [88] to study the usefulness of this surface-wave feeding net-
work for a 1D leaky-wave antenna (see Fig. (b)). The antenna has been designed
to operate in a frequency range from 19.00 GHz to 28.00 GHz with parameters set
as following: the patch width is the same as the parallel-plate waveguide, the length

Dy is 3.50 mm and the space S between them is set to be 1.25 mm. The reflection
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Figure 3.7: Plot of the S-parameters simulation results obtained with CST for the proposed
structure in Fig. a).
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Figure 3.8: Time snapshot of the simulated E; electric fields for different frequencies simulated

in CST .

coefficient, which is shown in Fig. [3.10] is below -10.00 dB from 19.00 to 28.00 GHz
except in the open stopband region (Section 2.2, Chapter 2) at broadside ,
which is around 22.50 GHz. The beamwidth, realised gain and pointing angle with
respect to frequency are depicted in Fig. |3.12|and the beam steering capability is de-
picted in Fig. [3.11] It can be observed in these two figures that the main beam scans
from -50.00° to 50.00° with gain values about 11.00 dBi and 5.00 dBi in the stopband
region at broadside, respectively. Once the leakage rate has decreased significantly
above 25.00 GHz, the gain is reduced for higher frequencies as the contribution to

the radiated fields from the leaky-wave diminishes. To avoid this, the leakage rate
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could be tapered allowing for controlled radiation and power distribution.

These results show the wideband operation of the surface-wave launcher and its good

performance in a 1D leaky-wave antenna design which obtains wide beam scanning.

3.3.3 Dielectric Image Guide Feeder

This launcher, when applied to dielectric image guides, has a very good perfor-
mance in a wide range of frequencies obtaining low level reflections below -10.00 dB
and a transmission coefficient around -1.50 dB from about 20.00 GHz onwards with

acceptable levels slightly above -10.00dB from 17.00 GHz (see Fig. |3.13).

This allows for planar and fully integrated implementations while keeping efficient
surface-wave excitation. A comparison between the performance of the proposed

launcher in a dielectric image guide configuration and the structures that can be
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Figure 3.9: Plot of the simulated and normalised Ef; mode amplitude values for the electric and

magnetic components in the structure obtained with CST .
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Figure 3.10: Plot of the simulated reflection coefficient for the leaky-wave antenna (see Fig. b))
fed by the surface-wave launcher obtained with CST .
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Figure 3.11: Plot of the simulated beam scanning behaviour for the proposed leaky-wave antenna
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Figure 3.12: Plot of the simulated beamwidth (blue), realised gain (red) and pointing angle (green).

found in the literature is reported in Table [3.3] It is shown that this structure is
fully integrated, more compact, with a wider bandwidth of 74.29% and with low
insertion losses around 0.65dB when compared to other feeding networks. This
work presents an increased bandwidth of 37.87% with respect to and 90.50%
with respect to . This feeding network has a reduced volume of more than
98.66% when compared with and a 44.53% with [81], which demonstrates a
more compact approach. Moreover, it provides full integration at the expense of
sacrificing efficiency when compared to as insertion losses are around 0.65dB,

which implies an increment of 23.07% with respect to [79].
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Figure 3.13: Plot of the simulated S-parameters for the dielectric image guide system as illustrated

in Fig. c).

3.3.4 Substrate Integrated Image Guide Launcher

The proposed feeding network can be also applied to SIIG structures that are becom-
ing popular at microwave and millimetre-wave frequencies giving their field confining
characteristics . Air holes are drilled around the wave-guiding channel modify-
ing the effective permittivity e.s¢. This value should be close to unity to improve
the internal reflection of the modes [63], as depicted in Figs. (d) and [3.14]
The diameter D of these holes is calculated setting a desired effective permittivity

following [63}[122]:

D2
Eeff = Er T )(er -1) . (3.3.3)

- 4p?sin(w/3)
In this case, small air holes have also been included to improve mode confinement at
lower frequencies. The value of these diameters is found by full-wave optimisations
with CST . The parameters set for this configuration are the following: D =
2.00mm, d; = 0.75mm, dy = 0.50mm, p = 2.20mm and e.¢y = 1.00. Simulated
results and E-field propagation are depicted in Figs. and Values below
-10.00 dB for reflection coefficient are obtained from 21.00 GHz to 27.00 GHz, while
the transmission coefficient is around -2.00 dB 17.00 GHz up to 27.00 GHz. Without

Table 3.3: Launcher Performance Simulation Results Comparison for Dielectric Image Guide

Insertion Impedance Surface-wave Excitation Input Size Integration
Losses (dB) Bandwidth (%) Method Technology (W/XoxL/AoxH /o)
.79. 0.50 46.16 Horn Waveguide Waveguide 0.77Xx3.30A0x0.71 ¢ Attached
@ 0.75 32.30 Flared dielectric Microstrip 0.38\gx1.4409x0.13 )\ Attached
- 7.06 Slot array Microstrip 1.5200x0.18Ax0.16 Ao Attached
This work 0.65 74.29 Truncated parallel-plate waveguide Microstrip 0.20\,x1.01);x0.12)\; Fully integrated
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Table 3.4: Launcher Performance Simulation Results Comparison for SIIG

Insertion Impedance Surface-wave Excitation Input Size Integration
Losses (dB) Bandwidth (%) Method Technology (W/XoxL/AoxH/ o)
83 0.74 25.8 SIW horn Coplanar 1.18X9x2.25\x0.16 ¢ Attached
122 0.5 27.02 Slot dipoles Coplanar 0.52X0x0.2Xx0.12)¢ Fully integrated
123 0.5 46.16 Dielectric rod Horn waveguide — 0.77Xgx3.3Agx0.71)¢ Attached
This work 1.25 50.00 Truncated parallel-plate waveguide Microstrip 0.2X0x1.01Xx0.12)\; Fully integrated

matching section, the impedance bandwidth is reduced and the performance is worse
for the central frequency range (20.00-25.00 GHz) with a decrement of transmission
coefficient values around 0.50 dB. Moreover, uniform propagation is also obtained,

confirming the good wave confinement by the air hole lattice.

This launcher, improves the state-of-the-art for the SIIG feeding networks achieving
compact, fully planar and integrated launcher for microwave frequencies avoiding the
use of complex multilayer structures or bulky metallic horn feeds causing unwanted
radiation and reflections at discontinuities. A comparison between the performance
of the proposed launcher in a SIIG configuration and the structures that can be
found in the literature is reported in Table This work presents an improved
bandwidth of 50.00%, which is an increment of 7.63% with respect to and
48.40% with respect to [83]. This feeding network has a reduced volume of more
than 95.30% when compared with and a 98.66% with [123], which demonstrates
that is a more compact approach. Moreover, it provides full integration at the
expense of efficiency when compared to other systems as insertion losses are around

1.25dB, which presents an increment of 60.00% when compared to [122,[123].

= 70.00 mm
pm  52.50 mm

b 35.00 mm

= 17.50 mm

= 0.00 mm

Figure 3.14: Diagram of the SIIG structure for the Ef; excitation fed by two microstrip lines.
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Figure 3.15: Plot of the simulated S-parameters for the SIIG system with the matching section
obtained in CST .
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Figure 3.16: Time snapshot of the simulated E7; electric field at different frequencies.

3.4 Feeding Networks

The main concern raised during the design of this surface-wave launcher is the
use of appropriate connectors that perform efficiently for this relative permittivity,
thickness and frequency. While 2.92 mm or 2.40 mm connectors are widely used for
K and Ka bands, it has been found that they become problematic when attached to
thick high relative permittivity dielectrics as shown in Fig. [3.17] where the simulated
S-parameters of the SIIG structure with a 2.40 mm connector are illustrated. The
performance of the launcher is significantly compromised causing high reflections

and negligible transmitted power levels.

Two end-launch 2.40 mm connectors are simulated and attached to a simple 50.00 2
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Figure 3.17: Plot of the simulated S-parameters for the SIIG system feed by a microstrip line and
2.40 mm connector in CST .

microstrip line with PEC conductor and lossless dielectric to better isolate the losses
caused by the connectors. This is depicted in Fig. |3.18, where it can be observed
how the increment in thickness for a 10.2 relative dielectric permittivity affects the
performance of these connectors after 15.00 GHz. For a thin substrate, i.e., 0.653 mm
thickness, the reflection coefficient is below -10.00 dB for the whole frequency range
with transmission levels of -0.20 dB. When using thicker substrates around 1.27 mm,
reflection levels are below -10.00dB and transmission levels above -3.00dB up to
20.00 GHz. For the case of this launcher, the use of a 1.91 mm thickness material
implies a maximum frequency of operation for the connectors of 15.00 GHz as reflec-
tions become extremely high with poor transmission levels. However, the possibility
of using thinner substrates is automatically rejected as it would significantly alter the

surface-wave launcher performance exciting higher order modes, as demonstrated in

Section 3.2]

In order to solve this problem, de-embedding connector S-parameters from measure-
ments results may be an interesting option. Nevertheless, given the small size of the
structure, fringing fields couple into the system invalidating the lumped equivalent

circuit approach needed to model the connectors for de-embedding [124].

Given the issues to use radio frequency (RF) end-launch connectors for our mi-
crostrip input, an alternative feeding network has been designed. It consists of the

use of a coaxial probe, connected \;/4 away from a non-leaky wall made of metallic
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Figure 3.18: Plot of the simulated S-parameters comparison for the different dielectric thickness
with 10.2 relative permittivity for the structure depicted in the left bottom corner. Dashed green
line represents the lowest frequency of operation for the surface-wave launcher. Solid lines represent
the S-parameters for the thickness h = 1.91 mm used for the surface-wave launcher design, dotted

lines for a thinner substrate h = 1.27 mm and dashed lines for A = 0.653 mm.

vias surrounding the probe for an increased matching bandwidth . Nevertheless,
this feed system reduces considerably the bandwidth but allows good transmission
power levels in comparison to connectors attached to the microstrip, as depicted in
Fig. [3.19. The S-parameters for the SIIG structure fed by a coaxial probe with
via diameter of d, = 0.20mm and pitch p = 0.30 mm are presented in Fig. (3.19|
It can also be observed how the bandwidth has been significantly reduced but still
the performance is satisfactory from 24.00 GHz to 27.00 GHz with reflection levels

below -10.00 dB while transmission power values are about -2.50 dB.

The SIIG launcher with the probe configuration was manufactured industrially given
the small tolerancies required for etching (microstrip gaps below > 0.10 mm). The
prototype is depicted in Fig. together with the measured results of the S-
parameters using a 2-ports network analyser. As it can be observed transmission
levels reach a maximum of -7.00dB during the low reflection (< —10.00dB) re-
gion from 26.00 to 27.00 GHz. These results are in disagreement with simulated
S-parameters depicted in Fig. [3.191 The reason behind this unexpected perfor-
mance can be a possible small air gap due to drilling processes for the probe. As
illustrated in Fig. the probe is introduced up to a certain depth in the sub-
strate material (0.80 mm). When drilling this cavity for the probe, a small air gap
could have been created between the probe and the end of the cavity (see Fig. [3.21
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Figure 3.19: Plot of the simulated S-parameters for the SIIG system fed by a coaxial probe shown
in the left bottom corner obtained with CST .
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Figure 3.20: Photograph of the manufactured SIIG launcher (left) and the plot of the measured
S-parameters (right).

(left)) due to the non-planar shape of the drill bit. To test this possibility, an air gap
has been simulated in the probe cavity and its relative permittivity has been varied
from 1 (air) to 9 (close to substrate permittivity as 10.2 results are already depicted
in Fig. [3.19). It can be observed how the simulated S-parameters are in better
agreement with measurements for lower permittivities, causing high reflections and
low transmission power levels around -7.00 dB at 27.00 GHz. This behaviour is ex-
pected given the high difference between dielectric and air relative permittivities,

which causes the wave to be reflected back to the source.
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Figure 3.21: Diagram for the probe implementation in CST (left) and plot of the simulated
S-parameters for the different relative permittivities (right) to show the effects on the structure of

a possible air cavity.

3.5 Summary

A wideband, low profile and fully planar feeding network has been proposed in this
chapter. It has been shown how by the truncation of a parallel-plate waveguide
on a grounded dielectric slab surface-waves can be efficiently excited (>80.00%).
The launcher employs common grounded dielectric slab and surface-wave theory
to find the needed design parameters and it consists of a microstrip to parallel-
plate transition, parallel-plate waveguide and a subwavelength matching section.
This feeding network has been designed for a rectangular grounded dielectric slab,

dielectric image guide and SIIG as a proof of concept.

Simulation results show wideband behaviour improving more conventional surface-
wave feeding found in the literature. It is shown that this work presents an increased
bandwidth of 37.87% with respect to [79] and 90.50% with respect to [81] and a
reduced volume of more than 98.66% when compared with and a 44.53% with
[81], which demonstrates that is a more compact approach. Moreover, it provides full
integration at expense of sacrificing efficiency as insertion losses are around 0.65dB,

which implies an increment of 23.07% with respect to [79].

This feeder can also be easily applied to SIIG technology maintaining high efficiency

and compactness. It can be seen how this work presents an improved bandwidth of
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50.00%, which is an increment of 7.63% with respect to [123] and 48.40% with respect
to |83]. This feeding network has a reduced volume of more than 95.30% when
compared with [83] and a 98.66% with [123]|. Moreover, it provides full integration
sacrificing efficiency when compared to other systems as insertion losses present
an increment of 60.00% if compared to [122,|123]. As an alternative, STW horn
antenna [126] instead of a parallel-plate waveguide could also be used. However, it
would sacrifice launching efficiency given the constraints introduced by the aperture

angle to maintain the unimodal excitation.

Special attention should be given to the feeding network for thick and high rela-
tive permittivity dielectrics, since the performance of the system is affected by the
attachment of RF connectors to the microstrip line. An alternative feeding ap-
proach is designed by using probes which might be preferred although the frequency
bandwidth may be limited.
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Leaky-wave Theory Applied to
New Planar Feeding Systems

4.1 Introduction

In this chapter leaky-waves are used to excite other leaky-wave antennas instead of
surface-waves as presented in Chapter 3. A compact, simple and low-cost configura-
tion for transverse electromagnetic (TEM) launching into a parallel-plate waveguide
by suitably and originally combining substrate integrated waveguide (SIW) tech-
nology and leaky-wave theory whilst operating close to the splitting beam point for
the structure is presented, see Fig. [{.I] This enables simple and compact uniform

wavefront formation into the parallel-plate waveguide.

Unlike [6] and [92], where a cylindrical-wave was generated, our proposed feed ar-
rangement can achieve a uniform planar wavefront with a direction of propagation
perpendicular to one sidewall of the SIW. This launcher is simply fed by a single
input 50.00 2 microstrip line and defines a single-layer implementation for slot ar-
rays and other planar parallel-plate waveguide feed systems. The proposed feeding
network consists of conventional microwave elements such as a T-junction in SIW
technology, where one sparse via wall acts as a partially reflective surface [6,92,/127]
for power leakage, avoiding the use of other mechanisms, such as reflectors, to obtain

a planar TEM wavefront in parallel-plate waveguide.

The proposed planar parallel-plate waveguide launcher has also additional applica-

tions as an end-fire antenna or as the feeding network to other parallel-plate based
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Figure 4.1: Schematic for the proposed parallel-plate waveguide TEM mode launcher consisting
of the microstrip-to-SIW transition, an SIW T-junction with one sparse row of vias defining a

partially reflective surface, and the parallel-plate waveguide region [From |\ (© 2019 IEEE].

guides, new low-cost transitions, and compact dividing/combining circuits. Further-
more, if the parallel-plate waveguide is truncated after the partially reflective surface
aperture, this structure can efficiently work as a surface-wave launcher exciting the
fundamental transverse magnetic (TMg) mode of the grounded dielectric slab. This
represents an interesting alternative to feed, for example, planar leaky-wave anten-
nas in grounded dielectric slab since it can be challenging in terms of design size and
simplicity at microwave and millimetre-wave frequencies. Therefore, the proposed
structure could also be used to avoid the problems caused by surface-wave launchers
implemented on the ground plane, as explained in Chapter 2, while keeping a low

profile design simply fed by a 50.00 €2 microstrip line.

Some initial findings were investigated in but no theoretical analysis or general
design guidelines were provided. Furthermore, a thinner substrate for this work
is employed while operating at the same frequency, in order to reduce microstrip
radiation losses at the input considering microwave and millimetre-wave frequencies.
Theoretical approaches as a transverse resonance equation and a Bloch analysis will
be developed to accurately analyse the mode propagation and set the parameters
needed for the launcher. Full-wave simulation results using the frequency domain
solver of CST will be shown to assess and confirm the expected performance.
Measurements are reported at 15.00 GHz for a fabricated two-launcher test circuit
prototype, then comparisons to the expected results will be discussed. Moreover, it

will also be explained that by the addition of the matching network used in Chapter
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3, this structure could be implemented as a surface-wave launcher itself, as well as

an end-fire antenna as additional applications.

4.2 Substrate Integrated Waveguide Overview

SIW structures are defined by their width W, the pitch P and their diameter d (see
Fig. [.1). One perhaps unwanted feature of SIW structures is their predisposition
to generate leakage losses into the substrate due to the practical separation of the
vias P. These losses can be negligible if the ratio between the via post separation
P and their diameter d is small enough (P/d < 2) [54], hence a wall of dense vias
can act as perfect electric conductor (PEC). Otherwise, a fraction of the power will
be leaked and the losses will become significant, and the wall of vias will behave
as a partially reflective surface [129]. More specifically, if P is large enough, it can
allow the conversion of part of the propagating wave inside the SIW into the TEM
parallel-plate waveguide modes. This characteristic can be useful when implement-
ing efficient planar leaky-wave antennas in SIW by controlling these two parameters,

as shown for example in [56].

According to these restrictions, the following rules can be considered in order to

reduce these losses keeping radiation at a minimum level in an SIW system [130]:

A
d < gg (4.2.1)
P <2d (4.2.2)

The dispersion characteristics of the SIW when non-leaky conditions are satisfied
are the same as for rectangular waveguides. Therefore, equations defined to obtain
the width W are related to the equivalent width of a rectangular waveguide at the
same frequency of operation and the ratio P/d, as explained in [54]. Although these
equations provide a good approximation for the design of SIW structures, they still
lack the flexibility for non-standard relations of P/d. Thus, as explained in following
sections, a valid solution for this problem is to perform a full-wave analysis in order

to get an accurate estimation of the propagation constant in a wide range of values

of P/d.

The dispersion characteristics of the SIW and rectangular waveguides are very sim-

ilar as proved in [54]. Therefore, the width W of an SIW determines its cutoff
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frequency and it can be calculated from the width Wy needed in a rectangular

waveguide [54]:
frew = @Wwey/Hotrgos,) ™ (4.2.3)

frEsw = 2fTE0 (4.2.4)

with po and €y being the permeability and permittivity of free-space and pu, and ¢,

of the material, respectively.
Thereby, the SIW width can be found by [54]:
d? d?

W =Wwa — 1.08— + 0.1
wa 2 + We

(4.2.5)

These formulas will be used to calculate the parameters needed for the bounded STW

section, where Eqgs. (4.2.1]) and (4.2.2]) will be set to satisfy the non-leaky condition.

4.3 Parallel-plate Waveguide TEM Mode Launcher

The parallel-plate waveguide TEM launcher has two main components: the well-
known microstrip-to-SIW transition and the open T-junction, as shown in Fig. [4.1]
In addition, it should be highlighted that the modified SIW section with the sparse
via sidewall defining the partially reflective surface supports a perturbed transverse
electric (TE;p) mode which couples to the TEM mode of the parallel-plate waveguide
in the form of a non-radiating leaky-wave for propagation into the parallel-plate
waveguide region. Thus, careful modal analysis of the dispersion for this quasi-
TE; leaky mode, and its complex wavenumber, is essential for accurate design and
for optimum operation of the proposed parallel-plate waveguide launcher in STW

technology.

Due to the application of leaky-wave theory, planar TEM propagation is obtained
right after the partially reflective surface via side wall. This avoids the physical
space typically required between the input transmission line or feed point and the
generated wavefront as in previous designs [5}/6,92,93]. In this case, the uniform
phase front is formed at the leaky SIW side wall, and, when considering operation
at microwave and millimetre-wave frequencies, this can lead to minimal conductor
and dielectric losses, mainly due to the compact and efficient nature of the launcher

and the generated field profile.
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To minimise reflections and radiation losses, a launching efficiency of over 90.00%
for the proposed TEM parallel-plate waveguide launcher is set. Therefore, the size
of the leaky partially reflective surface aperture is defined to be 2.50),, making the
design more compact and efficient when compared to the other previously reported
configurations [5,6,92,93]. Also, to achieve leakage normal to this partially reflective
surface wall, the complex propagation constant and field profile of the leaky SIW
should be accurately characterised and set to be around the beam splitting condition
[56,57]. This can provide TEM propagation in the broadside direction with respect
to the SIW launcher aperture and with a uniform amplitude and phase field profile

(see Fig. [.1)).

4.3.1 T-junction in Substrate Integrated Waveguide

This is the primary component of the launcher and consists of a modified H-plane T-
junction power divider for equal power distribution within the parallel-plate waveg-
uide region. This structure is similar to a two-sided periodic structure for leaky-wave
radiation into free-space, but designed here for a non-radiating application; i.e. an
SIW to parallel-plate waveguide transition and with 50.00 Q2 microstrip feeding. The
more conventional design of this T-section structure has been widely explained in the
literature, for instance in [102,|132-134]. As mentioned, our design is further based
on leaky-wave theory applied to SIW structures [62}|135] and considering optimised

broadside leaky-wave radiation from periodic structures [113].

Several guidelines can be defined to successfully design this launcher. The main
function of the T-junction is to equally split the power along the aperture, as illus-
trated in Fig. 1.2 By means of the partially reflective surface wall, the waves will
be leaked into the parallel-plate waveguide. The control of its propagation constant
with the via diameter, periodicity and width of the SIW section would allow for
uniform amplitude and phase distribution of the TEM mode in the parallel-plate
waveguide section. Therefore, this partially reflective surface should be initially
defined as a non-leaky structure in order to find the SIW T-junction parameters.

Depending on the desired frequency of operation the SIW width W can be found
following Eq. (4.2.5).

It should be noted that to achieve this uniform propagation, the frequency of oper-

ation must be very close to cutoff to work under the beam splitting condition. As
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the frequency of operation selected for this structure is 15.00 GHz, it is assumed to
be the cutoff frequency that will define the value of W according to Eq. (4.2.5)).
Knowing W, the design of the bounded section of the SIW becomes straightforward
once the ratio P/d is set to accomplish the non-leakage condition and the stan-
dard guidelines for power dividers in waveguide technology provided in are
followed. Three bounded SIW sections with same parameters are put together in
a T shape. It should also be considered that to avoid high reflections at the input
port, the addition of an extra inductive post around the middle of the T-junction
is necessary . The inductive post diameter d’ and position s can significantly
affect the level of return losses. Design curves based on numerical analysis, such
as finite element or the finite-difference time-domain method, have been proposed
in . These curves have been used as a starting point for this T-junction, how-
ever, optimal parameters have been refined by the optimization tools provided by
CST . Parameters for the non-leaky T-junction are set as follows: W = 7.80 mm,
d=1.00mm, p = 1.92mm, d = 0.64mm and s = 3.20mm (see Fig. [4.2)). The
leakage rate will influence the efficiency of the launcher. If it is set high enough
(80.00%), most of the power will be leaked preventing it to reach the side arms of

the T-junction, which would cause spurious radiation at the edges and reflections.

dB (1V/m)

Figure 4.2: Time snapshot of the simulated electric field distribution inside the non-leaky T-
junction in SIW technology above 15.00 GHz.
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4.3.2 Leaky-wave Theory for Partially Reflective Surface
Wall

For the proposed launcher, leakage losses are necessary to couple power into the TEM
mode of the parallel-plate waveguide. Thus one of the walls of the T-junction should
ensure the vias are separated as to not satisfy the P/d < 2 ratio condition [54}56].

This ensures controlled leakage into the parallel-plate waveguide region as illustrated
in Fig. 4.1}

To design this leaky partially reflective surface in SIW technology, several general
guidelines are established from previous SIW-based leaky-wave antennas [57]. In
particular, to design the partially reflective surface, it is necessary to analyse the
complex propagation constant of the relevant leaky-wave mode. The leakage rate
a (i.e., the imaginary part of the complex propagation constant) sets the fraction
of power that couples into the parallel-plate waveguide TEM mode and it depends
on the separation P and the diameter d of the vias. The higher this separation the
higher the leakage rate is observed on the opposite side of the SIW-to-parallel-plate
waveguide transition. At the same time, the phase constant 3 (i.e., the real part of
the complex propagation constant) establishes the direction of propagation for the

TEM mode in the parallel-plate waveguide region [113].

The uniformity of the amplitude and the phase can be obtained by selection of the
leaky-wave propagation constant. In particular, broadside leakage from the SIW T-
junction into the parallel-plate waveguide region can be achieved by satisfying the so-
called beam-splitting condition which is based on having approximately equal phase
and leakage constants; i.e., it is necessary to work slightly above the cutoff frequency
(where 5 ~ o and with 8 > «a). Also, the leakage angle 6, (see Fig. increases if 8
increases according to 6, = Sin_l(\/<ﬁ/k0\/§)2 — (a/koy/€r)?) [113]. Thus, if there

is an increase in frequency above cutoff, the angle 6, will be larger. The simulated
behaviours of the electric fields for the structure for these different variations between
$ and « are depicted in Fig. [4.4f On top, the frequency of operation is below the
cutoff frequency (5 < «a); i.e., the TEM mode is not propagating. In the center,
the structure is working at the design frequency where  ~ «. It can be observed
that the TEM mode is propagating with a uniform phase front and perpendicular
(or broadside) to the leaky SIW sidewall. On the bottom, 8 > «, therefore the

59



CHAPTER 4

=37
3

QaGeoU ¢ 0 @ 0 O

oQoDOOaGO000OQC0DoO0d yODOOOODOOOODDOOGQQ
a [a]
(4]

X

o0 0 0 9 000000

Figure 4.3: Diagram of leaky-wave propagation through SIW partially reflective surface wall.

propagation angle for the bound TEM waves are not normal to the launcher

Once the width W of the bounded SIW section is known, a dispersive analysis of
the SIW for different values of P and d must be completed [57]. This analysis
can be performed using an adapted version of the transverse equivalent network as
previously defined in [564/57] and the approaches presented in [136]. The transverse
equivalent network is based on an equivalent transmission line circuit of the structure
under analysis operating at the frequency of operation. One of the conditions of
this network is that, at any point on the line, the sum of the input impedances seen
looking to either side must be zero. Therefore, from this network, the transverse
resonance equation that allows propagation constant calculation can be obtained
[102]. In this case, the right side of the transverse equivalent network depicted in
Fig. is not terminated with the radiation impedance as presented in [57], instead,
the characteristic impedance of an infinite parallel-plate waveguide is now defined
for the developed circuit model [136] as the parallel-plate waveguide is not truncated
anymore. Moving towards the left side of the model, a T-network characterises the
partially reflective wall of vias. Specifically, it can be modelled with two capacitors
in series and one inductor in parallel following the equivalent model for inductive
posts in parallel-plate waveguides described in [136]. This T-network is followed by
the second transmission line of length W, which is the space between the two rows
of vias, i.e. the width of the SIW section. Finally, the last element of the model is

the non-leaky PEC wall represented by a short circuit.

The transverse resonance equation at the reference point in Fig. is enforced to

determine the dispersion behaviour of the leaky section. This equation is Z;(k,) +
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Figure 4.4: Snapshot in time of the simulated electric fields generated by the launcher. [From \\
© 2019 IEEE].

Zg(ky) = 0 where

Zi(ky) = jtan(W - k,) - Zo, o (ky) +j - Xo (4.3.1)

_ JXa - (ZOTE(ky) +ij)
an + ZoTE(ky) + ]Xb

Zr(ky) (4.3.2)

and k, = \/k3e, — k2 is the transverse wavenumber inside the SIW, where X, and
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Figure 4.5: Schematic of the transverse equivalent network circuit model for the proposed SITW
structure enabling bound TEM-mode launching inside a parallel-plate waveguide. [From [128] (©
2019 IEEE].

X, are the capacitances and inductance whose equations are explained in [136],
and Zy,, is the characteristic impedance for the TE;y mode. Dispersion analysis
considering no dielectric and conductor losses is reported in Fig. [£.6 It can be

observed that the frequency where § = « is very close to 15.00 GHz.

This leaky-mode dispersion analysis is needed to tune the pair of values W and P
which determine the leaky SIW dimensions that provide the desired beam-splitting
condition; i.e. a &~ 3 at the design frequency of 15.00 GHz, as depicted in Fig. [4.7]
where it can be observed that the launcher design frequency and the leakage rate
can be controlled by modifying W and P. As already deduced from SIW theory,
higher cutoff frequencies are obtained when W is smaller. On the other hand, the

leakage rate is affected by P. For example, for P = 2.00 mm the leakage rate is close

0.8 ' 0.8
= |eakage Rate (a/(koVe,))

— -Phase Constant (B/(koVe;)

10.6
-
_
-

B/ (kTNEr)

14 Z‘L5 16 17 18
Frequency (GHz)

Figure 4.6: Plot of the calculated results of the dispersive analysis for the SIW launcher designed
to work at about 15.00 GHz for W = 6.80 mm, P = 4.50 mm and d = 1.00 mm with ¢, = 2.2 and

thickness h = 0.79 mm. The solid lines represent the complex solution of the transverse resonance

equation defined by Egs. (4.3.1) and (4.3.2); normalised leaky-wave phase constant /3 / ko+/er in
red dashed line and a/kgy/z, in blue [From [128] © 2019 IEEE].
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Figure 4.7: Plot of the calculated dispersive analysis for the different values of W (top) and P
(bottom).

to zero whereas in the case of P = 5.50 mm the normalised leakage rate increases

up to 0.10, as depicted in Fig. [4.7]

It should also be mentioned that when using a short circuit to model the PEC wall
as in Fig. [4.5] a perfect 180.00° reflection is assumed in the analysis for the complex
wave. However, the row of vias actually has an inductive behaviour that introduces
a phase shift of about 150.00° [62] which is 30.00° from the perfect short circuit.
Following it is possible to achieve a more accurate result if the PEC wall is also
modelled with the equivalent circuit used for the partially reflective surface [136]

based on a T-network of reactances (see Fig. instead of a short circuit .

Next, we can easily find the value for the partially reflective surface wall aperture
length L related to « by setting the launching efficiency as 90.00% so L = 2.3/« .
The side arms of the T-junction can be left open to ease the design and prototyping
process as negligible power is maintained at the end of the arms due to the high
launching efficiency. This launching efficiency can be obtained at the edge of the
launcher as depicted in Fig. [4.8 where the efficiency is plotted for two different
cases (lossless and lossy conditions). The efficiency is 90.00% for the lossless case,
falling to 85.00% for the lossy case where substrate dielectric and conductor losses

are included. In the lossy case the peak efficiency is shifted in frequency by less than
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Figure 4.8: Plot of the simulated launching efficiency (1) obtained at the edge of a single launcher
structure (shown in inset on the right). The dashed red line shows the launching efficiency obtained
for lossless conditions, while the blue line includes dielectric and conductor losses. [From [128] (©

2019 IEEE).

0.5%. This shift is caused by some small changes in the lossy case to the loads which
model the leaky partially reflective surface sidewall as well as the wave impedances
are present which change the reactive values for Eqgs. and . A good
agreement is observed with the theoretical leaky-wave model (Figs. and and
the efficiency simulations of the structure (Fig. , that is calculated directly from

the linear values of the simulated transmission coefficients.

The calculation steps for the parameters of interest W,d, P, L, f and « can be

summarised as the following:

e Find the width W of the bounded SIW section for a frequency of interest using

equations in [54].

e Dispersive analysis of the SIW for different values of P and d satisfying the
splitting condition (8 = «) at the operating frequency and then by using the

transverse equivalent network model presented in Fig. 4.5

e Use the calculated « in the previous step to find the length L of the partially

reflective surface using L = 2.3/« for an efficiency of 90.00%.

4.3.3 Bloch Analysis

The dispersive analysis has also been alternatively completed by means of a Bloch
analysis [137] calculation using CST [12]. Basically, simulations were completed for

a cascaded number N of unit cells, considering a straight SIW section with one side
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Figure 4.9: Diagrams of (a) SIW section with PEC and partially reflective surface walls defined as
a cascaded connection of N periodic unit cells for Bloch analysis; (b) Detailed unit cell consisting

of one via from the partially reflective surface wall and two from the PEC wall.

as a PEC wall and the other side as a leaky via side wall, as illustrated in Fig. 4.9
where each unit cell contains one via from the partially reflective surface wall and two
vias from the PEC wall. As explained in [138], the S-parameters of this structure are

used to find the transfer matrix, or T-matrix, given that the propagation constant

is defined by [102]:
coshyd = (A+ D)/2 (4.3.3)

where v is the complex propagation constant and A and D are the elements of the
T-matrix.

However, these calculations would be sufficient for an infinite array but not for a
limited number of unit cell . This is due to evanescent modes, i.e.,modes
below cutoff, contribution at the first and the last unit cell, causing 3 to have infinite
solutions . In order to obtain the correct complex propagation constant
v, simulations for a N+1 unit cell system must also be carried out to obtain the

T-matrix. Then, “dividing” both matrices and setting the result to [138]:

TNt
T = 4.3.4
L (43.4)

~ can be found using Eq. (4.3.3) as both matrix have the same values for the first
and last unit cell [138].

These analysis are compared to the results theoretically obtained using the trans-

verse resonance equation as shown in Fig. Nevertheless, small disagreement is
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Figure 4.10: Plot of the calculated comparison between the normalised phase constant S and
leakage rate « calculated by the Bloch method and the theoretical results obtained with the

transverse equivalent network.

observed due to the aforementioned simplifications used in the transverse equivalent
network (see Fig. |4.5)) when assuming a short circuit to model the PEC wall instead

of a T-network of reactances as for the partially reflective surface wall [136].

4.3.4 Microstrip to Substrate Integrated Waveguide Tran-
sition
Most of the microstrip-to-SIW transitions are based on the use of a tapered mi-

crostrip line which improves the matching from the 50.00 {2 microstrip line to the

SIW input [139].

The taper represents a transition from the quasi-TEM mode into the SIW TE;. The
excitation of this mode is possible because of the similarities in the orientation and
profile of the electric fields |[139]. The general guidelines to design linear tapered lines
are well explained in the literature [55]. It is also is possible to model the taper for a
non-linear shape as shown in |140], where equations to characterize different shapes
depending on the function used for the impedance variation (exponential, cosine or
tangential hyperbolic) are reported. Moreover, many different transitions have been
designed for better matching purposes or frequency range increase as in [141-143].
For example in [142], two extra vias are added directly on the substrate at the edge
between the microstrip taper and the SIW section, these vias improve the matching

over a wideband achieving measured return losses values around 30.00 dB.

Nevertheless, the traditional tapered microstrip line could not work in SIW struc-
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tures with a higher characteristic impedance in comparison to the microstrip line,
as in our proposed structure. This is because the field distribution in the microstrip
line is wider than the one in the SIW, and even an optimised design of the traditional
microstrip tapered transition does not achieve a good field coupling, as explained
in [144]. Hence, the STW section should be tapered instead of a straight microstrip
line [144]. The impedance of the SIW is defined by [144]:

_ 2 1
W e J1— (L)

being 7 the wave impedance in the dielectric.

A

(4.3.5)

o}

The impedance of the SIW would decrease and the matching would highly improve
by means of varying the width W', see Fig. [.1] between the rows of vias following

Eq. (4.3.5)), as shown in Fig. 4.11

The closer « is to (3, i.e. closer to the beam splitting point, the higher is going to
be the impedance in the SIW structure for the width calculated, making necessary

a non traditional microstrip-to-SIW transition.

As usual in the design of matching networks, the length of this taper should be set
for any multiple of A\,/4. The width W, and length L, of the microstrip line are
calculated for a given frequency and impedance [102]. Once the maximum width of
the taper W' is found for the desired impedance, the width between the following

vias must be set. In [?] it is shown that for a better matching the position of the

vias should follow an exponential distribution given by (4.3.6)) and (4.3.7)):
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Figure 4.11: Plot of the calculated impedance of a SIW as a function of the separation between
the vias depending on the desired impedance value starting from the width of our structure

W=6.80 mm.
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W W
y = 0.017&’&c +0.997 (4.3.6)

- In(100%7) — 99)
Ly

(4.3.7)

where y is the half separation between the vias, x the distance to the point of the

desired impedance and L, is the length of the taper [144].

4.3.5 Excited Fields and Modes

TE;o and TEM modes can be excited within the SIW feed structure. In order
to confirm that the modes excited in the structure are the expected ones, E-fields
and H-fields have been simulated in the corresponding sections, inside the bounded
SIW section and the TEM mode along the width of the parallel-plate waveguide
region. The simulated field components for these modes, the TE;y mode inside the
SIW section and the TEM mode inside the parallel-plate waveguide, are depicted
in Fig.[d.12 These modes are compared to the ones existing in a typical STW
and parallel-plate waveguide. For the TE;y mode, it is shown that there is no E-
field component along the direction of propagation (£, = 0) whereas the magnetic
field component is non-zero (H, # 0). On the other hand, inside the parallel-plate
waveguide, there are no components in the direction of propagation (£, = 0, H, ~ 0)

as expected for a TEM mode.

The normalised amplitude distribution and the phase are further depicted in Fig.[4.13]
where it can be observed that the amplitude is uniform along most of the launcher
aperture and start to decay by about 5.00 dB when approaching the PEC sections at
the end of the T-junction arms. On the other hand, the phase maintains small vari-
ations of 5.00° or less along the entire aperture while the maximum variation of the
amplitude values is about 1.50 dB. This is a significant improvement when compared
to other designs found in the literature [5,6/92,93]. It should also be mentioned that
our aperture profile provides a more uniform distribution when compared to [131],
since in that work phase and magnitude variations of more than 25.00° and 2.00 dB
were observed, respectively. Some comparisons between the proposed structure and
previous feeding networks for slot based planar antennas found in the literature

have also been included in Table 4.1} The launcher is more compact as it provides a
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Figure 4.12: Plot of the normalised simulated field components within the end-to-end configuration
compared to the fields existing in a standard SIW or parallel-plate waveguide along the z-direction:
(a) electric and magnetic field components for the excited TE;y mode inside the bounded SIW

section, (b) the TEM mode inside the parallel-plate at a distance of 10.00 mm from the aperture

[From [12§] © 2019 IEEE],

reduction of 61.56% and 55.90% when compared to [5] and [6]. Furthermore, more
stable amplitude and phase values are obtained. In terms of amplitude, this work
presents a small variation of +1.50 dB which is a 85.00% and a 50.00% more stable
than [4] and . The phase, on the other hand, has a variation of £5.00 °, represent-
ing a 75.00% and a 83.33% of improvement with respect to and . Moreover,
the launching efficiency achieved by this launcher is a 44.44% and a 10.00% higher

than [4] and [6].

Following these developments and modal characterization, an end-to-end test device
using two launchers has been designed and optimised using the commercial full-wave
simulation tool CST Microwave Studio . See Fig. where the simulated
electric fields are depicted and show uniform propagation within the parallel-plate

waveguide region.
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Table 4.1: Feeding Network Performance Comparison

Aperture  Amplitude Phase Efficiency Feeding
size variation (dB) distortion (deg.) (%) mechanism
1.93)¢ +10.00 +20.00 50.00 Slotted waveguide
6.50\g +3.00 +30.00 50.00 Coupling windows
5.67\o - - 81.00 Multiple reflector system and twin pin

feeder with leaky partially reflective surface (8 > «)
This work 2.50) < £1.50 < £5.00 >85.00 Leaky SIW T-junction and

Single-input microstrip feed (8 ~ «)
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Figure 4.13: Plot of the normalised simulated amplitude in dB and the phase in a transverse plane
within the end-to-end for the dominant component E,. The two dashed black lines define the ends

of the partially reflective surface wall [From \| © 2019 IEEE].

4.3.6 Measurement Results and Discussion

As a proof of concept, an end-to-end structure has been manufactured on a ROGERS
RT5880 substrate with a thickness A of 0.79 mm and a relative permittivity ¢, = 2.2
at 10.00 GHz; a photograph of the realised prototype is shown in Fig. while
measurements are shown in Fig. [4.16] The relevant parameters defined for this
parallel-plate waveguide launcher to achieve a design frequency of 15.00 GHz are
as follows: W = 6.80mm, W’ = 10.20mm, W, = 2.35mm, P = 4.50mm and
d = 1.00 mm.

The two launchers were placed 4.30)\, apart for practical demonstration purposes.
This introduced some conductor and dielectric losses which slightly increased the
port-to-port insertion losses, but still the launcher is operating as expected as shown
in Fig. 4.16f The measured |Sy;| for the test structure is about 1.30dB at the de-
sign frequency of 15.00 GHz and |Sy;| > 20.00dB. The electromagnetic coupling

between the two launchers is not of concern because the complete end-to-end struc-
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Figure 4.14: Snapshot in time of the simulated electric fields within the examined PCB test circuit

using two launchers. [From \\ © 2019 IEEE].

ture was simulated in CST and no significant losses were found, as shown in
Fig. .17 This is important because the launchers are not in the respective far-
field regions for each wave-guiding structure, which we consider to be 32\, following

R =2D?%/), [145] (where \, =

N&%m and £p and pg are the free-space permittivity

and permeability, respectively, and D is the length of the leaky aperture). Also, as

it can be seen in Fig. [£.16] the measurements obtained with a 2-ports vector network
analyser are in good agreement with the simulations as well as the center frequency
for the structure designed using leaky-wave theory and the developed transverse
equivalent network circuit model. The difference between the measurements and
simulations can be attributed to the practical variation of the relative permittiv-
ity of the substrate (see yellow dashed lines). Regardless of these practicalities the

launcher is still operating as expected, showing proof of concept

Higher losses for the measured structure at the design frequency can be explained
by the importance of the substrate relative permittivity as well as the fabrication
tolerances for via placement and via diameters. More specifically, the via drilling
processes defines the exact via placement and its diameters and small variations from
any nominal value can result in minor performance variations and small frequency

shifts away from the original design frequency. For example, for any minor variation
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Figure 4.15: Photograph of the manufactured prototype to work at 15.00 GHz on ROGERS RT5880
with &, = 2.2 for the relative permittivity [From \\ (© 2019 IEEE].
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Figure 4.16: Plot of the measured S-parameters for the structure under test (solid lines) compared

to simulations (dashed lines) using the rated values for the dielectric ¢, = 2.2 at 10.00 GHz.

[From [12§] © 2019 IEEE].

in €, (see Fig. port matching can be maintained, however the maximum value
for |Sa1| can be shifted in frequency because the initially designed o ~ 8 condition
is no longer preserved at the original design frequency. This can be observed in
Fig. when considering ¢, = 2.4 since good port matching is still obtained at
15.00 GHz (|S11] > 15.00dB) while |Sy;| is less than 4.00dB at about 15.02 GHz as

observed for the simulations.Also, in the simulation model it has been considered a
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Figure 4.17: Plot of the simulated S-parameters response for different parallel-plate waveguide
length variations. The response of the launchers placed close to each other is represented in
dashed lines, original design length in the solid lines while the launchers separated by a longer

distance in dotted lines.

+5.00% variation in the diameters of all the vias within the transition structure and
about a 0.50% frequency shift in the minimum of |S;| was observed (see Fig. 4.18]).
Despite these practicalities, the measured performance is still in good agreement
with the full-wave simulations. The structure is also inherently narrow band due
to the a = f condition at the design frequency. This can be observed in Fig. [4.16
for both the measurements and the simulations as [S1;| > 10.00dB from about

14.98 GHz to 15.02 GHz.

4.4 Truncated Parallel-plate Waveguide Surface-
wave Launcher

An interesting alternative to the launcher explained in Chapter 3, would be the
use of this parallel-plate waveguide launcher as a planar TM, surface-wave feed
system offering a uniform phase front. As it is based in the parallel-plate waveguide
TEM launcher structure, by following these earlier developments and the work in

[85,[128,|131], we offer an alternative surface-wave feed system while using a planar
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Figure 4.18: Plot of the simulated S-Parameters for three different via diameters with respect to
the normalised frequency. Dashed blue lines represent the results obtained for a slightly smaller
via diameter, on the contrary green dotted lines depict a larger diameter, while the solid red lines

depict S-parameters for the originally intended via diameter.

substrate for low-cost fabrication. In particular, it is now designed with a parallel-
plate waveguide section that supports a TEM mode, and a surface-wave section,
that supports the TM,. Power leaked into the TEM mode by the via separation and
coupled into the TM, surface-wave mode by truncating the parallel plate at a fixed
distance S while also including a matching section which employs sub-wavelength
patches [118]/120]. The complete structure (transition and matching section) for this

TM, surface-wave launcher is shown in Fig. [4.19

4.4.1 Design and Simulation Results

The modified launcher also operates at 15.00 GHz, keeping stable the surface-wave
phase front in a narrow bandwidth. This is due to the design principles of the leaky
SIW T-junction; i.e. if the frequency is below 15.00 GHz the propagating mode
is evanescent (under cutoff) with limited field penetration into the parallel-plate
waveguide and the surface-wave regions. At higher frequencies (above 15.00 GHz)
two different wavefronts are possible which diverge from the broadside direction of

propagation (perpendicular to the leaky wall).
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The design procedure can be divided in three parts. While two of them have already
been explained in Section (the microstrip to SIW transition and leaky STW T-
junction), in this section the focus will be on the new matching network utilised
to smooth the transition from the parallel-plate waveguide TEM mode to the TM,
surface-wave of the grounded dielectric slab. Also, the dielectric material selected
for the TEM parallel-plate launcher is kept for this structure being the ROGERS
RT5880 with a relative permittivity of 2.2. However, in this case a larger thickness
of 1.575mm is chosen to better confine the surface-wave in the grounded dielectric
slab. It should also be mentioned that this structure offers unimodal behaviour
due to the high cutoff frequencies for the following TE; higher modes which are
64.16 GHz in the parallel-plate waveguide and 43.47 GHz in the grounded dielectric
slab.

The transition between the TEM parallel-plate waveguide mode to the TM, surface-
wave mode is made by first truncating the parallel-plate waveguide at a fixed dis-
tance S from the SIW conducting via edge. This distance is set to be a multiple
of \;/4 to prevent high reflections. This follows the principles explained in Chap-

ter[3] Section[3.2] where efficient surface-wave excitation was achieved by means of

a truncated parallel-plate waveguide [100L{101},105}/117].

Nevertheless, there is some mismatching between the phase constants 3 of the

Uniform TMy mode
propagation

G D

G D,
Is

1)0QOQ00 0 © & © O 0 © © 0 0O O 000000(

Sub-Wavelength
Matching Section

Exploded view

Figure 4.19: Diagram of the proposed TM surface-wave launcher system for grounded dielectric
slab with a 50.00 2 microstrip input. It is composed of a microstrip transition, the leaky SIW
T-junction, and the added sub-wavelength matching section for surface-waves [From © 2017
IEEE].

75



CHAPTER 4

3
o 2
A4
S~
]
= Brew/(KoVe) in PPW
— Brwo/(KoVg) in GDS

O 1 1
10 12 14 16 18 20
Frequency (GHz)
Figure 4.20: Plot of the normalised phase constant calculations for the parallel-plate waveguide

TEM mode (blue) and the TMj surface-wave mode of grounded dielectric slab (red) [From [85] (©
2017 IEEE].

parallel-plate waveguide mode and the TM, surface-wave mode, as shown in Fig.[4.20]
This can cause reflections and therefore the necessity of a matching section which
can be included next to the edge of the parallel-plate waveguide. In particular,
in our case the parallel-plate waveguide is truncated a distance S of a A;/4 from
the leaky SIW T-junction for improved matching and general design compactness.
This matching section for surface-waves consists of a sub-wavelength square array
of metallic patches printed on top of the substrate [118,|120]. This section has two
parameters, the distance D between patches and the gap G between them. The sur-
face grid impedance, Z,, related to the alteration of the gap G between the patches
allows the phase constant § of the TM, surface-wave mode to be tailored and con-
trolled [118}|120]. The size of the matching section is also \,/4, with a total length
of 10.05 mm, a distance D between the patches of 4.80 mm and a gap G of 0.48 mm.
The reason why this is considered a sub-wavelength array is because the distance
D is more than four times smaller than the free-space wavelength [120]. Also, these

parameters can be found by using the following equations [118,|120] and full-wave

simulations:
Teff
Ly =— 4.4.1
g J %y ( )
k1D 1
= (4.4.2)
™ sin(55)

where Z, is the surface grid impedance and k; = k,/€,, the effective impedance
Neff = \/Ho/ (Eofers) and the relative effective permittivity e.rp = (¢, +1)/2.

A comparison of the reflection coefficients versus frequency for the structure with
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Figure 4.21: Plot of the simulated reflection coefficient versus frequency with and without the

matching section for surface-wave excitation [From (© 2017 IEEE].

Figure 4.22: Plot of the full-wave CST \\ simulations of the instantaneous E-field intensity within
the structure without (left) and with the matching section (right) [From © 2017 IEEE].

and without the matching section is in Fig. An improvement of 11.00 dB at the
design frequency is obtained; i.e. |S1;| > 17.00dB at the 50.00 Q2 microstrip input.
Moreover, in Fig. the full-wave simulations show the plane wavefront for both
cases with and without the matching section. Furthermore, it can be observed that
field strength decreases beyond the parallel-plate waveguide region due to radiation
at the discontinuity (see Fig. [4.22| (left)), whereas for Fig. [4.22| (right), the sub-
wavelength network causes the fields to be confined to the surface until the end of

the substrate.

On the other hand, these launchers (parallel-plate waveguide launcher and surface-
wave launcher), if truncated at the end of the substrate, can support end-fire radi-
ation. As it can be observed in Fig. phase constant values are very close to

ko suggesting free-space radiation if better optimised. Therefore, these structures
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Figure 4.23: Plot of the full-wave CST || simulations of the normalised radiation pattern of the
surface-wave launcher from Fig.

could also have applications as linearly polarised (LP) end-fire antennas if the di-
electric substrate is truncated after the matching section. As depicted in Fig. [4.23]
this structure when truncated, even without being optimised for such edge radia-
tion, as this is beyond the scope of this thesis, it has a main beam pointing towards
the end-fire direction (6 = 65.00°) with realised gain values around 12.00dBi. The

other important feature to appreaciate is the back-lobe radiation which is generally

unwanted in end-fire surface-wave antennas [60,/101; 148.

4.5 Summary

In this chapter, the use of leaky-wave concepts to efficiently feed other antenna
systems have been discussed. Design guidelines and measured results for a novel
parallel-plate waveguide TEM mode launcher for feeding planar circuits and low-
cost antenna systems have been presented. This SIW-to-parallel-plate waveguide
transition is compact, maintains a low profile for simple fabrication and offers 50.00 €2
microstrip feeding. By design of the structure, uniform and bound propagation at
broadside (with respect to the leaky SIW side wall) can be achieved within the
parallel-plate waveguide region. Due to the practical substrate variations and SIW
technology fabrication tolerances, the measurements of the demonstrator circuit are

not exactly as per the full-wave simulations. However, measurements of this end-to-
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end test structure still suggest that the two launchers operate at about 15.00 GHz,
as per design, and follow the developed leaky-wave theory and waveguide dispersion
analysis. When compared to previous configurations found in the literature, this
launcher is more compact as it provides a reduction of 61.56% and 55.90% when
compared to [5] and [6]. Furthermore, more stable amplitude and phase values are
obtained. In terms of amplitude, this work presents a small variation of +1.50dB
which is a 85.00% and a 50.00% more stable than [4] and [5]. The phase, on the other
hand, has a variation of £5.00 °, representing a 75.00% and a 83.33% of improvement
with respect to [4] and [5]. Moreover, the launching efficiency achieved by this
launcher is a 44.44% and a 10.00% higher than |4] and [6].

The proposed parallel-plate waveguide TEM planar launcher can be re-designed
when using different permittivity substrates and when considering operation at
higher millimeter-wave frequencies. Also, the relatively narrow band behaviour of
the structure could be improved by employing a double layer of partially reflective
surfaces. This can create two cavities where the modes can couple as studied in [149]

increasing the possible frequency range of the structure.

In turn, additional applications as the proposed structure for TM, surface-wave
plane wave excitation, offers an alternative to Yagi-Uda like slot arrangements in
the ground plane which can couple power into the dominant TM, surface-wave
mode of a grounded dielectric slab and to the launcher presented in Chapter 3.
Full-wave simulations confirm operation of the feed system and reduced reflections
are observed, i.e. |Syi| is about 20.00dB, thanks to the use of a sub-wavelength
matching section consisting of an array of square patches. Moreover, efficient end-
fire antennas can be also implemented following the proposed design. High gain
values are achieved around 12.00dBi for a non-optimised antenna. Also, back-lobe
radiation effects could be minimised if the aperture length is increased allowing for

improved directivity.

To the Author’s knowledge, such a compact, simply-fed, and low-cost design, us-
ing well-known SIW microwave elements to efficiently launch the TEM mode into
parallel-plate waveguide or the TMy mode into the grounded dielectric slab with a

planar wavefront, has not been reported previously beyond the scope of this PhD.
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Omnidirectional Conical Radiation

Through Cylindrical Leaky-waves

5.1 Introduction

In this chapter, two low-cost configurations for two-dimmensional (2D) leaky-wave
antennas with simple vertical dipole feeding will be presented and compared. Both
antennas are fed at the centre of the structure which will enable cylindrical leaky-
wave propagation resulting in conical beam radiated patterns for the K, and K
bands. These antennas can be an alternative to the use of phased arrays in applica-
tions that include wireless power transfer, indoor localization, radar or surveillance

systems [150].

Both cylindrical leaky-wave antennas were designed and simulated at La Sapienza
University during an ERASMUS+ research exchange where the leaky-wave phase
and attenuation constants were characterised using the method of moments (MoM),
and results were prepared with the assistance of Davide Comite, Paolo Bacarelli,
Paolo Burghignoli, and Symon K. Podilchak. The antennas were manufactured and
measured at Heriot-Watt University. Results and comparisons with theoretical and

simulated results are presented in the following sections.

The first design is a “bull’s-eye” antenna based on the use of a partially reflective
surface consisting of a periodic metallic ring grating. This antenna is fed by a simple
vertical electric dipole at the center instead of the typical surface-wave launchers or

slots [41,/43,144]. Radiation is based on the excitation of the fast harmonic n = —1
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of the fundamental transverse magnetic (TMy) mode that is radially propagating in
the grounded dielectric slab. This mode increases the bandwidth when compared to
more traditional feeders that excited the higher order mode transverse electric (TE;)
limiting the bandwidth of the antenna. Analysis of the performance of this antenna
and the advantages it presents for the near and far-field will be discussed [151].

Simulation results on CST [12] and measurements will be reported.

The second configuration consists of a planar multilayered circular Fabry-Perot cav-
ity antenna [45] fed by an individual vertical electric dipole. Moreover, this dipole
will be loaded with three rings of vias to increase the impedance bandwidth. This
antenna is based on a parallel-plate cavity with a subwavelength partially reflective
surface on top that allows for translational invariance which means that the system
will produce the same conical beam response, regardless of how many dipole sources
are used. With this feature, the conical beam produced by means of the radiation
of the fundamental harmonic n = 0 of the fast TM; leaky-wave can be used as an
element pattern for a phased array in the feeding network. This array of dipoles
can enable 2D scanning performance using a reduced number of sources with re-
spect to more conventional array designs [95,150]. Simulations with the frequency
domain solver of CST [12] together with measurement results for a single dipole will
be provided showing beam scanning behaviour, while simulations for a 2x2 array of

sources will be shown as a proof of concept for 2D scanning.

5.2 Bull’s-eye Antenna Design for Omnidirectional
Conical Radiation

This cylindrical leaky-wave antenna is based on the perturbation of the TM surface-
wave in a grounded dielectric slab with radial geometry exciting the fast spatial
harmonic (n = —1) [3,43]. The modal behaviour for this kind can be described by
an equivalent one-dimmensional (1D) infinite linear array of straight metallic strips,
this is due to the fact that beyond the near-field region each mode has a similar
wavenumber £, to its equivalent infinite linear counterpart when keeping the same
geometrical parameters [44,151,/152]. The “bull’s-eye” configuration (see Fig. is
thus capable of radiating a conical beam while also allowing for broadside radiation

with simple feeding [41],44].
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Typical theoretical feeding topologies for this microstrip-based planar “bull’s-eye”
leaky-wave antenna are vertical electric dipoles. In practice, coupling rectangular
slots etched over the ground plane in a multilayer version are more common. In
addition, directive folded magnetic dipoles implemented on the ground plane have
also been proposed keeping a fully integrated system as an alternative when single
layer structures are required [84,89]. In the present case, one simple vertical electric
dipole is placed at the center of the antenna exciting the fundamental TMy mode,
which is perturbed by the microstrip grating and transformed into a cylindrical
leaky-wave defined by a Floquet-Bloch spatial harmonic n = —1 [19-21,43,/151]. In
this way, the bandwidth of the antenna can be increased as the excited mode is the
fundamental and not the first higher order mode, TE;, as for horizontal magnetics
dipoles. This vertical electric dipole is a coaxial probe introduced through the
center of the dielectric leaving a small air gap for matching enhancement purposes.
Relative permittivity from the teflon material that surrounds the pin is very close
to the relative permittivity of the dielectric and air, allowing for a smooth transition
from the coaxial transverse electromagnetic (TEM) mode into the surface-wave on

top.

Top view Source

Figure 5.1: Schematic for the proposed “bull’s-eye” antenna with parameters: p = 10.00 mm,
w = 4.00mm, p, = 140.00mm, h = 3.14mm and &, = 2.2. In addition, the schematic for the
feeding system is also included with the inner ring radius set to pmin = 5.00mm for matching

purposes.
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5.2.1 Antenna Design

Modal analysis can be performed by linearising the “bull’s-eye” geometry causing
the structure to be seen as a 1D periodic array of metallic strips and therefore
allowing it to be characterised in terms of space harmonics [43},144}/151,|152]. The

longitudinal wavenumber of the n-th space harmonic propagating in the y direction

(see Fig. can be found as

2mn
kyn = kyO + — (521)
p
being p the periodicity and k.o the fundamental harmonic n = 0 wavenumber

(kyo = Bo — ja) [3]. Following the linearisation method aforementioned, k,, can
be assumed to be equal to the radial wavenumber £, of the cylindrical leaky-wave.
The transverse complex wavenumber k.,,, which is defined by k.,,, = \/m , de-
pending on its backward or forward nature will be a proper harmonic with a,,, < 0

or an improper harmonic with a,, > 0 respectively [3},/153].

Antenna parameters are selected in a way that the fast spatial harmonic n = —1
is supported along the frequency range with a backward nature (5_; < 0). In
addition, in-house manufacturing tolerances of £0.05 mm were taking into account
for the dimensional parameters defined. Therefore, the strip width is set to w =
4.00 mm, periodicity p = 10.00 mm, grounded dielectric slab radius p, = 140.00 mm,
a small air gap between the top of the dielectric and the pin of the probe of 0.2 mm
to improve matching and a total thickness h = 3.14mm. Moreover, in order to
obtain a wideband behaviour, a low permittivity substrate has been selected such
as the Taconic TLY5 with a relative permittivity ¢, of 2.2 to expand the impedance

bandwidth to lower frequencies [43].

A dispersive analysis by the MoM for the selected parameters was developed and
fully described in [44,151] and it is shown in Fig The microstrip width w defines
the phase constant behaviour while the phase constant is mainly dependant on the
periodicity p. Furthermore, the chosen periodicity p = 10.00 mm defines a central
frequency around 18.00 GHz with a wide angular beam scanning from 14.00 GHz to
23.00 GHz. On the other hand, strip width is set to w = 4.00 mm as it will allow for

radiation efficiency values over 90.00% for the whole frequency range [151].

In order to support the required TM, cylindrical leaky-wave, a 50.00 §2 coaxial probe

is placed at the center of the antenna entering from the ground plane and going
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Figure 5.2: Plot of the dispersive analysis for the “bull’s-eye” antenna obtained by the MoM for
the selected values w = 4.00 mm and p = 10.00 mm. On the left axis the normalised phase constant
(blue line) for the fast spatial harmonic, while on the right axis the normalised attenuation constant

(red line). [From [151] (©) 2018 IEEE].

through the z axis up to almost the top of the structure (see Fig. |5.1]), where the
annular microstrip grating will transform the excited TM, surface-wave into the fast
cylindrical leaky-wave. The matching is optimised varying the distance between the
probe and the first microstrip ring and its radius, which is set to pp;, = 5.00mm. As
depicted in Fig. an impedance bandwidth of more than 45.00% is obtained with
reflection coefficient levels below -10.00 dB, except at the open stopband (23.10 GHz)
where they increase up to -6.00 dB. Furthermore, maximum realised gain obtained
by full-wave simulations in CST [12] is shown in Fig. and compared to a MoM
analysis based on a Galerkin procedure explained in [154]. A good agreement can be
observed for the reflection coefficient specially closer to the maximum gain region. A
maximum deviation of 4.00dB is observed below 21.00 GHz due to manufacturing
tolerancies. As expected, maximum gain values are obtained around 23.00 GHz
where the beam is pointing to 2.00°. Then it starts decaying again due to the conical
nature of the beam that expands its aperture towards the end-fire direction. Open
stopband phenomena appears right after 23.00 GHz not affecting the performance

since no radiation at broadside is possible.

5.2.2 Far-field Results

The antenna is implemented on a Taconic TLY5 substrate with relative permittivity

of 2.2 and thickness of 3.14 mm. The manufactured prototype is depicted in Fig. [5.4]
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Figure 5.3: Plot of simulated S-parameters of the proposed “bull’s-eye” antenna with lossy media
in CST compared to measurements in red lines for the designed frequency range (right axis).
In addition, expected gain values are depicted in blue and black lines respectively for an arbitrary

cut in the azimuthal plane (left axis) [From © 2018 IEEE].

Top Bottom

Figure 5.4: Photograph of the manufactured prototype for the “bull’s-eye” antenna. Velcro patches

on the bottom layer were used for attachment to the NSI system positioners.

Measurements were performed in a calibrated anechoic chamber with the near-field
system NSI2000, which transforms the obtained results into the far-field for planar,
cylindrical or spherical coordinates, and a two-port network analyser (see Fig. [5.5
for setup details). In addition, gain values are found by the three antenna test
method . In this gain comparison method, two pre-calibrated standard gain
antennas, in our case the Standard Horn 20240 from Flann, are used to determine
the realised gain of the desired antenna by means of different gain measurements to
formulate a set of three equations with three unknowns by simple calculations using

Friis free-space formulation |155].
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Figure 5.5: Photograph of the setup for measurements with the NSI2000 system inside the cal-
ibrated anechoic chamber using a rectangular waveguide probe for the frequency range between

18.00-26.00 GHz.

This cylindrical leaky-wave antenna radiates a highly pure vertical polarised electric
field due to the azimuthal symmetry of the structure and the source. Therefore, only
measurements of Ey component are of interest and are normalised and depicted in
Fig. for the frequency range of operation. As it can be observed, the maximum
field values are kept fairly constant in the ® axis with small variations of £2.00°,
which indicates an omnidirectional conical pattern. Moreover, these fields are de-
picted in 3D in Fig. 5.7} where a clear conical beam pattern scanning in frequency is
obtained. It must be noted, that there is a gain variation of the conical beam along
the azimuth plane, this is likely due to strong mechanical vibrations produced by
the NSI2000 positioner when obtaining the measured samples in small increments
(A ~ 1mm). In addition, due to in-house prototyping the antenna aperture is not
perfectly flat with a deviation of 1.00mm over the whole diameter of the antenna.

This deviation can also introduce inaccuracies in the measurements.

A cut of the 1D conical beam shape in the far-field for ® = 0.00° is also com-
pared to the theoretical equations (using Eq. from Chapter 2) and assuming
k, = kyLW with the prototype parameters values for consistency) and simulations at
different frequencies. As shown in Fig. [5.8] the truncation of the structure causes
the appearance of side-lobes, however they are kept below -12.00dB and can be
further reduced if the radius of the antenna p, is increased or locally modulating the
complex leaky-wave wavenumber across the radiating aperture, as in [156] where an
Archimedean-spiral shape grating was used. Minor discrepancies between the theo-
retical results and the simulations and measurements are explained by the fact that

the physical-optic approach adopted by leaky-wave theory only considers the spuri-
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Figure 5.6: Plot of the measured and normalised Ey fields in the far-field in the ® — 6 plane for
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different frequencies showing beam scanning capabilities.

ous diffraction at the edge of the structure but not the direct space-wave radiation

coming from the feeder.

On the other hand, the realised gain, obtained by the three test antenna method
aforementioned [155], is compared to the one calculated by full-wave simulations
showing good agreement in Fig. with gain values up to 20.00dBi. Furthermore,

the conical beam pointing angle 6, is also compared to the theoretical one obtained
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(a) (b)

Figure 5.7: 3D plot of measured conical beam pattern for two frequencies showing beam scanning

at two frequencies: (a) 17.50 GHz and (b) 18.50 GHz [From © 2018 IEEE].
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Figure 5.8: Plot of measured and normalised 1D profile for the conical beam at & = 0 in the
far-field for different frequencies compared to theoretical and simulated results in CST : (a)
16.00 GHz, (b) 18.00 GHz, (c) 20.00 GHz and (d) 22.50 GHz [From © 2018 IEEE].
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Figure 5.9: Plot of measured realised gain (left axis) and pointing angle (right axis) compared
to simulations and theoretical results. In black line the expected realised gain calculated by full-
wave simulations and green dots represent the measured realised gain from the three antenna
test method. For the pointing angle results, black dashed line depicts the theoretical leaky-wave
pointing angle, while red asterisks and blue diamonds show the measured and simulated pointing

angles respectively [From [43] (C) 2018 IEEE].

following Eq. in Chapter 2 showing excellent agreement with both, simu-
lations and measurements. However, the measured gain is not in perfect agreement
with the expected results likely due to practical limitations encountered at the time
of measuring. These limitations include the finite size of the anechoic chamber for
the large electrical aperture of this antenna, significant free-space loss and cable at-
tenuation. This caused extremely low and noisy received power levels which required
the use of amplifiers and could lead to inaccuracies in the gain calculations. Despite
these inaccuracies for gain measurements, the reported results are consistent with

theory and simulations.

5.2.3 Non-diffracting Behaviour in Near-field

Apart from the conical radiation pattern, this antenna has other attractive features
such as its non-diffracting performance in the near-field |[151]. This non-diffracting
feature is a consequence of the excitation of the Bessel beams by truncating the
aperture inside a limited region in the near-field known as non-diffracting range,
defined by [43]

NDR = p, cotlsin (8% k)] . (5.2.2)

Within this region, the Bessel function can accurately characterise the transverse

profile of the beam while beyond it, the beam is not non-diffracting and the Bessel
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function representation is not valid anymore. These Bessel beams are ideal non-
diffracting solutions for the scalar wave equation , where nth-order Bessel
function defines their transverse amplitude profile. These beams can only be excited
by transversely unbounded apertures, requiring infinite energy to be illuminated

[151].

Many studies have focused on the possibility to generate Bessel beams at microwave
frequencies. For example, in [159-163] several configurations are proposed, however
they can be intricate designs, bulky or narrowband. Therefore, this proposed an-
tenna demonstrates that it is possible to excite such beams in a wideband and a

conventional structure, avoiding bulky, complex or expensive designs.

This antenna was measured using the same NSI2000 system as for far-field results
but this time operating for the near-field region. The antenna was placed in front of
the probe in the y — z plane (with respect to the NSI2000 axis indicated in Fig..
Simulated electric fields for the normalised transverse E, and longitudinal E, compo-
nents at a distance half of non-diffracting range (15.50 cm) are depicted in Fig.|5.10)|
where the expected Bessel beam can be observed with the maximum and the null
of the radiated near-field in agreement with those of the expected theoretical Bessel
function with the radial profile given by J ’o(kizvlp) whose theoretical positions are
known a priori . Measurements of the transverse component E, in the z —y
plane (with respect to the schematic in Fig. , i.e., parallel to the antenna aper-
ture, are reported in Fig. for three frequencies with the probe placed at two

|E | [dB] E, | [dB]

Figure 5.10: Plot of simulated and normalised electric field components (a) E, and (b) E, at
18.00 GHz in the z — y plane at a distance within the non-diffracting range of 15.50 cm [From [151]
(© 2018 IEEE]
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different distances within the non-diffracting range region for 18.00 GHz. Further-
more, Fig. [5.11|(b) shows how the fields diffract when the probe is located beyond
the non-diffracting range for that frequency (23.30 cm). As it can be observed, for

the 18.00 GHz case (Fig. ¢)) measured results are consistent with the simulated
fields for the E, component at 15.50 cm as depicted in Fig. [5.10] (a).
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Figure 5.11: Measured and normalised E, transverse component of the electric field in the z —y
plane for different frequencies (a) and (b) 17.00 GHz at 15.50 cm and 23.30 cm away from the probe,
(c) and (d) 18.00 GHz and (e) and (f) 19.00 GHz [From \\ (© 2018 IEEE].
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It has been demonstrated that the proposed “bull’s-eye” antenna can efficiently
produce an omnidirectional conical beam in the far-field steerable along the elevation
plane over a wide angular range simply fed by a vertical electric dipole [43,/152].
This structure can be useful for many different applications such as wireless power
transfer systems or object-tracking for indoor localisation, while also presenting non-
diffracting behaviour in the near-field which could be advantageous for advanced

radar system that require near-field data connectivity [43,[151].

5.3 Fabry-Perot Antenna for 2D Beam Steering

The proposed Fabry-Perot antenna is based on the use of the scannable conical beam
pattern to synthesise a high directivity pencil beam steerable in 2D which would have
similar performance to phased-array antennas with a reduced complexity. The key
for this transformation is the feeding method used for this kind of cylindrical leaky-
wave antenna. If we used a square or circular array of elementary sources inside the
cavity as a feeding network, the beam could be scanned in the azimuthal (phasing the
array of sources) and elevation planes (varying the frequency of operation) [45]150].
This would reduce the number of sources needed improving the system performance

in terms of losses while keeping high directivity values.

As shown in Fig. [5.12] the proposed antenna consists of a grounded cavity with
a subwavelength partially reflective surface on top. In particular, this partially
reflective surface is based on a thin patterned metal plate constituted by a grid
of square patches separated by small gaps. Thanks to this design for the partially
reflective surface, the geometry presents translational invariance allowing this conical
beam to be the element pattern of the phased array. The thickness of the cavity
h mainly affects the phase constant of the leaky-wave, i.e., it controls the direction
of propagation and the beam shape. On the contrary, the leakage rate primarily
depends on the width of the thin gaps between the patches in the partially reflective
surface, i.e., for higher directivity thinner gaps would be required as this will reduce
the beamwidth |150]. However, this separation is limited by the manufacturing
tolerances as extremely thin gaps would required expensive and complex prototyping

processes.

Unlike the “bull’s-eye” antenna, where the radiation was based on the excitation of
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Figure 5.12: Schematic for the proposed Fabry-Perot cavity antenna.

the fast harmonic n = —1 of the TM; grounded dielectric slab surface-wave mode,
the working principle for the Fabry-Perot cavity antenna is the radiation of the
fundamental harmonic n = 0 of the propagating TM; leaky-wave while avoiding at
the same time the radiation of the transverse electromagnetic (TEM) mode from
the quasi-parallel-plate. For such purpose, the cavity should be filled with foam
layers to make the mode a non radiating slow-wave [164]. The excitation of this
TM; cylindrical leaky-wave with a vertical electric dipole as a simple source results
in a highly directive conical beam radiation pattern in the far-field with frequency
scanning in the elevation plane [3},/45,/150]. The dispersive analysis for the Fabry-
Perot cavity antenna with the is depicted in Fig. [5.13 where it is shown that the
TEM mode is a slow-wave (i.e., Srgar/ko > 1) that is not contributing to the far-
field radiated pattern while the TM mode is a fast-wave that leaks power mainly

defining the radiation pattern.

On the other hand, due to the nature of cylindrical leaky-wave antennas and the
vertical electrical dipole source, broadside radiation is not possible in the present
configuration. Nevertheless, as explained in Chapter 2, it is possible to radiate at
broadside with cylindrical leaky-wave antennas at expense of polarization purity if
a magnetic horizontal dipole (e.g., etching slots on the ground plane [89]) is used as
a source exciting also the transverse electric (TE;) mode [107]. When using vertical

electric dipoles, the closest the beam is going to scan to broadside is defined by the
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Figure 5.13: Plot of calculated dispersive analysis for the Fabry-Perot cavity antenna. Normalised

attenuation constant is described on the left axis while the phase constant is on the right axis.

[From \| © 2018 IEEE].

cutoff frequency (8 = «) of the TM; mode. On the contrary, when scanning towards
end-fire the highest angle that is possible to realise is limited by the cutoff frequency
of the higher order mode TM; [150].

Once the conical beam radiation is obtained with the elemental Fabry-Perot cav-
ity antenna configuration, the Nx/N array of vertical electric dipoles can then be
introduced. This array is designed following conventional array theory while
also taking into account that each element should be placed at a distance below
half-wavelength to minimise grating lobes . Then, the array of sources radiates
a pencil beam that points towards a certain direction in the elevation and azimuth
planes (6, ¢), interfering with the omnidirectional conical beam and transforming it
in a directive pencil beam pointing towards the same direction (6, ¢) . Thereby,
this pointing direction can be controlled in the azimuth plane by simply phasing the

array elements, while the elevation plane is steered with frequency.

This design presents very attractive features comparable to those of conventional
phased-arrays while reducing the number of sources needed to efficiently feed the

system [150] and keeping high directive patterns.
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Figure 5.14: Plot of calculated and normalised radiation pattern using 2x2 source elements as a

proof of concept, i.e., array feeding, at 15.00 GHz [From [45] (©) 2018 IEEE].

5.3.1 Antenna Design Considering Single Source Feeding

The proposed configuration is designed for K, and K bands operation and with a
central frequency of 20.00 GHz. Materials used for the cavity are the Taconic TLY5
with a relative permittivity e, = 2.2 and foam with ¢, = 1. The parameters are
initially set as follows for theoretical and simulated analysis: h = 14.10mm, p, =
110.00 mm and d = 8.00 mm to avoid the appearance of grating lobes in the array.
The homogenised partially reflective surface selected is a grid of square patches
whose periodicity is 3.00 mm while the slots between patches are set to 25.00 yum.
This gap controls the directivity as it mainly defines the attenuation constant of
the fundamental TM, cylindrical leaky-wave, which indirectly determines the total

radius of the antenna as it is related to the efficiency of the aperture.

The expected radiated electric field component EZ" (there is no variation in the
azimuthal plane) is calculated following cylindrical leaky-wave theory [107], whereas
the array factor AF(6,®) is found by classic array theory [95]. Once these two

parameters are known, the radiated pencil beam can be easily obtained by [45]/150]
Forrav(g &) = AF(0, ) ESY . (5.3.1)
Calculated theoretical results for a normalised radiation pattern phasing 2x2 sources

for simplicity to achieve a pencil beam pointing at & = 220.00° and 6 = 48.50° are
presented in Fig. [5.14]
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5.3.2 Measurement Results

A first design was manufactured and measured as a proof-of-concept. This configu-
ration was based on the use of a single source to confirm the conical beam radiation,
which can be used as an element pattern when fed by an array of multiple sources

to allow for 2D scanning.

Due to manufacturing tolerances, some parameters were modified, such as the
gap between patches, which was increased to 50.00 um, and the total radius to
Pa = 252.00mm in order to reduce side-lobes in the single source scenario .
Furthermore, the probe feed will experience some mismatching when attached to
the antenna that needs to be compensated with reactive loading elements in the
surroundings. For such purpose, printed metallic elements like a ring of square
patches or plated vias are a good candidate. Nevertheless, continuous metallised
rings should be avoided as this would introduce resonant microstrip ring modes
which could reduce the antenna efficiency. Thus, a ring of vias is the option se-
lected and two extra concentric rings are included to minimise the reflection levels
which increases the bandwidth. The manufactured Fabry-Perot cavity antenna is

illustrated in Fig. [5.15]

S-parameters for the proposed structure are shown in Fig. [5.16] where reflection
coefficient power levels are below -10.00 dB from 18.00 to 23.00 GHz being a 24.39%

of impedance bandwidth. Despite the small discrepancies with full-wave simulations

Via rings

Top view Bottom view

Figure 5.15: Photographs of the manufactured Fabry-Perot cavity antenna illustrating the top and
bottom layer considering a single feeding point defining a vertical electric dipole. The partially

reflective surface grid is zoomed in the left inset while the feeding configuration is in the right inset.
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Figure 5.16: Plot of S-parameters obtained for the frequency range of operation. Measured results
are depicted in the solid red line, simulations in dashed black line and simulations of the structure

using a perfect match layer are shown by the dotted blue line.

due to the via manufacturing process, measured S-parameters are in good agreement

with simulated results.

Radiation pattern measurements were obtained in a calibrated anechoic chamber
with a far-field equipment. In particular, using a 20240 Flan Standard Horn antenna
and the Diamond software to process the data using a rotating positioner for azimuth
and elevation sampling. Measured radiated electric fields are depicted in Fig. [5.17
for different frequencies inside the matched range. As expected, a conical shape
is obtained in the x — y plane (parallel to the antenna aperture), while frequency
scanning is also confirmed. A small offset in the azimuth plane can be observed due
to a small misalignment between the prototype and the standard horn causing the
beam pattern to not be centred exactly at ® = 0.00°. However, measured results

are still consistent with simulated results.

A cut of the 1D conical beam shape in the far-field for ® = 0.00° is also compared
to the full-wave simulations at different frequencies. As shown in Fig. [5.I8] the
truncation of the structure causes the appearance of side-lobes in measured results
that are not in the simulations, however they are kept below -10.00dB and can be

further reduced if the radius of the antenna p, is increased.
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Figure 5.17: Plot of measured |Ey| for different frequencies where results are normalised to the

observed maximum for each frequency point.

5.4 Summary

Two different configurations exploiting conical beam radiation through cylindrical
leaky-waves and their benefits have been presented and experimentally validated in
this chapter. Both antenna designs are low-cost and fully planar showing excellent
performance suitable for wireless transfer, tracking or advance radar and localization
systems for example. A summary of the characteristics for both antennas is reported

in Table (.11

The “Bull’s-eye” antenna results have shown wide angular scanning (from 2.00°
to 70.00°), high directivity and an omnidirectional conical beam. Also, its non-
diffracting properties in the near-field makes this antenna attractive for such ap-
plications and even for next-generation wireless power systems that require power

and data transmission, medical imaging, secured communications or advance radars
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Figure 5.18: Plot of measured and normalised 1D profile for the conical beam at ® = 0.00 in the
far-field for different frequencies compared to simulated results in CST .

with near-field data connectivity. It has been demonstrated that high gain values
of 20.00 dBi can be obtained using this configuration which implies an improvement
of 25.00% with respect to [44] where horizontal magnetic dipoles are used. More-
over, gain values from 10.00 dBi up to 20.00 dBi are kept for a bandwidth of 52.65%
demonstrating its wideband behaviour. Simple probe feeding allows to excite the
fundamental radial TMy mode that is perturbed through the microstrip ring grating
becoming a radiative leaky-wave. Side-lobes are also present in the radiation pattern
due to the finite aperture of the antenna, nevertheless their influence in the system

performance is not critical as values are below -12.00 dB.

On the other hand, for the case of the Fabry-Perot cavity antenna it has been
demonstrated that can be used as an element pattern for an array, which in turn
can provide enhanced radiation features (in terms of beam steering and enhanced
gain) by means of a reduced number of active sources with respect to more conven-

tional array designs. To achieve wideband operational behaviour and to suppress the
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Table 5.1: Summary of the Characteristics of the Two Proposed cylindrical leaky-wave antennas

“Bull’s-eye” Fabry-Perot
Cavity Antenna

Scanning plane Elevation Elevation-azimuth
Radiation pattern Conical beam Pencil beam
Cylindrical leaky-wave mode TM, T™;
Harmonic n=-—1 n=>0
Source Vertical Array of vertical

electric dipole  electric dipoles

spurious radiation connected to the excitation of the quasi-TEM mode supported by
a partially open parallel-plate waveguide, a multilayer design along with a complete
characterisation of its modal features has been introduced. The dispersion of the
leaky mode supported by the structure has been designed to provide wideband be-
haviour together with the feeder that launches the relevant leaky-wave mode within
the band of interest. An experimental validation of the wideband operation has been
provided. To the best of the Author’s knowledge, no similar leaky-wave antennas

have been completely studied, designed and experimentally characterised.

Furthermore, the addition of a phased-array of elementary sources suggests a pos-
sible 2D scanning in azimuthal and elevations planes with a highly-directive pencil
beam from a simple and planar configuration. A conical beam is produced by the
excitation of the fundamental harmonic of the TM; leaky-wave mode allowing the
beam steering in frequency. However, adding the array of elementary sources will
introduce scanning capabilities also in the azimuth plane achieving a high directive
pencil beam with a reduced number of necessary feed points when compared to
conventional phased-array configurations [95]. This structure can also be excited by
appropriate arrays of horizontal electric and magnetic dipoles (see for example [89)]),

in order to achieve dual-polarised conical beam scanning [150].
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Advancements in Leaky Feeder

Antennas

6.1 Introduction

Given the limitations provided by leaky feeder antennas in terms of weight, bend
radius, poor reception levels for higher frequency systems and the lack of means
to distributively control the beam scanning, a more efficient alternative is required
for underground and indoor scenarios where wireless communication is necessary.
Therefore, in this chapter it is proposed a simple alternative using low-cost planar
circuits, radio frequency (RF) switches, patch antennas and standard coaxial cables
for WiFi and radio frequency identification (RFID) frequencies that will show better

transmitted levels than leaky feeder antennas.

Current distributed antenna systems and leaky feeder antennas do not offer any
adaptive and simple switching mechanism to selectively distribute RF power within
the coverage area, i.e. the antenna radiation is not directly controlled or pro-
grammable along the length of the cable. Moreover, a leaky feeder antenna can
present weight and cost restrictions since they are typically heavy and with high
maintenance cost [9]. Given this stage of distributed antenna system and leaky
feeder antenna technology development, additional research should be encouraged
to achieve more adaptive and smart systems for wireless communications and sensor-
based data collection. To meet this need, a new type of cable system composed of

radiating nodes is proposed, which can provide an alternative to conventional dis-
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Figure 6.1: Proposed schematic of the smart cable and its radiating nodes defining the controllable
distributed antenna system: (a) parallel and (b) series configurations are possible [From [165] (©

2018 TEEE].

tributed antenna systems and leaky feeders when designing wireless communication
systems within airplanes, tunnels, and subways offering selective communication
links, while also allowing for more efficient system performance achieving higher

transmitted power levels.

It may be possible for these conventional cable systems, when hybridized with low-
cost sensors, printed circuit boards (PCBs), and other wireless technologies [70], to
decrease the complexity and the amount of mechanical cable harnessing within an
airplane [69,70]. The proposed cable in this chapter can be a good representation
of these hybrid systems, as it is composed of controllable wireless sensors, antennas
and planar circuitry, and positioned at specific nodes (see Fig. . Therefore, the
smart cable acts like a distributed antenna system while offering selective antenna
radiation and controlled RF coverage. It could replace the more standard, leaky
feeder antenna systems or cable-based distribution network with many subcables
connected to different wired sensor systems for data collection within airplanes.
Other applications of the smart cable include new wireless systems within corridors,
tunnels, and subways achieving targeted and selective data communication links,
thereby reducing the input power requirements when compared to the leaky feeder

antennas.

In the following sections, theoretical approaches for impedance matching and power
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distribution will be discussed. Detailed explanations on the design process, full-
wave simulations using the frequency domain of CST [12] and measurements will be
shown to support the concepts. Moreover, a link budget analysis will be performed
for two test case scenarios were the worst situations in terms of power propagation
will be examined and a comparison with a commercial leaky coaxial cable will be

reported.

6.2 Smart Cable Concept

In general, this smart cable system can be composed of N radiating nodes or hotspots
periodically spaced at distances beyond a few wavelengths and connected by stan-
dard coaxial transmission lines as illustrated in Fig. [6.I] This cable system allows
for the local replacement of any damaged radiating node or coaxial cable section
avoiding the manufacturing of a completely new cable as in the case for leaky feeder
antennas. Furthermore, our proposed architecture can be implemented with linear
or circularly polarized antennas and can be redesigned as needed for the required op-
erating frequency. In addition, our proposed cable system may have each radiating
node connected in a parallel configuration or independently (series) as illustrated
in Fig. [6.1(a) and (b), respectively. Other topologies are possible, where several
smart cables are connected to a power source with independent control units, which
is the general term to describe the different elements that could command the ra-
diating nodes (power suppliers, sensors, antennas or circuits elements). Such a
programmable network can decide what radiating nodes are to be switched “ON”
or “OFF” along the line as required for controlled radiation, enhanced data com-
munications, and reduced transmit powers. To the best of our knowledge such
a controllable cable system and its specific components has not been investigated

previously.

The cable design has been considered for RFID standards, having a total length of
14.40m, to be located at the top of a typical corridor, 16.00m long, at a height
of 2.50m. To ensure uniform coverage at the floor, considering a typical RFID
sensor technology receiver sensitivity around -45.00 dBm [166], an available power
of 30.00dBm is required at the cable input. To comply with this received power

level requirements, up to five radiating nodes are possible. Moreover, each radiating
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Figure 6.2: Diagram showing radiating node locations in a passenger airplane with system dimen-

sions for the investigated coverage within a corridor. [From [165] (C) 2018 IEEE].

node is designed to provide a transverse coverage range of 3.20m for a 2.45 GHz
operating frequency. This implies that the antenna at each radiating node should

have a half-power beamwidth of 65.00°. The system coverage zone is further depicted
in Fig.[6.2]

In order to provide mechanical stability in aeronautical applications, where vibra-
tions and environmental variations can be critical, there are different connectors up
to 10.00 GHz that are expected to confront these adverse conditions. Specifically,
Threaded Neill-Concelman (TNC) type connectors may be preferred due to their
robustness. However, for simplicity, subminiature version A (SMA) connectors have
been employed for the presented prototype as proof of concept. These connectors
are commonly used with typical American wire gauge (AWG) 7 type cables. Con-
sequently, comparable losses from these cables have been taken into consideration

for the system design.

6.2.1 Power Distribution Mechanism

To ensure uniform RF power coverage, the first radiating nodes must radiate a
smaller fraction of input power when compared to the subsequent ones. In particular,
in our smart cable composed of five radiating nodes, we need the first antenna
to receive 20.00% of the power entering the first radiating node, the second one
25.00% of the remaining power and so on. To achieve this unequal power split,
non-conventional hybrid branch-line couplers were designed whose layout schematic
is shown in Fig. The basic operation of this four-port network is that the power

entering the input port, 1, is divided between the two output ports, 2 and 4, whereas
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Figure 6.3: (a) Schematic of the first four active radiating nodes with the switches positioned to
obtain the “ON” state and the unequal-split branch-line coupler; (b) schematic of the last radiating
node in the “ON” state [From [165] (© 2018 IEEE].

minimal power is coupled to the isolated port, 3 [102]. By varying the impedance
of each pair of the hybrid arms; i.e. by changing the width of the microstrip lines
for the fixed quarter wavelength lines, different power split ratios can be obtained.
Moreover, if the power ratio between ports 2 and 4 is K = (Py/P,)? the following
equations can be derived.

K2
1+ K2

0.5
ZOA = ZO < ) and ZOB = ZoK, (621)

where Zp4 and Zpp are the characteristic impedances in Ohms of each pair of
branches of the hybrid coupler. Note that to obtain this unequal-power splitting the
impedances Zp4 and Zpp (see Fig. should be different from the characteristic
impedance (Zp) of the microstrip lines connected to the input and output ports of
the branch-line coupler. This is due to the fact that, as observed in Eq. ,
the impedance of the arms of the coupler are only dependent on the desired power
split ratio and on the characteristic impedance of the lines connected to the coupler.
There is no relation between Zp4 and Zpp, therefore having one of these impedances
equal to the value of Zp would result in the typical branch-line coupler with a 3.00 dB
power split (equal power split) and not the unequal one required for this system.
Making some straightforward calculations, the expressions for equal power split can

be obtained with one impedance equal to Zp.
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Being K = /(P,/P,), as mentioned above, and setting Zpp = Zp in Eq. (6.2.1)):

Z
i ZoB

=22 1 2.2
7 (6:2.2)

This implies that P, and P, must be equal to satisfy this condition (equal split),
therefore replacing K in Eq. (6.2.1) for Zpa:

T 1 Zo
Zoa = Zo (m) = ZO\/; = N5 (6.2.3)

As demonstrated above, when substituting K = 1 or Zpp = Zp, the more con-

ventional equal power split ratio can be obtained for the hybrid coupler, requiring

Zoa = Zo/\/§-

6.2.2 Radiating Nodes Design
As shown in Figs. and [6.4{(a), the first four nodes are composed by:

e Two Active RF Switches. They are located one at the input and the other at
the output of each unconventional hybrid branch-line coupler. The switches
control the power flow depending if the radiating node is turned “ON” or
“OFF”. For the “ON” case, the power will be diverted to the antenna for
radiation through the input switch. In the “OFF” case, the power will continue
through a microstrip transmission line to the output switch. At this switch,
different amounts of power are received depending on the node state (“ON” or
“OFF”), and are delivered to the next radiating node through the connecting
cable. The switches used for this implementation are the SKYA21001 model by

Radiating Radiatin,
l Antenna
|

—

RF In

!

Figure 6.4: Photograph of the manufactured and measured structures: (a) Second radiating node

specifically shown here and (b) the last radiating node [From \\ © 2018 IEEE].
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Figure 6.5: Photograph of the SKYA21001 model by Skyworks and its port connection diagram
[167]

Skyworks (see Fig. . To operate these switches, DC power delivered by the
control unit is required. This control unit can be different elements, e.g., the
same power source, as the DC or low frequency signals can be superimposed

to the RF wave to command the switches by means of a DC/DC converter.

As an alternative, the output switch could be replaced by two microstrip lines
connected to two separated output ports (one for the “ON” case and other
one for the “OFF” case). Nevertheless, the use of these two ports could lead
to a complex cable connection and additional unwanted losses for the smart
cable system. Also, a preliminary configuration was reported in [16§] where
the radiating node was designed using a three-port combiner instead of an RF
switch at the radiating node output and a series fed patch was proposed (see
Fig. , but higher losses were observed due to the required transmission
line lengths in the FR4 PCB material and the patch design.

e The Branch-Line Couplers. As described above by Eq. , the noncon-
ventional hybrids control the fraction of RF power diverted to the antennas.
In each coupler, the isolated port is connected to a 50.00 €2 resistor (port 3),
and the output ports are connected to the antenna (port 2) and to the out-
put switch (port 4). The impedance of the transmission line sections of the
hybrid couplers is designed depending on the desired power to be delivered to
the antenna. Theoretical values obtained with Matlab |10] are then optimized
using CST Microwave Studio [12]. The different absorbed power ratios are
detailed in Table |6.1] where the calculated and simulated normalized power

levels entering the antenna of each radiating node are reported. These power
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Figure 6.6: Diagram of the initial system design for the smart cable where a series fed patch an a

three port combiner were used instead of an RF switch and branch-line couplers \\

levels will then be radiated with the gain provided by the patch antenna. It
should also be mentioned that these original power absorbed values do not

take into consideration the insertion losses in each radiating node.

e 50.00€) Inset-Fed Patch Antennas. For demonstrative purposes, microstrip
antennas are chosen and optimized for 2.45 GHz operation for all the radiating
nodes. In addition, linearly polarized (LP) patch antenna configurations are
selected for simplicity. Designed patches demonstrated a beamwidth of 94.00°
and a gain of 3.00dBi at the frequency of operation, as shown in Fig. [6.7

The fifth and last radiating node (see Fig. [6.4(Db)), is designed to receive the re-
maining power of the smart cable. This power will be either radiated by the node
antenna or delivered to a 50.00 ) load if the node is requested to operate in the

“OFF” state.

Table 6.1: Relative Power Levels Absorbed by Each Radiating Node (for the Five Radiating Nodes
Configuration as in Fig.

Radiating Percentage Power Power Absorbed
Node Absorbed Calculated/Simulated (dB)
1 20.00% -6.99/-7.01
2 25.00% -6.02/-6.11
3 33.00% -4.78/-4.95
4 50.00% -3.01/-3.44
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Figure 6.7: Simulated gain levels in CST [12] compared to measurements of the patch antenna.

6.2.3 Implementation of the Branch-line Couplers

The PCBs for the radiating nodes were etched using an FR4 substrate with a relative
permittivity of 4.4, tan d of 0.019, and a substrate height of 1.60 mm. These radiating
nodes were simulated with the full-wave solver CST [12]. The different branch-line
couplers control the power split in each radiating node, therefore their size will be
different (wider for the few first radiating nodes) and depend on the required split
ratio. For the first radiating node, the desired percentage of power transferred to
the antenna is 20.00% of the input power, hence the level of power diverted to the
antenna will be about -7.00 dB whereas the level of power diverted to the output
of the radiating node will be about -1.00dB. The impedances required to achieve
these split rates are described in Table [6.2. The amount of relative power diverted
to the patch and the power diverted for propagation on the transmission line can
be observed in Fig. [6.8] The isolation levels are also below -20.00 dB at the design
frequency. The stand-alone radiating nodes without the pair of switches were first

manufactured and measured. The simulated and measured responses are reported in

Table 6.2: Branch-line Coupler Impedances

Radiating Node K  Zpa (2) Zop ()
0.50  26.16 27.07
0.58  26.20 29.17
0.70  28.03 33.70
1.00  53.00 38.00

O N
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Figure 6.8: Plot of the simulated power diverted to the patch antenna |S21| in CST compared
to the power routed for continued propagation on the smart cable |[S41| [From \| (© 2018 IEEE].

Fig. [6.9] while theoretical calculations and measurements are compared in Table
for the first four radiating nodes. The picture of each radiating node PCB, composed
of the branch-line coupler and the patch antenna, is shown in the inset of each sub-
figure. A good agreement with the simulations is obtained, however a systematic
small frequency shift can be observed in the isolation and reflection coefficients;
i.e., measured values are about 0.03 GHz higher in frequency when compared to the
simulations. This may be attributed to fabrication tolerances and to the fact that
the SMA connectors were not included in the simulations. Regardless, expected

performance of these passive boards was confirmed by these RF measurements.

6.2.4 Switch Evaluation Board

Once passive radiating node performance was confirmed, active switches were in-

cluded in the PCBs for final testing. Nevertheless, before assembling these active

Table 6.3: Relative Powers Routed to the Next Node

Radiating Percentage Power Power Routed
Node Routed Calculated/Measured (dB)
1 80.00% -1.00/-2.47
2 75.00% 11.24/-2.65
3 67.67% -1.76/-3.32
4 50.00% -3.01/-4.49
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[From [165] © 2018 IEEE].

devices, matching sections for microstrip lines needed to be designed to minimize

losses on the system due to mismatching with the 1C switch and capacitors required

to block DC signals entering the switch ports [167].

111



CHAPTER 6

SKYA21001

100 pF

Input

Figure 6.10: Photograph of the first evaluation board prototype for the SKYA21001 switch based

on tapered microstrip lines connected to the DC blocking 100 pF capacitors.
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Figure 6.11: Plot of the measured S-parameters for the first switch evaluation board configuration

where red lines represent the S;; and blue lines the Sa1; “ON” case (left) and “OFF” case (right).

As depicted in Fig. [6.10] the first approach was to use tapered microstrip lines as a
smooth transition from the 50.00 2 transmission lines width to the required capaci-
tors size. However, as shown in Fig. this configuration seriously compromised
the performance of the switches providing a transmission coefficient below -4.00 dB

for the “ON” case and -7.00dB for the “OFF” case.

The main problem observed was that the size of the input and output microstrip
lines was much higher than the expected for the ones connected to the capacitors,
therefore tapered microstrip lines were not the best solution for this system. Instead,
quarter wavelength transformers were designed, as depicted in Fig. [6.12) and its
performance provided better transmission power levels for the radiating nodes taking

into account the 0.40dB insertion losses due to the switches themselves.
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Figure 6.12: Photograph of the manufactured prototype (left) and plot of measured S-parameters
for the second switch evaluation board configuration based on the designed quarter wavelength
transformers when output 2 is activated. The |S1;| is represented in green while the active output
|S21] is in blue, in addition red line, |S3; |, shows the residual power levels going through the inactive

output 3.

6.2.5 Active Radiating Nodes Prototype and Measurements

Measurements of the active radiating nodes show a good agreement with the ex-
pected results, as observed in Fig. [6.13] This is also true for the antenna gain and
radiation performances of the active radiating nodes, which were measured with the
three antenna test method in the far-field . In this gain comparison method,
two pre-calibrated standard gain antennas, in our case the Standard Horn 08240
from Flann, are used to determine the absolute gain of the desired antenna by
means of different gain measurements to formulate a set of three equations with

three unknowns by simple calculations using Friis free-space formulation |155].

As shown in Fig. the power is routed to the next radiating node with a
relative power level of -4.90dB and of -2.80dB, in the “ON” and “OFF” switch
states, respectively. Conversely, if the input and output switch definitions differ
from the “ON” and “OFF” radiating node states (for example, if the input switch
is set for the “ON” state while output switch set for the “OFF” state), negligible
power is delivered to the next radiating node. More specifically, less than -17.00 dB
for the unconnected “OFF” path and about -35.00dB for the unconnected “ON”
path.
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and for the stand-alone patch antenna; (b) measured S-parameters for radiating node 2 (the active

radiating node circuit is shown in Fig. 4(a)) [From |\ © 2018 IEEE].

Regarding the far-field gain, it can be observed that the passive patch antenna has
a typical gain of about 2.00 dBi using FR4. Moreover, if the “ON” case is activated
the power is being radiated by the node with a gain greater than -5.00dBi due
to substrate losses, but for the “OFF” case the gain is about -17.00 dBi since the
majority of the power is transferred to the next radiating node. The gain value in
the “ON” case can be improved simply by modifying the antenna design for each
radiating node or selecting a higher quality PCB substrate with less dielectric loss,

rather than FR4, for each radiating node.

6.3 Radio frequency Identification Application

Considering the possible RFID application and data collection between a radiating
node and a tag; once the signal is received by the tag, the backscattered signal would
be sent back to the radiating node patch antenna. In this case, the most important
part is the design of the control unit, as it will command the smart cable to be in

the sending or in the receiving configuration or in both.
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Figure 6.14: Diagram of the receiving node (right) and the paths that the signal will follow are
lined in green; diagram of the previous radiating node (left), showing where the signal would come

from and what path it would take.

The control unit design and behaviour is not relevant to the smart cable design,
as it depends on the topologies selected and on the different possible applications.

Although, as a general description, the following could be stated:

e As the most restricting sensitivity is the one of the tag, it is assumed that the
radiating nodes would be able to receive the backscattered signals. Neverthe-
less, as the power received will be low, low noise amplifiers would be required

in the control unit in order to process the information received.

e In the simplest case of the smart cable configuration, switches would be all in
the “ON” state during the receiving mode to allow all the radiating nodes to
receive and pass along the signal received from the tags. Additionally, sensors
could also be included on the radiating nodes, but the proposed design in this

thesis is just a simple proof of concept.

In terms of radiating node performance, branch-line couplers are reciprocal struc-
tures |102], therefore the signal would be carried in the inverse direction; i.e., port
1 and port 3 being the new outputs, and port 2 and port 4 being the new inputs
(see Fig. [6.14). Then port 4 of the coupler would be the input for the previous
radiating nodes placed between the receiving radiating node and the control unit,
while port 2 would be the input when the signal is being received at that radiating
node. In the simplest case of the smart cable configuration, all the switches would
be in the “ON” state to allow power flow. Therefore, depending on the total power
levels received at the control unit, the receiving radiating node could be detected
due to the different levels expected from each radiating node. If we take for example
a received power level of 0.00 dBm at the last radiating node and apply the split

ratios and coaxial cable losses in each radiating node, the power received in the
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control unit would be around -10.27 dBm while if the receiving node is the second
radiating node the power would be -3.18 dBm (see Table [6.4)). Nevertheless in more
specific systems, the control unit could be chosen so the switches could be activated
or deactivated on demand.

Table 6.4: Estimated Power Levels on Different Radiating Nodes in Reception Mode

Receiving Radiating Node Power Power Power Power Power Power at

(% Diverted to at Node 5 at Node 4 at Node 3 at Node2 at Nodel Control Unit
Coupler Output) (dBm) (dBm) (dBm) (dBm) (dBm) (dBm)

5 (100.00%) 0.00 -4.05 -6.45 -8.34 -9.94 -10.27

4 (50.00%) - -3.01 -5.41 -7.30 -8.90 -9.23

3 (33.00%) - - -1.76 -3.65 -5.26 -5.58

2 (25.00%) - - - -1.25 -2.86 -3.18

1 (20.00%) - - - - -0.96 -1.29

6.4 Estimated System Performance

Given the reported measurements of the radiating nodes in the previous section,
an estimation can be made for the smart cable system indoor performance with
five series nodes operating at 2.45 GHz and considering an available input power
of 30.00dBm at the smart cable input. Two test cases are considered for general
indoor RFID sensor applications in Table with a cable length as in Fig. [6.2
Comparisons are then made with a commercial leaky feeder antenna [169] and are

shown in Table [6.6

6.4.1 Two Scenarios for System Performance Assessments
Test Case Scenario 1 - Only the Last RN Radiates

The losses that have to be taken into consideration are due to the AWG 7 type
coaxial cable (0.20dB/m), the last radiating node switch (0.40dB), and the losses
due to each radiating node in the “OFF” state (2.80dB). Therefore, the power
transferred to the last antenna in this case is about 15.00 dBm of which 10.00 dBm
is radiated. Thus, considering a passive RFID tag with 0.00 dBi gain and accounting
for free-space path losses, the power received at the RFID tag location (illuminated
by the last radiating node) would be about -39.00 dBm 2.90 m away from the cable,

which, as mentioned previously, satisfies tag sensitivity requirements [166].
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Table 6.5: Power Levels on the System for 30.00 dBm Input Power

Radiating Node Test Case 1 (dBm) Test Case 2 (dBm)

1 29.68 29.68
2 26.24 24.27
3 22.80 18.58
4 19.36 12.38
5 15.92 4.93

Test Case Scenario 2 - All Nodes Radiate

In this case, a fraction of power is radiated by each radiating node, thus the power
remaining at the end of the smart cable is much lower than in Scenario 1. Losses
considered here are the same as above, except for the losses due to the “OFF”
path, which are replaced by the ones incurred in the “ON” path for each radiating
node (1.90dB). The power getting to the last radiating node is about 4.90 dBm of
which 3.00dBm is transferred to the antenna. Now considering a gain of 0.00 dBi
for the passive RFID receiver tag, the power level at the furthest distance from the
ceiling (2.90m) is about -46.00 dBm, which is still compliant with RFID technologies

sensitivities [166).

Obtained power levels in these cases are presented in Table The two scenarios
achieved suitable power levels for RFID applications and thus the smart cable would
be able to ensure coverage along the specified corridor example (see Fig. . For
low sensitivity requirements at the tag side, some design enhancements could be
considered for the radiating nodes such as an active switch with improved isolation

(>25.00dB) when compared to the SKYA21001 RF switch model.

6.4.2 Leaky Feeder Antenna Comparison

A study of the received power is provided in Table[6.6] which compares the proposed
smart cable system to the performance of a commercial leaky feeder antenna [169]
operating at 2.40 GHz. These calculations have been done for the Test Case Scenario
2, when all the radiating node are activated, as this would be the case with the

highest amount of losses.

The receiver is set to be 2.00 m below the cable where leaky feeder antenna coupling

117



CHAPTER 6

Table 6.6: Estimated Power Received for an Input Power of 30.00 dBm

Distance Smart Cable Leaky Feeder 50.00% Leaky Feeder 95.00%

(m) (dBm) (dBm) (dBm)
1.60 -25.45 -66.26 -76.26
4.80 -29.89 -66.75 -76.75
8.00 -34.33 -67.49 -77.49
11.20 -38.77 -68.98 -78.98
14.40 -43.21 -71.96 -81.96

losses are typically measured, as described in [170]. Two coupling loss values are
provided for the 50.00% and 95.00% of reception probability. Therefore, two dif-
ferent calculations are shown for the leaky feeder antenna comparison in Table [6.6]
which represents the performance of the leaky feeder antenna in both cases. In this
study the receiver moves a distance along the cable at a fixed height of 2.00m. Cal-
culations start at the distance where the first radiating node is placed and at the last
radiating node position. Commercial leaky feeder antenna longitudinal losses are
0.14 dB/m while coupling losses, which are a consequence of the two possible modes
for an leaky feeder antenna (radiating and coupling), are 66.00dB and 76.00 dB for
50.00% and 95.00% of reception probability, respectively. It can be observed that
an improvement of at least 30.00 dB of received power while using the same amount

of input power is possible by using the proposed smart cable configuration.

6.5 Summary

Due to the limitations presented by leaky feeder antennas in modern wireless com-
munication systems, a simple and efficient alternative has been presented in this
chapter. This new smart cable composed of radiating nodes, which uses active RF
switches, was proposed for wireless sensor and communication applications. It of-
fers simple and controlled radiation and RF power distribution, and good integration
with active elements for “ON”/“OFF” switching to enable selective data commu-
nication links. Appropriate design of the non-conventional branch-line couplers for
each radiating node is essential for efficient system performance. The minimum

amount of power radiated in each radiating node ensures an adequate coverage
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along the floor satisfying RFID sensitivity requirements.

It has been demonstrated that by means of selecting the amount of power leaked
in each radiating node, an average improvement of 34.33dB in transmitted power
levels when compared to those at the leaky feeder antenna case can be achieved for
communications inside corridors, tunnels or subways. Particularly, a transmitted
loss reduction of 49.72% and 56.15% can be observed for 50.00% and 95.00% of
reception probability respectively. Given the radiating node characteristics, the
smart cable is also simpler to design, manufacture and maintain. More importantly,
the proposed cable design and active radiating nodes represents a new innovation
for wireless data connectivity within underground and indoor scenarios, while also
enabling new cable systems which are smart, low-cost, programmable and more
flexible than other existing technologies such as distributed antenna systems and

leaky feeder antennas typically used in these scenarios.
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Conclusions

7.1 Thesis summary

This thesis has covered the design of configurations that can mitigate some of the
issues that leaky-wave systems encounter nowadays. The focus has been on feed-
ing networks and selective distributed indoor communications. Three feeders based
on surface-wave, leaky-wave and vertical electric dipole concepts have been intro-
duced. Moreover, it has also been proposed an alternative consisting of broad-beam
distributed antennas to ease weight constraints on airplanes where leaky-wave an-
tennas fail to be an efficient and low-profile solution for selective beam scanning at
microwave frequencies. It has been demonstrated throughout the chapters that low-
cost and fully planar implementations can be achieved for modern communications

systems.

As a summary, a list of contributions is presented in Fig. [7.1] where the different
proposed designs features are presented. The structures are introduced in order of
appearance, starting from the surface-wave launcher from Chapter 3 [117], then the
leaky-wave launcher from Chapter 4 [85,/128], followed by the bull-eye and Fabry-
Perot cavity from Chapter 5 [43,/45] and finishing with the smart cable from Chapter
6 [165,/168].
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Figure 7.1: Summary of the structures proposed in this thesis.
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Firstly, in Chapter [2| the literature review and theory background have been dis-
cussed. It can be concluded that leaky-wave antennas have been significantly in-
vestigated in the literature during the last few decades, being extremely useful for
planar and low-cost electrical beam steering applications. Moreover, leaky-wave an-
tennas features include flexibility for implementation in different technologies such
as dielectric image guides, SIIGs or Fabry-Perot cavities, being a reliable solution
for higher frequency bands where other common technologies, such as microstrip,
fail to provide good performance. Leaky-wave antennas not only show competitive
features for modern applications but offer unique scanning capabilities that would

require otherwise an involved design process using other kind of antennas.

Issues that motivated this research and that can be found when using modern leaky-
wave antennas have been introduced. The focus is established on feeding networks,
planar configurations for conical beam radiation and alternatives to bulky leaky
feeders for indoor communications. When analysing the current feeding networks
based on surface and leaky-wave launchers, complex, lossy or expensive configu-
rations are found. Similar occurs to 2D leaky-wave antennas that become bulky
multilayer structures for conical beam radiation. In the case of indoor communi-
cations for WiFi or RFID configurations, leaky feeders are employed which do not
allow for selective distributed transmission. This can lead to unnecessary losses
that are critical given the restrictive sensitivities for these applications. The theory

necessary to understand the designs that have been presented was also explained.

In Chapter |3| a review of the conventional guided-wave theory needed for surface-
wave excitation by parallel-plate waveguide truncation on grounded dielectric slabs
and rectangular grounded dielectric slabs to implement feeding systems for leaky-
wave antenna applications has been presented and analysed. By the inclusion of
an additional partially reflective surface after this truncation acting as a matching
network, a high efficiency surface-wave launcher has been created. The launcher has
been designed using a common grounded dielectric slab and surface-wave theory,
where design parameters can easily be tuned for the desired system performance.
As a proof of concept, the proposed launcher has been implemented to excite a
leaky-wave antenna on a rectangular grounded dielectric slab for K and K, bands.
It has then been designed for the technologies of interest such as dielectric image

guides or substrate integrated image guides (SIIG), where bulkier or complex feed-
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ers are commonly used. Simulated results obtained using a commercial full-wave
simulator CST [12] with the frequency domain solver have also shown its wideband
and efficient behaviour. However, special attention should be given to the feeding
network as for thick and high permittivity dielectrics the performance of the system
is affected by the attachment of RF connectors to the microstrip line, instead probe
feeding is preferred although frequency bandwidth will be sacrificed. The new and
simple presented approaches have been demonstrated to be low-cost and a compact
way to excite leaky-wave antennas by uniform surface-wave excitation. This work
has demonstrated an increased bandwidth of up to 90.50% when compared to the

literature and a reduced volume of more than 98.66%.

Following the studies on efficient antenna excitation, Chapter [4] introduces the ap-
plication of leaky-wave concepts to create a simple launcher for slot array antennas.
Specifically, in this chapter a novel launcher has been proposed using these con-
cepts to excite the fundamental parallel-plate waveguide transverse electromagnetic
(TEM) mode by means of a leaky T-junction implemented in SIW technology for
uniform feeding in slot antenna array systems. This design procedure allows for
uniform and bound propagation at broadside (with respect to the leaky SIW side
wall) within the parallel-plate waveguide region. Moreover, a transverse resonance
equation analysis has been carried out to determinate the parameters needed for
such a configuration, while full-wave simulations have also been employed to assess
the expected performance. These theoretical, simulated and measured results have
been presented and then compared showing good agreement and performance for
the introduced structure. When compared to previous configurations found in the
literature, this launcher provides a size reduction of up to 61.56% and a more uni-
form wavefront showing up to a 85.00% more stable phase and amplitude. Moreover,
the launching efficiency achieved by this launcher is a 44.44% higher than previous
topologies. Furthermore, it has also been demonstrated that by the addition of the
matching section used in the Chapter 3, this structure could also be implemented
as a surface-wave launcher or an end-fire antenna itself as well. This compact STW-
to-parallel-plate waveguide transition maintains a low profile for simple fabrication

and offers 50-) microstrip feeding.

On the other hand, in Chapterthe use of two-dimensional (2D) periodic leaky-wave

antennas to excite cylindrical leaky-wave applied to new configurations for efficient
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conical beam propagation and beam steering. This work has been carried out in
collaboration with La Sapienza University (where the author had a 4-months re-
search exchange) where the joint effort aimed to provide competitive alternatives to
improve the state-of-the-art for advanced radar systems, medical imaging or wireless
communication applications. As a result, two novel prototypes showing conical ra-
diation have been theoretically analysed and simulated by the team in La Sapienza,
those results have also been introduced for clarity and completeness, whereas the
prototyping and measurement process have been carried out at Heriot-Watt Uni-
versity where measurements and simulations were compared to the theoretical find-
ings. Practical experiments and manufacturing processes developed by the author
have been reported in detail throughout the chapter. Additionally, a comparison
between the two proposed antennas has also been provided assessing the key dif-
ferences that made them suitable for different applications. More specifically, the
"bull-eye” configuration was able to achieve non-diffracting radiation in the near-
field and omnidirectional conical beam steering in the far-field with higher gain
values up to 25% when compared to previous studies. On the other hand, for the
case of the Fabry-Perot cavity antenna it has been demonstrated that can be used
as an element pattern for an array, which in turn can provide enhanced radiation
features (in terms of beam steering and enhanced gain) by means of a reduced num-
ber of active sources with respect to more conventional array designs. To achieve
wideband operational behaviour and to suppress the spurious radiation connected
to the excitation of the quasi-TEM mode supported by a partially open parallel-
plate waveguide, a multilayer design along with a complete characterisation of its
modal features has been introduced. The dispersion of the leaky mode supported
by the structure has been designed to provide wideband behaviour together with
the feeder that launches the relevant leaky-wave mode within the band of interest.

An experimental validation of the wideband operation has been provided.

In Chapter|[f] an alternative to the commonly used leaky feeder antenna for RF prop-
agation in indoor scenarios has been presented and validated. The proposed smart
cable is intended to improve the performance for power distribution systems and data
communications in the aforementioned scenarios using different passive and active
elements. Detailed explanations on the design process has been provided, as well

as simulations and measurements to support the idea and show proof of concept.
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Moreover, a budget link analysis for two test case scenarios have been examined
proving that even in the most lossy conditions the smart cable will still comply with
reception sensitivities for radio frequency identification (RFID) applications, being
applicable to WiFi and other wireless communication standards. This new smart
cable has been designed using radiating nodes, which uses active RF switches to offer
simple and controlled radiation, power distribution, and good integration with other
active elements. It has been demonstrated that by means of selecting the amount of
power leaked in each radiating node, an average improvement of 34.33dB in trans-
mitted power levels when compared to those at the leaky feeder antenna case can
be achieved for communications inside corridors, tunnels or subways. Particularly,
a transmitted loss reduction of 49.72% and 56.15% can be observed for 50.00% and
95.00% of reception probability respectively. Given the radiating node character-
istics, the smart cable is also simpler to design, manufacture and maintain. More
importantly, the proposed cable design and active radiating nodes represents a new
innovation for wireless data connectivity within underground and indoor scenarios,
while also enabling new cable systems which are smart, low-cost, programmable and
more flexible than other existing technologies such as distributed antenna systems

and leaky feeder antennas typically used in these scenarios.

7.2 Future Work

The proposed implementations offer many advantages but also many possibilities for
future improvements or new structures. Next, a list of future work for each system

is reported:
e Surface-wave launcher for leaky-wave antennas

The following step for this launcher would be to fill the air gap with dielectric
glue in order to improve the impedance matching response. Furthermore, the
use of better connectors to improve the response in microstrip input configu-
ration can lead to a wideband launcher useful for many applications. More-
over, this launcher can also be the base for more complex surface-wave-routing
structures, such as new passive circuits or curved dielectric image guides and

SIIGs.

e Leaky T-junction
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This parallel-plate waveguide TEM planar launcher can be re-designed using
different permittivity substrates and when considering operation at higher
millimetre-wave frequencies. Also, to overcome the narrowband behaviour
of the structure a double layer of PRSs could be employed as discussed in
[128]. This can create two cavities where the modes can couple as studied
in [?] increasing the possible frequency range of the structure. Depending on
the desired feed system requirements, it is also possible to obtain a similar
uniform field distribution but for a wider aperture by means of introducing
some asymmetry in the feed. This can allow for the leakage rate to be tailored
as desired without affecting the pointing angle. Such a tapered leaky-wave
distribution could allow for uniform feeding in larger arrays while maintaining
the desired parallel-plate propagation at broadside which is perpendicular to
the leaky via wall. Future work can include the use of this tapered leakage

when considering slot array feeding.

The proposed parallel-plate waveguide launcher could lead to other kinds of
SIW launchers, such as the surface-wave launcher when considering transverse
magnetic (TM) surface-wave propagation on grounded dielectric slabs and
for end-fire radiation, new planar antennas, or to other wave guiding struc-
tures and other new transition circuits. Moreover, when used as an end-fire
antenna, it could increase size of the aperture, and with proper design, can
possibly reduce the back-lobe radiation and improve the directivity of the for-

ward pattern.
e Fabry-Perot cavity

The following step is the implementation of this leaky-wave antenna with the
array of 2x2 sources to validate the 2D scanning in the azimuth and elevation
planes. Once, this performance is demonstrated, this could be the base for
many future 2D scanning leaky-wave antennas based on PRS or Fabry-Perot

cavity for advance radar or medical imaging applications.

Alternatively, the “bull’s-eye” antenna aperture can also be redesigned to op-
timize the directivity and gain towards end-fire by means of increased control

of the attenuation constant for the dominantly excited leaky-wave mode.

e Smart Cable
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The main improvement that could be obtained for the smart cable would be the
validation of the estimated power levels in a corridor of similar dimensions,
which are based on the individual radiating node performances. Also, im-
proved antenna design for optimum radiation and better printed circuit board
(PCB) materials; i.e., lower loss, could significantly increase the received power
levels. Also, the smart cable can lead to more advanced power distribution
systems that can also be applied in other scenarios rather than airplanes or

subways.

Future design work could also include a more compact radiating node circuit
and a higher quality substrate for the antenna, in order to improve antenna
gain. Furthermore, the radiating nodes proposed in this thesis are based on LP
antennas, and thus some modifications to the patches or the feeding network
are required if circular polarization (CP) is needed by a final costumer. More-
over, the coupler and the patch layouts can be substituted by a coupled-gap
feed configuration or by a proximity coupled fed patch. However, this would
entail a more intricate design for the patch and coupling feed system, versus,
a simpler and planar power-controlled coupler and radiating node implemen-

tation, as chosen in this work.
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