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RESUME

Les antennes aondes de fuite (LWA) sont des structures guidéss particuliéres caract&isees par la
propagation des ondes et le rayonnement. Les LWAs ont attir€ébeaucoup d'attention depuis ses
premié&es crétions dans les annés 1940 gr&e aux nombreuses caracté&istiques attrayantes telles
qu'une directivité deveée, un faisceau directif &roit, un meéanisme d'alimentation simple, une
configuration simple et une capacité particuliee de balayage de faisceau fre&guentiel (ou
cartographie espace-fr&juence). En plus, gr&e ases capacités de balayage spatial en fréuence, les
LWAs ont &éexploité par la partie acadénique ainsi que la partie industrielle dans plusieurs
applications, notamment les applications de radar. De nos jours, les LWAs présentant multiples
fonctionnalités/caracté&istiques @ectriques ainsi que les applications de LWASs au niveau de
systames sont ala mode. Dans ce contexte, cette thése propose plusieurs nouveaux techniques et
concepts pour développer des LWAs avec des fonctionnalité/comportements éectriques éégants.
En outre, cette these pré&ente éjalement une solution frontale de LWA alarge bande pour des

systémes radar.

Concernant les fonctionnalités/comportements éectriques des LWASs, chapitre 3 est d&liéaune
LWA en SIW basésur le mode TE2q &fente longitudinale qui est caract&isee par les faibles niveaux
de lobe secondaire et de polarisation croisé. Dans ce travail, une paire de longues fentes sinueuses
sont gravées symériquement sur le bord sup&ieur d'un SIW en mode TEzo. Des formes sinueuses
visent aréluire le niveau de lobe secondaire, tandis que la symérie impaire du mode TE2o et les
longues fentes symériques contribuent &diminuer la polarisation croisée. Dans le chapitre 4, les
effets de charge des rayonnements discontinuités (RDs) ont &é& exploré& pour augmenter la
dispersion ou le taux de balayage des LWAs. Basésur cela, une LWA afentes transversales quasi-
uniforme en SIW avec la capabilitéde balayage rapide et son ré&seau hexagonal ont &€proposés et
éudié& pour des applications aondes millimériques. Le méanisme du balayage rapide est basé
sur les cellules unitaires acourte p&iode et la longue fente transversale avec une réactance
inductive forte. Dans le chapitre 5, le concept de filtre passe-bande radiatif (RBPF) est proposéet
éudiépour déselopper une classe de LWA filtrante multifonctionnel qui préente simultanément
un balayage de faisceau rapide en fréguence et une caracté&istique séective en fré&uence. Un BPF
abande é@roite qui est d&ib&ément rendu radiatif al'aide de RD supplénentaires et dont la bande

passante est de nature aondes rapides est spesialement congi pour fonctionner comme un LWA.
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Basésur ce concept, les caracté&istiques de filtrage/dispersion et de rayonnement des LWAS
peuvent @re contrdées indéendamment par difféents modules. Dans chapitre 6, le concept de
résonateur multimode (MMR) est propos€et démontrépour déselopper une classe de LWA ayant
un rayonnement stable (une efficacitéde rayonnement et un gain stables). La condition pour un
rayonnement stable est d&ivee, sur la base de laquelle le concept MMR est naturellement proposé
comme une solution pour la stabilité de rayonnement. En plus, une classe de LWA
multifonctionnels monocouches avec des caracté&istiques de rayonnement et de filtrage flexibles
est proposee et démontree au chapitre 7. Les RD présentant des ré&sonances multiples tout en
possélant particuliéement une capacité de contrde de modée flexible sont exploité pour
accomplir ces libertés de conception et multifonctionnalité des LWA. Pour un systéme large bande,
un réeau frontal de LWA basésur le banc de filtres (FB) est propos€au chapitre 8, et est
particulieeement éudié& pour les applications de radar caract&isés par un domaine fré&uence-
espace cousu de fonctionnement des radars. Les déails techniques demandé de I'assemblage
fréguence-espace sont présentés et la procélure de conception détaillé d’un réseau LWA basé sur
FB est également développépour faciliter la mise en place. La technique de réeau LWA basésur
FB peut étre déployée dans des systémes radar sans décalage, en tant qu’une solution
complémentaire de 1’antenne réseau a commande de phase. Pour conclure, les contributions et les

perspectives de la thése sont pré&entées dans chapitre 9 et 10.
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ABSTRACT

Leaky-wave antennas (LWAS), as a special kind of guiding structures characterized by both wave
guidance and wave radiation, have received much attention since the inception of the first LWA in
1940s, thanks to their many appealing features such as high directivity, narrow directive beam,
easy feeding mechanism, simple configuration, and particular frequency-driven beam-scanning (or
space-frequency mapping) capability. LWAs have been in the spotlight of both academics and
industries since their unique frequency-scanning can be exploited for a wide variety of practical
applications among which the radar sensing system is of particular importance to our practical
world. The development of various kinds of LWAs featuring multifarious functionalities/electrical
characteristics and the exploration of possible system-level applications using LWAs constitute
such two research mainstreams in the recent development of leaky-wave R&D communities, which
presents a prevailing trend in our RF/microwave realm. Under this context, this thesis proposes and
investigates several novel concepts and techniques to design and decorate LWAs with elegant
functionalities and electrical behaviors. Besides, this thesis also furnishes a feasible antenna front-

end solution enabling LWAs to be used for wideband operation in radar sensing systems.

When it comes to the functionalities and electrical behaviors of LWAs that the thesis mainly
focuses on, Chapter 3 is dedicated to a longitudinally slotted TE2o mode-driven SIW (substrate-
integrated waveguide) LWA characterized simultaneously by low side-lobe and low cross-
polarization behaviors. In this work, a pair of meandering long slots are etched symmetrically on
the top broadside of a TE2o-mode SIW. Specially designed meandering shapes imposed on the long
slots are set to realize low side-lobe properties, whereas the odd-symmetry of TE2o mode along
with the even-symmetrically etched long slots results in an effective radiation particularly
possessing low cross-polarization. In Chapter 4, loading effects of radiating discontinuities (RDs)
have been explored to increase the dispersion or beam-scanning rate of LWAs, based on which a
quasi-uniform transversely slotted SIW LWA featuring rapid beam-scanning and its hexagonal
array have been proposed and investigated for millimeter-wave applications. The design concept
or technicalities of the rapid beam-scanning property is simply based on the use of a short period
of unit-cells and a long transverse slot with a sharp inductive reactance. In Chapter 5, the concept
of radiative bandpass filter (RBPF) is proposed and investigated for developing a class of
multifunctional filtering LWAs which exhibit simultaneous rapid frequency-dependent beam-
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scanning and frequency-selective characteristics. A narrowband BPF that is deliberately made
radiative using additional RDs and whose passband is fast-wave-natured is specially designed to
operate as an LWA. With this concept, both filtering/dispersion and radiation tasks can be
independently managed by different modules for LWAs. In Chapter 6, a scheme based on the
multimode resonator (MMR) concept is proposed and demonstrated for the design and
development of a class of LWASs to realize stable radiation properties (i.e., stable radiation
efficiency and gain). The condition for LWAS to realize stable radiation properties is derived, based
on which the MMR concept is naturally proposed as a solution for the radiation stability. Further,
a class of single-layered multifunctional LWAs with flexibly engineered radiation and filtering
characteristics are proposed and demonstrated in Chapter 7. RDs exhibiting multiple resonances
while particularly possessing flexible model-control capability are exploited to accomplish such
design freedoms and multifunctionalities of LWAs. For possible practical wideband system
applications, a front-end array technique of LWASs on the basis of a filter bank (FB) concept is
devised in Chapter 8 and is particularly studied for prospective radar sensing applications
characterized by a stitched frequency-space domain of radar operation. Technicalities of the
required frequency-space stitching are presented and a detailed design flow regarding a generalized
FB-enabled LWA array is also developed to facilitate a practical implementation. The proposed
FB-enabled LWA array technique may be potentially deployed in shifterless beam-scanning radar
systems, as a complementary solution to the current phased array counterpart. Finally, some
discussions and conclusions about the thesis’s contributions while some future works that will be

conducted are presented in Chapter 9 and 10 to complete this thesis work.
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CHAPTER 1 INTRODUCTION

1.1 Background: A Historical Perspective

Radar techniques can date back to about one hundred years ago, and they have significantly burst
into bloom and played their critical roles during the Word War 11, and continued to evolve rapidly
across the Cold War period [1][2]. Although various radar systems have been mainly developed
for military and national defense purposes in the initial stages since they were invented, their
influences have been expanded to civil and commercial applications and they have gradually and
increasingly become an essential part of our daily life in recent decades. Representative application
scenarios of radars can be found in Figure 1.1. As an electromagnetic system, the radar is used for
the detection, localization, and characterization of surrounding objects such as aircrafts, ships,
spacecraft, vehicles, people, and the natural environment. However, just like those human beings
have to turn and move their heads or eyeballs to search, sense, and detect their ambient environment,
the early-stage radars also need to rotate their antennas to scout potential targets around them. This
is the so-called “mechanical beam-scanning” [as shown in Figure 1.2(a)], where normally a fixed-
beam antenna (e.g., parabolic reflector antenna) is employed along with electric motors and rotors
used to scan the antenna beam mechanically. Although this beam-scanning scheme is
straightforward for implementation and has played a predominant role in the initial stage of radar
development history, it has to tolerate obvious drawbacks such the use of bulky and heavy inertial
devices (i.e., motors and rotors), slow beam-scanning/data-update rate, beam inflexibility, and

short mean time between failures [1].

Generally speaking, the radar antenna beam of a typical mechanical beam-scanning radar, limited
by the flexibilities of electric motors and rotors, can only be rotated in the azimuth plane, enabling
this kind of radars to detect, characterize, and revolve objects with respect to their ranges, velocities,
and mere azimuthal angles. Although it seems that these parametric characterizations of objects
are sufficient in some scenarios such as the space-surveillance at airports, the elevation angle
information of objects should be provided to precisely locate objects as well as enrich radar’s
functionalities. A popular and low-cost solution in the initial stage of radar developments to
perform this task is the use of frequency-driven beam-scanning. To be more specific, the beam-

scanning in the azimuthal plane is through the mechanical rotation of antennas, while in the



Figure 1.1 Selected representative radar applications, from military and civil to commercial

scenarios

(a) Chain home radar [3]. (b) Weather radar [4]. (c) Drone [5]. (d) Automotive radar [6]. All of

these figures belong to the public domain and/or royalty-free images

elevation plane, the antenna beam is scanned by sweeping the frequency of signal waveform.
Figure 1.2(b) shows a possible configuration of the related radar antenna where a travelling-wave
“snake” type waveguide section is used to feed an array of standing-wave slotted waveguide
antenna. Over the decades when the phased array technique has not entered people’s horizon or
has not become mature or realistic, the aforementioned hybrid mechanical-frequency beam-
scanning solution was proved to be the optimum one to provide four-dimensional (4-D) parametric
characterizations of objects, i.e., range, velocity, azimuth angle, and elevation angle.
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Figure 1.2 Typical beam-scanning schemes in the radar world

(a) Mechanical beam-scannning [7] (royalty-free image). (b) Frequency or hybrid mechanical-
frequency beam-scanning [1]. (c) Phased beam-scanning [8] (royalty-free image). (d) Hybrid

phase-frequency beam-scanning [9]

If there was a competition between various beam-scanning solutions in the radar world and when
it comes to the most famous one in terms of electrical performances and system functionalities, the
phased array technique should be unquestionably recommended as the first-level candidate, thanks
to its fast beam-scanning, beam-shaping flexibility, and system multifunctionalities/robustness, etc
[1][2]. Figure 1.2(c) depicts a representative example of the antenna panel of phased array radars.
By changing the signal phase input to each antenna element, the radiation beam can be freely
scanned and pointed to both the azimuth and elevation planes while without moving/rotating the

whole antenna panel and/or sweeping the transmitting frequency. However, no matter the passive



or active phased array techniques are used, it is always true that the desirable beam-scanning
indispensably depends on the use of a large number of phase shifters or true time-delay (TTD)
devices or T/R modules along with complicated phase-controlling circuits. This undoubtedly
imposes a significant consideration to radar designers and/or users about the cost and complexity
of system construction and maintenance, which are historically predominant factors that prevent
the phased array from being prevailed and popularized, especially in commercial applications.
Interestingly, in order to reduce the cost of phased arrays while simultaneously keeping their beam-
scanning capabilities for the whole space (i.e., the azimuth and elevation planes), a hybrid phase-
frequency beam-scanning, paralleled to the preceding mechanical-frequency counterpart, was
proposed as a compromised solution, as illustrated in Figure 1.2(d). In this case, the azimuth plane
coverage is enabled by the phase-based scanning mechanism while the elevation plane is by the

manner of frequency beam-scanning (e.g., the leaky-wave fashion, as will be described later).

The aforementioned fundamental beam-scanning schemes, namely, the mechanical-, frequency-,
and phase-based ones constitute the mainstream beam-scanning solutions for most of radar systems.
One or more of them can be deployed in radars, depending on specific design and development
considerations such as the designated electrical performances, allocated budgets, and limited space
occupations. When making a comparison among these mainstream beam-scanning schemes, it is
easy to find that compared to mechanical- and phase-based schemes, the frequency-enabled beam-
scanning can provide a set of distinct benefits judging from radar functionalities/performances and
system cost/complexity. For example, compared to the mechanical beam-scanning, the frequency
beam-scanning is apparently much faster in scanning the space without those bulky inertial devices
(i.e., motors and rotators) needed; compared to the phased array techniques, a large number of
expensive and lossy phase shifters or TTD devices or T/R modules together with extra controlling
circuits can be left out. The crucial significance and critical value of the frequency beam-scanning
can be evidently found in the history of radar development as mentioned above, where the hybrid
mechanical-frequency or phase-frequency beam-scanning schemes were developed and deployed

into practical military and civil uses.

With the rapid development of wireless technologies, it is unavoidable that the working frequency
of wireless systems has been continuing to move up to a higher frequency such as millimeter-wave,

sub-millimeter-wave, and terahertz (THz) bands. This is because the spectrum resource in the lower



frequency bands is ever-increasingly crowded, while that at high-frequencies such as THz bands is
huge and unexplored. This huge spectrum resource can be properly exploited to provide desirable
radar performances such as the range resolution, which is impaired and insufficient in conventional
low-frequency frequency-scanning radars due to the narrow-band nature of frequency beam-
scanning. However, for a high-frequency radar system with the required beam-scanning,
commercial phase-shifting devices are either unavailable or extremely expensive in the foreseeable
future while the full-digital radar scheme is unrealistic. That is to say, the currently popular phase-
based beam-scanning solution may lose its shine in such high-frequency radar domains, while some
other beam-scanning solutions may take over from it in the radar world and among which the
frequency beam-scanning is a competitive candidate. Comparatively, an interesting approach that
may also be potentially useful at such high frequencies is the passive multi-beam or beam-
switching technique, which may deploy analog beamforming circuits and components together
with a set of switches to discretely scan the antenna beam illuminating a targeted space or object
[10]. This method, however, suffers from the need of complicated beamforming
circuits/components and costly/lossy switches, and it can only provide a limited number of antenna
beams and moderate angle resolution/accuracy. On the other hand, it is interesting to mention that
in the currently prevailing 5G communication systems in which massive MIMO antenna
techniques are applied, one of their distinct features is that they can digitally produce multiple
antenna beams (i.e., digital beamforming) with each narrow beam pointing towards a specific
object/user [2][10]. It should be noted that the digital beamforming principle in the 5G
communication systems is totally the same as that in the phased array technique. In other words,
the 5G massive MIMO antenna system is actually a phased array system in this regard. When
considering merely the generation of multiple beams or beam-scanning in 5G communication
system, the frequency-enabled beam-scanning solution seems to fit this regime well. However, the
5G communication system needs to provide a narrow directive radiation beam that should be
wideband to each user, for which the narrowband-natured frequency beam-scanning solution seems
unsuitable in this case. Interestingly, it is expected that in the future communication system (e.g.,
6G that uses the sub-millimeter-wave or THz bands) may be well compatible with the frequency-
enabled beam-scanning solution, thanks to the huge spectrum resources in this high-frequency band

that make the spectrum bandwidth allocated to each spatial angle cell is sufficiently wide for high-



quality communications. Follow this thread, it is anticipated that the joint designs of
communication and radar sensing, which may be deployed in the future 6G systems, can be
popularized and potentially realized using the frequency-scanning scheme. Therefore, it is
confident and reasonable to believe that the frequency beam-scanning solution still has its potential

to be exploited in the future, just has it has been continuingly flourishing from the past to present.

1.2 Motivation and Objectives

Just as the role of eyes in our human beings, the antenna component has the similar function and
status in wireless applications such as radar and communication systems. For a radar system
architecture using the frequency beam-scanning, it is obvious that the radar antenna should be
specially designed in the manner that its radiation beam should be scanned with frequency. In
addition to this, some other good features or performances should also be embraced by the radar
antenna for practical uses. For example, the radar antenna should be capable of providing good
electrical performances such as high and stable gain, narrow directive beam, high radiation
efficiency, low side-lobe level (SLL), low cross-polarization level, and high frequency beam-
scanning rate. What’s more, it would be better if the radar antenna can be equipped with other
functionalities  or  benefits such as  filtering  characteristics and  design
freedoms/flexibilities/versatilities.  Additionally, when considering possible commercial
applications such as consumer electronics where the full-planar system-integration and mass
production are generally required, the radar antenna should be preferably designed in a planar form
and a simple geometry as well as with some other merits such as low cost and low profile. All of
these desirable and stringent requirements for the antenna component in a frequency-scanning radar
are well compatible with and satisfied by the elegant design of LWAs.

The LWA is a special class of wave-guiding structures in which a travelling-wave propagates while
simultaneously leaking energy to the outside free-space for which they are characterized by both
wave guidance and wave radiation [9][11]. LWASs have been well known for many decades thanks
to their many appealing features such as high gain, narrow directive beam, and simple feeding
mechanism, while the most charming feature that makes LWAs distinct from other antenna types
and in the spotlight of RF/microwave communities since its inception in 1940s is their natural

frequency beam-scanning. Although in the early stages of the antenna community, the class of



travelling-wave series-fed antenna arrays with a frequency-scanning beam have not been
recognized as or grouped into the leaky-wave fashion, they are gradually accepted and loosely
perceived as LWASs when the leaky-wave theory becomes progressively mature and prevailing. For
example, the “snake” type slotted waveguide antenna featuring a frequency-scanned beam in the
frequency-scanning radar, as depicted in Figure 1.2(b), can be characterized and analyzed as an
LWA where the “snake” waveguide section is deliberately adopted for enhancing its equivalent

dispersion characteristic (or slow-wave factor) and thus the beam-scanning rate versus frequency.

Considering the crucial significance of frequency-scanning radars in the radar world and the critical
role of LWASs on frequency-scanning radars, we may reasonably remark that the exploration and
development of novel leaky-wave concept, theories, and techniques to design LWAs with desirable
features including stable radiation, low cross-polarization, low side-lobe, rapid beam-scanning and
so on will be significant, practical, and meaningful in the present and future antenna and
radar/communication communities. This is one major objective that this thesis is set to achieve.
Another objective of this thesis is about how to practically and effectively deploy LWAs into
currently prevailing RF/microwave radar and/or communication systems with wideband operations.
As mentioned in the last subsection, although the unique frequency beam-scanning embraced by
LWAs can provide a relatively low-cost and low-complexity beam-scanning solution compared to
mechanical- and phase-based counterparts, it suffers from a deteriorated or reduced available
spectrum towards each special angle cell, i.e., narrowband-natured. This drawback unfortunately
results in the shrinkage of range resolution in radar applications and reduced transmission
rate/capacity in communication systems. That is to say, the frequency beam-scanning scheme is,
honestly speaking, a trade-off solution in terms of system cost/complexity and electrical
performances for radar or communication system designer. Although this drawback may not be a
problem in sub-millimeter-wave and THz frequency bands thanks to the fact that sufficiently
wideband spectrum resources can be allocated to each spatial angle in such a high-frequency region
as mentioned above so as to provide satisfactory range resolution in radar applications or
transmission rate/capacity in communication systems, this is not the case in the RF/microwave and
low-millimeter-wave frequency bands. In this context, an LWA array technique relying on the FB
(filter-bank) concept is explored and proposed in this thesis, with realizing a stitched frequency-

space domain of beam-scanning operation, to solve or suppress the obvious drawback of



narrowband essence of LWASs in system applications. Note that the proposed FB-based LWA array

technique is a competitive solution that is paralleled to the prevailing phased array technique.

1.3 Outline of Thesis

This thesis mainly focuses on the exploration and investigation of novel leaky-wave concepts,
theories, and techniques for the design and development of various planar functional LWAS with
promising circuit and/or radiation characteristics and for the potential radar system applications
with improved performances (e.g., range resolution). Thanks to the merits such as low-profile, low-
cost, and easy-integration capability, planar transmission technologies such as the SIW and
microstrip line are preferably exploited here to implement and demonstrate those original research
works. These works regarding various planar functional LWAs characterized by tailored and
desirable electrical characteristics can be found from Chapter 3 to Chapter 7, after a literature
review described in Chapter 2. In addition, it should be noted that a special contribution of this
thesis is devoted to a potential application of LWAs for shifterless radar sensing systems, which is
clearly stated in Chapter 8. Chapter 9 and 10 are dedicated to a comprehensive discussion and

conclusion of this thesis, together with an outlook of the future works that can be pursued.
A detailed outline of this thesis is listed as follows:
Chapter 1: Introduction

This chapter begins with a comprehensive description of the background information, from a
historical perspective, to illuminate the development history of radar techniques of which the role
and significance as well as problems of frequency-scanning techniques is particularly highlighted.
This lays the foundation and motivation for the research works in the thesis in which a series of
leaky-wave concepts, theories, and techniques are proposed, explored, and investigated for

frequency-scanning system applications.
Chapter 2: Literature Review

This chapter gives a comprehensive literature review of the development, classifications, and

system applications of LWAs.

Chapter 3: Longitudinally Slotted SIW Leaky-Wave Antenna for Low Cross-Polarization

Millimeter-Wave Applications



This chapter is devoted to a longitudinally slotted TE2o mode-driven SIW LWA with low side-lobe
and low cross-polarization that is proposed and presented for millimeter-wave applications. In this
work, a pair of long slots are etched symmetrically on the top broadside of an SIW working in TE2o
mode. With the odd-symmetry of TE2o mode field distribution, the even-symmetrically etched long
slots paired along the centerline of the SIW have aperture fields of the same direction, thereby
resulting in a constructive superposition of radiation. Thanks to these long slots with a meandering
shape that is designed according to a specific aperture amplitude illumination (e.g., -35 dB Taylor
line-source distribution), and their even-symmetry with respect to the centerline of the SIW, both
low side-lobe and low cross-polarization are simultaneously achieved. Two meandering schemes
with respect to the centerline of the SIW are adopted and thus two types of the designed LWAs are
developed.

Chapter 4: Transversely Slotted SIW Leaky-Wave Antenna Featuring Rapid Beam-Scanning For

Millimeter-Wave Applications

In this chapter, loading effects of RDs have been explored to increase the frequency sensitivity of
LWAs’ phase constant, based on which a quasi-uniform transversely slotted SIW LWA featuring
rapid beam-scanning and its hexagonal array have been proposed and investigated for millimeter-
wave applications. The design concept is simply based on the use of a short period of unit cells and
a long transverse slot with a sharp inductive reactance, and it has been elaborated theoretically and
validated effectively by both full-wave and circuit-based simulations. A taper design with -25 dB
Taylor amplitude distribution is implemented for the proposed LWA to have a low side-lobe
radiation. For practical system applications, a hexagonal array consisting of six proposed LWAS is
developed to provide an omnidirectional coverage in the azimuth plane while remaining the rapid

frequency-driven beam-scanning in the elevation plane.

Chapter 5: Multifunctional Filtering Leaky-Wave Antenna Exhibiting  Simultaneous Rapid
Beam-Scanning and Frequency-Selective Characteristics Based on Radiative Bandpass Filter

Concept

In this chapter, the concept of RBPF (radiative band-pass filter) is proposed and investigated for
developing a class of multifunctional filtering LWASs which exhibit simultaneous rapid frequency-

dependent beam-scanning and frequency-selective characteristics. An SIW is periodically loaded



10

with closed (non-radiative) discontinuities acting as a bandpass filter, where the lower and higher
stopbands are respectively stemmed from the SIW’s natural cut-off and the Bragg effects’ bandgap
or bandstop caused by periodic discontinuities. By adequately adjusting the periodicity of filter
unit cells and loading effects of closed discontinuities, filtering and dispersion behaviors of the
periodic SIW can be flexibly engineered. Open (radiative) discontinuities are then deliberately
introduced into the bandpass filter to generate a controllable radiation leakage, thereby
accomplishing the design of the RBPF, i.e., the proposed LWA. With this concept, both
filtering/dispersion and radiation tasks can be independently managed by different modules for
LWAs. For demonstration purposes, two kinds of closed discontinuities, namely non-radiative
longitudinal slot-pair (capacitive) and iris (inductive), are separately exploited for periodic SIWs
with bandpass and high dispersion characteristics; whereas transverse slot (open discontinuity) is
mainly aimed for radiation leakage. Two RBPF-based LWAs are simulated, fabricated and

measured.

Chapter 6: Leaky-Wave Antenna Featuring Stable Radiation Based on Multi-Mode Resonator
(MMR) Concept

In this chapter, a scheme based on the MMR concept is proposed and demonstrated for the design
and development of LWAs to realize stable radiation properties (e.g., stable radiation efficiency
and gain). Firstly, two kinds of traditional LWA unit cells possessing typical single-mode resonator
and monotonic changing radiation behaviors are theoretically modeled and analyzed. The condition
for LWAs featuring stable radiation properties is then derived, based on which the MMR concept
is proposed as a solution for radiation stability. For demonstration purposes, two types of MMR-
based unit cells and their associated one-dimensional periodic LWAs are studied and developed
for millimeter-wave applications. One type is based on the magneto-electric dipole, while the other
originates from the aperture-coupled patch antenna. To facilitate the implementation, a detailed

design procedure for this class of LWAs is provided in a general manner.

Chapter 7: Multifunctional Leaky-Wave Antenna with Tailored Radiation and Filtering
Characteristics Based on Flexible Mode-Control

In this chapter, a class of single-layered multifunctional LWAs with flexibly engineered radiation

and filtering characteristics are proposed and demonstrated for microwave and millimeter-wave
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applications. RDs exhibiting multiple resonances while particularly possessing flexible model-
control capability are exploited to accomplish such design freedoms and multifunctionalities of
LWAs. By properly engineering the resonance characteristics of RDs under the mode-control
principle, the attenuation constant of relevant LWAs can not only be freely tailored for diverse
beamwidth/directivity requirements, but also simultaneously maintain a flat frequency response for
radiation stability. Meanwhile, controllable filtering behaviors can be obtained as well by the
LWAs thanks to the transmission zeros introduced by resonances. Consequently, both the radiation
and filtering performances of LWAs can be adequately tailored by taking advantage of the mode-
control capability of RDs. Under this design concept, two types of LWAs based on SIW and
microstrip techniques are respectively developed for different system integration platforms. The
SIW LWA whose unit cells consist of different longitudinal slots is firstly examined. Additionally,
the microstrip LWA, which depends on stub-loaded resonators, is further investigated. The
proposed two LWAs are all featured with flexible engineered electrical behaviors, single-layer,
low-cost, and easy integration; they may be a potential candidate for various system applications
such as 5G communication and Internet of Vehicles (loVs).

Chapter 8: Filter Bank-Enabled Leaky-Wave Antenna Array Technique for Radar Applications in

Stitched Frequency-Space Domain

In this chapter, an array technique of LWAS on the basis of an FB concept is proposed and studied
for prospective radar applications characterized in stitched frequency-space domain. With the radar
equation, the conditions for the FB-enabled “frequency-space stitching” are analytically derived
and equivalently converted into design specifications for an array of LWASs, i.e., engineered or
synthesized beam-scanning functions, beam-crossovers, and phase alignments. Moreover, to
facilitate a practical implementation of such LWA array technique, a detailed design flow is
developed in a generalized manner. An FB-enabled two-channel microstrip combline LWA array
iIs modeled, fabricated, and measured for a direct proof-of-concept. The proposed FB-enabled
LWA array technique may be potentially deployed in radars, as a complementary solution to the
current phased array counterpart.

Chapter 9: General Discussion

As indicated by the title of this chapter, general discussions of the proposed works in this thesis
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will be briefly described.
Chapter 10: Conclusion and Future Works

In this chapter, a comprehensive conclusion will be firstly drawn regarding the original research
works and contribution we have made in this thesis to the antenna and radar (or communication)
communities. This is followed by an outlook of future works related to the content of this thesis,
providing some interesting research topics/directions of LWAs and their potential system
applications.
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CHAPTER 2 LITERATURE REVIEW

Prior to the formal descriptions and discussions of LWAs, it is interesting to imagine a very
common secene in our daily life: in the goldden summer and after dinner, you walk your dog
passing through a garden or grassland where you usualy see that the irrigation systems consisting
of a set of leaking pipes or hoses are working automatically. Each pipe or hose is distributed with
a certain number of small holes by which the water can flow along the pipe while simultaneously
spraying out for watering purposes. An LWA is just a special “leaking water-pipe” if one perceives
the electromagnetic (EM) energy and waveguide/transmission lines (TLs) in the RF/microwave
world as the water and pipe/hose in the irrigation systems shown in Figure 2.1 (Note that although
this metaphor is not rigorous, it can be used as a starting point for beginners to figuratively
understand LWAS). Certainly, just as the role of those holes which is indispensable to enable a
water pipe to spray water out, the RD plays such a equivalent role in LWA—To make the guided
mode in a normal waveguide/TL into a leaky mode by which radiation occurs (that is the reason

we entitle the “antenna” to such a perturbed waveguide/TL).

-

Figure 2.1 A vivid example to understand LWAs: leaking pipes/hoses of irrigation systems in a

garden or grassland [12] (royalty-free image)

2.1 Brief Introduction to Leaky-Wave Antennas

The last paragraph has provided a vivid example to understand LWAsS, and it is believed that this



14

metaphor or analogy can be easily accepted by beginners who just step into our leaky-wave
communities. To be professional, an LWA is basically a wave-guiding structure along which an
attenuating travelling-wave propagates, where the attenuation is in the form of radiation leakage if
the dissipation loss mechanism (i.e., conductor and dielectric losses) is not considered [9][11]. Also,
an LWA can be explained as a series-fed antenna array [recalling Figure 1.2(b)] where the feeding
waveguide/TL and antenna elements are seamlessly integrated into a same structure. Note that the
antenna elements or more generally, RDs, can be distributed along the wave-guiding structure in
either a discrete or a continuous manner. What’s more, LWAs can also be interpreted as a class of
artificial TLs where the radiation would occur if some conditions can be satisfied, i.e., the structure
is opened and the propagating modes or space harmonics have a faster phase velocity than the light
speed of free-space.

Air-filled rectangular

waveguide e
Microstripline

Ground
(a) (b)
Figure 2.2 Two typical examples of uniform type LWASs [9][11]
(a) Air-filled rectangular waveguide with a continuous long slit cut along its sidewall (the earliest

LWA in the LWA community, invented by W. W. Hansen in 1940s). (b) EH1-mode microstrip
LWA

The earliest example of LWAs can date to back 1940s, introduced by W. W. Hansen [13]. It is
based on an air-filled rectangular waveguide (RWG) where a continuous long slit is cut along its
sidewall, as shown in Figure 2.2(a). The EM energy carried by the RWG is progressively leaked
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or escaped away to the outside free-space through the slit when the wave propagates along the
waveguide. Since leakage occurs over the length of the slide, the whole slit length constitutes the
effective antenna aperture unless the leakage rate is so large that the power has been leaked away
effectively before reaching the end of the slit. Because of the slit and energy leakage, the original
boundary condition of the waveguide has been broken and its original propagation constants have
also been changed. Instead, the complex propagation constants, including a phase constant £ and
an attenuation constant ¢, have been established with the newly formed boundary condition. In this
case, the original guided mode inside the waveguide has become a leaky mode that is responsible

for the radiation mechanism.

Prior to the design of an LWA, its complex propagation constants are the critical parameters that
should be studied and determined comprehensively, thanks to the fact that the two constants (i.e.,
phase and attenuation constants) are responsible for determining its radiation characteristics such
as the main beam direction, beamwidth/directivity, radiation efficiency, and SLL [9][11]. For
example, an LWA with a larger leakage constant is prone to produce a shorter antenna aperture
and sharp amplitude tapering, thereby resulting in a wider radiation beam and lower directivity. In
this case, we may conclude that LWAs are a class of radiating-while-guiding structures whose
radiation behaviors as antennas can be tightly linked to their transmission parameters as wave-
guiding structures. In other words, if the complex constants can be extracted precisely, the main
radiation features of LWAS can be estimated, which is beneficial for the relevant designs.

2.2 Comprehensive Classifications of Leaky-Wave Antennas

Thanks to their many appealing features such as simple feeding mechanism, high directivity,
narrow beamwidth, and unique frequency-enabled beam-scanning, LWAs have received much
interest since the invention of the first LWA shown in Figure 2.2(a). A large number of LWAs
have been proposed as the technology develops, and they can be classified into a variety of types

according to different criteria as will be described later.

2.2.1 Uniform, Quasi-Uniform, and Periodic

According to its name, it is obvious to find that the uniform type LWA is the one where the cross-
section of the guiding structure is kept the same along the wave propagation direction. The radiation
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mechanism of this kind of LWAs is due to the natural leaky mode (the one that satisfies the
Maxwell equations and boundary conditions) propagating along the structure. Several typical
examples fall into this LWA group, and perhaps the best-known one is the slitted air-filled RWG
shown in Figure 2.2(a). In this LWA, the original guided mode of the waveguide is a fast-wave
TE10 mode without any attenuation if the slit were absent and the conductor losses were not
considered. When the slit in introduced, the waveguide structure becomes opened and the original
fast-wave mode changes to a leaky mode featuring complex propagation constants (i.e., # and ¢),
where the attenuation is caused by the radiation leakage. Another representative uniform type LWA
is the microstrip LWA as shown in Figure 2.2(b), in which the leaky mode is the high-order mode
of a microstrip line such as the EH; and EH2 modes. It is interesting to mention that the half-width
microstrip LWA or half-mode SIW LWAs, which are the derivatives of the conventional EH;-

mode microstrip LWA, also belongs to the category of uniform LWAs.

Air-filled rectangular
waveguide

(@) (b)
Figure 2.3 Typical quasi-uniform LWAs

(a) Holey air-filled rectangular waveguide [9]. (b) Transversely slotted SIW LWA [14]. (©2012
IEEE, reproduced with permission)

Quasi-uniform LWAs can be interpreted as a special class of uniform LWAs since most of them
have similar radiation mechanism even though the two classes have very different appearances.
For the quasi-uniform LWA, it has a periodic appearance that is similar to the periodic type LWA
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(this will be described later). Although periodic perturbations in such a structure will introduce an
infinite number of space-harmonics, the period length is small enough such that those higher-order
space-harmonics are far away from the working frequency band of interest. As a consequence, it
is the fundamental “mode” or space-harmonic (also called “Floquet mode”) that is responsible for
the radiation mechanism. Two representative quasi-uniform LWAs can be found in Figure 2.3.
Considering that the phase constant of the fundamental space-harmonic is just a slightly perturbed
counterpart of the original host waveguide/TL while the leaky-wave radiation needs the working
“leaky mode” to be located in the fast-wave region, the quasi-uniform LWA should has a natural
fast-wave guided-mode over the working frequency band of interest, which is similar to the
foregoing uniform type LWA. Also note that most of quasi-uniform and uniform LWAs can only
provide a forward beam-scanning, from near broadside to near end-fire (or true end-fire) radiation.

Strip gratingsg" N

Figure 2.4 Typical periodic LWAS

(@) Grounded-substrate-based strip-grating LWA [9]. (b) Microstrip combline LWA [15]. (©2013

IEEE, reproduced with permission)

The periodic type LWA has a periodic appearance where the period length of the unit cell is in the
order of a guided-wavelength, i.e., one or more guided wavelengths that correspond to the first- or
higher-order space-harmonics. For this kind of LWA, the fundamental mode of the host

waveguides/TLs is always slow-wave-natured (again, in the working frequency region of interest)
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for which there is no radiation occurring as waves propagate along it. Actually, according to the
traditional antenna array theory, one can perceive that there is “radiation” occurring in such a slow-
wave structure while unfortunately the main radiation beam is moved into the invisible region [16].
However, when a set of opened RDs are periodically loaded along the guiding structure, the
propagating wave is in the form of Bloch wave. This Bloch wave can be mathematically expressed
as a travelling plane-wave that is modulated by a periodic spatial function. In this context, this
propagating Bloch wave can be expanded to an infinite number of space-harmonics, according to
the famous Fourier Series that is typical to time-domain periodic signal. Although the fundamental
space-harmonic is slow-wave-natured, some high-order space-harmonics, usually the -1%%-order,
can be designed to be a radiating “leaky mode”. Bloch-Floquet theorem [17][18] can be used to
analyze this kind of LWA and conveniently extract the complex propagation constants of the leaky
space-harmonics. It is interesting to mention that this LWA sometimes can also be interpreted as a
travelling-wave series-fed antenna array since they share the same appearances and travelling-wave
natures. Two representative periodic type LWAS can be found in Figure 2.4. Compared to the
foregoing two types of LWAS (i.e., uniform and quasi-uniform), periodic LWAS have the potential
of providing a full-space beam-scanning from backward to forward through broadside direction if
some special measures were implemented to overcome the notorious “open-stopband”

phenomenon [15].

2.2.2 Waveguide or TL technologies

Since the design of LWA has to depend on the wave-guiding structures (i.e., the construction of
LWAs relies on loading RDs, either in a continuous or in a discrete manner, on wave-guiding
structures), the design and development of new kinds of LWAs are always accompanied by the
invention of new TLs and waveguides. Different transmission technologies can be properly
adopted depending on specific considerations such as cost, loss, power-handling capacity, and
integration capability. Therefore, LWASs can be classified on the basis of different wave-guiding
technologies, such as metallic waveguide [13][19]-[26], microstrip line [27]-[36], co-planar
stripline (CPS) [37]-[39], co-planar waveguide (CPW) [40][41], SIW [42]-[66], spoof surface
plasmon polaritons (SSPPs) or goubau lines [67]-[77], and gap waveguide [78]-[83]. With the

continuous development of RF/microwave technologies, new waveguides/TLs are expected to be
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invented to provide suitable solutions. Thus, there are no doubts that new LWAs will be developed

accordingly in the future to be adapted into new transmission systems.

2.2.3 Resonance Behaviors of Radiating Discontinuities

Although LWAs, from a macroscopic perspective, are known as a class of non-resonant structures
along which travelling-waves propagate and leak out simultaneously, RDs are usually comprised
of resonant structures in which localized standing-wave phenomenon is presented, from a
microscopic point of view. Note that this remark is especially suitable to those quasi-uniform and
periodic LWASs in which the periodicities are used as the true radiation sources. For example, for
waveguide-based LWAs, various kinds of slots (e.g., transverse or longitudinal slot) should be cut
on the waveguide surfaces (e.g., broadwall or sidewall) to enable the radiation leakage. Those slots
are actually resonant structures and the half-wavelength resonance will be presented at a certain
frequency point. These slot dimensions are deliberately selected to guarantee that their half-
wavelength resonant frequencies are far away from the working frequency band of interest within
which the leaky-wave radiation is formed. Depending on the resonance characteristics of RDs,
LWAs can be basically classified into two main groups: single-mode-resonator (SMR)- and
multimode-resonator (MMR)-based LWAs. The SMR-based LWA s referred to as the one that
only uses a single resonance of the RDs, while the MMR-based LWA takes advantage of multiple
resonances simultaneously of the RDs. More details can refer to [83][84]. Although the forms of
RDs depend on specific waveguide/TL technologies, i.e., slot apertures have to be used in closed
waveguide while stubs/gaps can be exploited for microstrip type LWAS, the resonance
characteristics of RDs are generally grouped into SMR and MMR. Therefore, it is justified and
reasonable to classify LWAs into the related two types.

2.2.4 Electrical Functionality

How to understand the nature of leaky-wave, and efficiently construct and accurately analyze
various kinds of LWAs that are based on different wave-guiding structures and RDs are not the
destination of research in our LWA communities, although they used to be of great significance in
the initial stage of LWA development history. There is also one aspect that is of particular
importance with the development of LWAS: how to design additional desirable functionalities or
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promising electrical behaviors to LWAs so that they can perform well in the potential system
applications? This motivation has inspired a lot of research interests that enable LWAs to be
equipped with diversified functionalities and desirable electrical characteristics in addition to the
generation and analysis of leaky-wave radiation, including open-stopband suppression [15][30]-
[32][36][38][51]-[53][56][59], high radiation efficiency [85][86], circular polarization [87]-[97],
end-fire radiation [98]-[104], multi-beam radiation [105]-[114], radiation stability [30][31][83][84],
low SLL and/or low cross-polarization [20]-[24][26][30][45][46][48][50][57][61][65][71][115]-
[121], multi-band [122]-[135], fast beam-scanning [136]-[154], reconfigurable LWAs [155]-[164],
and wideband non-scanning/less-dispersion LWASs [37][78][81][165]-[173], just to name a few. In
this section, only several research hotspots that loosely or tightly related to this thesis are properly
detailed.
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Figure 2.5 Several typical approaches to suppress the open stopband effects with the use of

impedance matching mechanism

(@) [32] (©2009 IEEE, reproduced with permission). (b) [51] (©2016 IEEE, reproduced with
permission). (c) [56]. (©2018 IEEE, reproduced with permission)
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(a) Open-Stopband Suppression or Broadside Radiation

For a periodic structure, the famous phenomenon is the “Bragg effect” which would occur when
the spacing between adjacent unit cells is an integer number of half guided-wavelengths at some
frequencies [17]. This effect is also called “lattice resonance” since a standing-wave would be
formed along the periodic structure at those frequencies. At the frequency point at which the period
length corresponds to an integer number of half guided-wavelengths, the waves propagating along
the structure are largely reflected back to the source and thus little energy can be injected into the

structure. Such a phenomenon of periodic structures can be used to design filters and reflectors in
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Figure 2.6 Open-stopband elimination/suppression using CRLH-based TLs and principles

(a) Microstrip-line-based CRLH LWA [36] (©2004 IEEE, reproduced with permission). (b)
SIW-based CRLH LWA [52] (©2011 IEEE, reproduced with permission). (c) Unbalanced (left)
and balanced (right) cases [36]. (©2004 IEEE, reproduced with permission)
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our RF/microwave region such as the electromagnetic bandgap (EBG) structures [174]. In a
periodic type leaky-wave antenna using the -1 space-harmonic, the second Bragg stopband lies
within its leaky-wave radiation region. In this case, this stopband is called the “open-stopband”
where the word “open” refers to the fact that the periodic structure is a radiative structure that is

opened to the outside free-space.

When a periodic LWA is scanned at the broadside direction, the distance between adjacent unit
cells is just a guided-wavelength. If no special designs are considered to prevent the open-stopband
effects, the periodic LWA will become “blind” or “nearsighted” in the manner that the radiation
performances are significantly deteriorated. Fortunately, many methods have been proposed to
mitigate this problem. For example, a pair of identical RDs are introduced into a unit cell, where
the two elements are spaced by a quarter guided wavelength at the frequency corresponding to the
broadside radiation [11]. The identical radiating elements can be stubs, strips, and slots. The
principle is that the reflection caused by the first element can be canceled by the reflection resulted
from the second element, since a round-trip path will introduce a phase difference of 180 degrees
for the reflective waves from the two elements. Further, a remarkable solution based on impedance
matching of the unit cell has been proposed in [15][32], in which a delay line and impedance
transformer or matching stubs are introduced in a unit cell to do the impedance matching at the
broadside frequency point. Based on the concept of “matched unit-cell”, several works have been
presented, such as the simultaneous cutting of transverse and longitudinal slots [51], and loading
of shorting vias [56], and self-matching RDs [38]. Several typical approaches to suppressing the
open-stopband effects with the use of impedance matching mechanism are illustrated in Figure 2.5.
As a comparison, we can also use another popular method called “composite right/left-handed
(CRLH)” principle to construct different kinds of LWAS with a continuous beam-scanning from
the backward to forward direction, as long as the “balanced condition” can be satisfied [36][52].
Two typical CRLH-based LWAs based on the microstrip line and SIW are respectively depicted
in Figure 2.6 (a) and (b), together with the “unbalanced” and “balanced” conditions illustrated in
Figure 2.6 (c).

(b) Low Side-Lobe and Low Cross-Polarization

For an LWA whose RDs are not tapered along the length of the structure, no matter the distribution

type of RDs—continuously or discretely, the aperture amplitude of such an antenna is
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exponentially-decaying along the length of the structure. Since all practical LWAs have a finite
length, the SLL of such antennas will be high and is close to about 13 dB [9][11]. In order to lower
the SLL, a tapered aperture distribution can be employed and therefore the RDs should be changed
along the length of structure, according to the requirement of SLL. Note that in most cases, when
we change the RDs along the structure to modify the value of «, it is likely that the value of g will
also be changed since the two constants are coupled with each other. However, the phase constant
along the structure should be kept unchanged to keep the radiation from all parts of the aperture
points can be directed in the same direction. As shown in Figure 2.7(a), it is a long slot leaky-wave
antenna fabricated on an air-filled TE1o-based RWG [20]. The long slot is meandered from the

centerline to the sidewall and then backed, from the feeding end to the termination end. The shape

(b) (c)

Figure 2.7 Several examples to taper the aperture amplitude distribution of the LWASs

(a) Rectangular waveguide-based long-slot LWA [20] (©1991 IEEE, reproduced with
permission). (b) Stepped waveguide-based long-slit LWA [23] (©1997 IEEE, reproduced with
permission). (c) Two-layered ridged SIW long-slot LWA [46] (©2014 IEEE, reproduced with

permission)
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of the long slot is determined by the required SLL and thus the aperture distribution. The same type
long slot leaky-wave antenna can be constructed in the SIW technology which owns the advantages
of low cost, low profile and easy of fabrication compared to the metallic RWG [45]. However, due
to the asymmetry of the meandering long slot, the cross-polar level is high. Also note that when
the position of the segment of the long slot changes, both of the attenuation and phase constants
are changed. In order to achieve a low side-lobe design together with a low cross-polar level, a
stepped metallic waveguide or a two-layer ridged SIW is used together with a straight long slit or
slot [20][46], as shown in Figure 2.7(b) and (c), respectively. By changing the dimension of step
height or ridge width, the attenuation constant can be altered while the phase constant can be kept
constant for related LWAS. Notably, the slot is kept straight and symmetrical for realizing a pure
radiation polarization, i.e., radiation with low cross-polarization field components. As a
consequence, the proposed LWAs can achieve a low side-lobe and low cross-polar level

simultaneously.
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Figure 2.8 Two examples of LWAs with enhanced beam-scanning rate

(@) Meandering feeding line [136] (©2009 IEEE, reproduced with permission). (b) Phase shifter
between adjacent RDs [140] (©2017 IEEE, reproduced with permission)

(c) Fast Beam-Scanning Property

It is well known that the frequency-enabled beam-scanning is a distinct feature of LWAs. For the
uniform or quasi-uniform LWAs, the beam-scanning range is normally limited in the forward
quadrant. Comparatively, for the periodic LWAs, the beam-scanning range can be extended from

the backward to the forward directions. For most of LWAs, a large beam-scanning range usually
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needs a large frequency bandwidth. However, for a given beam-scanning range to cover a certain
field-of-view (FoV), the narrower required frequency bandwidth has the potential to ease the
bandwidth requirement of front-end components and the signal processor, from the viewpoint of a
system-level. It means that a fast beam-scanning property within a limited bandwidth is needed for
the leaky-wave antenna. A well-known method to increase the beam-scanning rate is to use a TL
with high media parameters (i.e., permittivity and permeability). However, this method is too
general and some other approaches must be adopted to increase the diversity and possibility of
schemes. Besides, a meander TL can be employed between two adjacent RDs in a periodic LWA

by which the phase delay (versus frequency) between the adjacent RDs can be sharpened and thus
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Figure 2.9 Microstrip periodic LWAs loaded with complementary radiating stubs for radiation
stability [30][31]

(Both figures are with ©2018 IEEE, reproduced with permission)

the related beam-scanning of LWAS can be more sensitive to frequency. The method can also be
found in Figure 1.2(b) as well as the work in [130] as shown in Figure 2.8(a). Similarly, by inserting
aspecially designed phase-shifter between two adjacent RDs [as shown in Figure 2.8(b)], the phase
delay can also be sharpened with frequency to provide a rapid beam-scanning capability for related
LWAs. In addition, employing slow-wave structures is another way to implement leaky-wave
antennas with fast-beam scanning property, since the phase constant of the slow-wave structure is

much more sensitive than those common TLs [135].
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(c) Radiation Stability

The complex propagation constants are the key parameters to determine the radiation
characteristics of an LWA. The phase constant determines the main beam direction while the
attenuation constant is directly related with the aperture length, aperture amplitude distribution and
antenna efficiency. In order to realize a stable radiation efficiency with frequency, a stable leakage
constant with frequency should be satisfied, and furthermore the stable gain can be approximately
obtained. In order to have a stable leakage constant with frequency, there are mainly two methods
for design consideration. Firstly, the RDs should have a very small radiating ability (this is
especially true for SMR-based RDs). It means that the working frequency band of interest should
be far away from the resonance of the RDs. In this case, the resistance or conductance of a RD is
small but is relatively flat with frequency, and thus a stable leakage rate can be obtained. However,
some drawbacks will appear by using this approach: the length of the leaky-wave antenna should
be long enough to make sure that most of the power can be radiated rather than being absorbed by
the termination load. Recently, an effective method has been proposed to realize stable gain and
efficiency, which is based on the use of a pair of complementary radiating elements in a unit cell
of a periodic LWA [30][31], as shown in Figure 2.9. The design concept can be explained briefly
by the fact that the complementary radiating elements dominant separately at different sub-
frequency band, which is similar to log-periodic dipole array that has different active region with
different dipoles [16]. It can also be explained by the MMR design principle proposed in [83]-[84].

This design concept provides a novel perspective to design LWAs with stable gain and efficiency.

2.3 System-Level Applications of Leaky-Wave Antennas

The distinct frequency-driven beam-scanning property embraced by LWAs enables them to fit the
frequency-scanning radars well as those mentioned previously in Chapter 1.1. In addition to this
application scenario, LWAs can also find other system-level applications such as the direction-of-
arrival (DoA) estimation [175]-[182], frequency-scanned monopulse [183], real-time spectrum
analyzer [184]-[186], duplexer/diplexer front-end [187][188], frequency-division multiplexing
communication [189]-[191], radar and/or imaging [192]-[202], and multi-target concurrent vital
sign and location detection [203][204], etc. Figure 2.10 shows several representative examples of

system-level application scenarios of LWAs. No matter which kind of system applications, it is the
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Figure 2.10 Selected typical system-level applications of LWASs

(@) DoA estimation [180] (©2015 IEEE, reproduced with permission). (b) Real-time spectrum
analyzer [184] (©2009 IEEE, reproduced with permission). (c) Radar imaging [199] (©2013
IEEE, reproduced with permission). (d) Multi-target vital sign detection and localization [203]

(©2019 IEEE, reproduced with permission)

natural frequency-enabled beam-scanning capability of LWAs that plays the dominant role to
determine or define system characteristics. Specifically, if a wideband signal waveform is inputted
into an LWA, different spectrum components of the signal waveform will be emitted to different
spatial locations. This is from the perspective of transmitting (Tx) function of the LWA.
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Contrastively, if we evaluate the LWA as a receiving (Rx) antenna, it will output different spectrum
components for an incoming waveband signal waveform from different spatial angles. With this
feature of LWAS, a simple DoA estimation system as shown in Figure 2.10 (a) can be implemented,
and the angle location of the object can be estimated by using the maximum received power
spectrum frequency point along with the pre-defined frequency-angle relationship of the LWA.
The real-time spectrum analyzer shown in Figure 2.10 (b) also use the spatial-spectral
decomposition (or called frequency-space mapping) characteristic of LWAs. Another type of more
sophisticated systems such as concurrent vital sign detection and localization [as shown in Figure
2.10 (c)] and radar imaging [as shown in Figure 2.10 (d)] can also be realized using LWAs along

with special system setups and digital signal processing (DSP) considerations.
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A longitudinally slotted TE2o mode-driven SIW LWA with low side-lobe and low cross-
polarization is proposed and presented for millimeter-wave applications. In this work, a pair of
long slots are etched symmetrically on the top broadside of an SIW working in TE2o mode. With
the odd-symmetry of TE2o mode field distribution, the even-symmetrically etched long slots paired
along the centerline of the SIW have aperture fields of the same direction, thereby resulting in a
constructive superposition of radiation. Thanks to these long slots with a meandering shape that is
designed according to a specific aperture amplitude illumination (e.g., -35 dB Taylor line-source
distribution), and their even-symmetry with respect to the centerline of the SIW, both low side-
lobe and low cross-polarization are simultaneously achieved. Two meandering schemes with
respect to the centerline of the SIW are adopted and thus two types of the designed LWAs are
developed. For experimental prototypes of the proposed LWAS, a 3-dB directional coupler and 90°
phase shifter are combined together to excite the desired TE2o mode of the SIW. The proposed two
types of LWAs are modeled, simulated and fabricated. Both simulated and measured results are in

a good agreement.

3.1 Introduction

LWAs are a class of travelling-wave antennas, in which power-decaying travelling waves
propagate along guided-wave structures [9][11]. With this feature, they can be regarded as a special
kind of lossy transmission lines where the majority of losses are in the form of radiation. On the

other hand, LWAs can also be treated as series-feeding antenna arrays, where antenna building
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Figure 3.1 Configurations of traditional long slot LWAs [20]

(a) Straight long slot type. (b) Meandering long slot type. The grey area represents the top broad
wall of a metallic waveguide while the white area stands for the long slot. The white dotted line is

the centerline of a waveguide. (© 2020 IEEE, reproduced with permission)

elements may be distributed continuously or discretely (periodically, for example) along the leaky-
wave structures. LWAS have attracted much attention for many years due to their low profile,
simple feeding mechanism, high directivity and particularly frequency beam-scanning capability.
Consequently, it has a number of possible applications in the areas of wireless communications,

sensors and collision-avoidance radars [11].

Many types of LWAs based on different transmission lines have been proposed since the 1940s
such as metallic RWG [13][19][20], microstrip line [27]-[36], CPS [37]-[39], CPW [40]-[41], SIW
[42]-[65], and SSPPs [66]-[76]. Among different kinds of LWAs, the type based on longitudinally
slotted waveguide, referred to as the long slot LWA in this chapter, has been widely used in
microwave and millimeter-wave systems due to its simple structure and easy fabrication. However,
a traditional straight long slot LWA, as shown in Figure 3.1(a), has an obvious drawback of high
side-lobe caused by exponentially decaying aperture amplitude distribution [9][11]. A well-known
approach used to tackle this problem is to adopt a meandering long slot with a particular shape, as
shown in Figure 3.1(b), to create a desired aperture amplitude distribution and consequently a
desired radiation pattern (i.e., low side-lobe) [20]. With the same goal, a hybrid waveguide-planar
technique was employed to fabricate a curvilinear slot in RWGs [205][206]. Unfortunately, such

meandering or curvilinear long slots are deemed to cause asymmetry in the slot aperture, resulting
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in an asymmetric cross-sectional radiation and deterioration of the cross-polarization level in the
scanning plane, especially. Therefore, it is difficult to acquire low side-lobe and low cross-
polarization simultaneously for long slot LWAs.

Several studies have been conducted to achieve a long slot LWA having low side-lobe and low
cross-polarization simultaneously. For example, an LWA in [45] with a straight long slot etched
on a meandering SIW was proposed to achieve a symmetrical radiating aperture together with a
tapered amplitude distribution. An approach based on effective radiation sections was studied in
[117] to control the radiation pattern (e.g., SLL) of a long slot LWA with acceptable performances
achieved. In [46], a multi-layer ridged SIW straight long slot LWA was presented. By properly
adjusting the widths of two different ridges inside the SIW while remaining the slot shape straight,
a tapered aperture amplitude distribution and thus low side-lobe, as well as low cross-polarization,
were achieved. The same method was also applied to a ridged metallic waveguide straight long slot
LWA [21]. What’s more, asymmetric ridged waveguides [22] and stepped waveguides [23] with
centered straight long slits were also proposed for the same purpose. Until now, it can be found
that almost all these aforementioned approaches used to achieve both low side-lobe and low cross-
polarization are based on asymmetrical waveguides or SIWs plus a straight long slot (slit).
However, it should be noted that the multi-layer PCB fabrications or bulky metallic waveguides
used in [21]-[23][46] to construct LWAs suffer from increased fabrication cost and complexity,
which become unsuitable for mass production and planar integration in current millimeter-wave

applications.

On the other hand, the use of SIW higher-order modes for antenna system design has been
demonstrated to be promising for millimeter-wave applications, since it can not only enhance the
stability of performances by relaxing fabrication tolerances, but also simplify the designed
structures with reduced fabrication cost and complexity [207][208]. However, very limited works
using higher-order modes of SIWSs to design LWAs have been reported so far. In [43], a TE2o mode-
based SIW LWA was realized by enlarging the spacing between plated via holes in a periodic
manner so as to make the energy leakage occur. The same approach was also applied to achieve a
quasi-uniform counterpart [47]. However, because of their special configurations and radiation
mechanisms, both of them suffer from high SLL and large ground size. Also, careful considerations

should be paid in the design of this kind of LWAs since potential grating lobes or large side-lobes
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(b)

Figure 3.2 Schematics of the proposed two types of TE2o mode-based longitudinally slotted

LWAs with low cross-polarization and low side-lobe

(@) Type 1. (b) Type Il. The grey area represents the top broad wall of a metallic waveguide or
SIW; the white area stands for the long slots. The white dotted line is the centerline of a TE2o
mode-based waveguide or SIW while the black dashed line represents the centerline of each half-
field distribution of TE2o mode. (© 2020 IEEE, reproduced with permission)

may appear in the cross-plane due to a large distance between two equivalent radiating magnetic

line-sources.

In this proposed work, TE2o mode-driven SIW longitudinally slotted LWASs with low cross-
polarization and low side-lobe are proposed for millimeter-wave applications. This design has
combined the advantages of SIW higher-order modes and long slot LWA. With the odd-
symmetrical E-field distribution inside the TE2 mode SIW, a pair of long slots that are etched
even-symmetrically along the longitudinal centerline on the top surface of the SIW have the same
aperture field distributions, resulting in a constructive superposition in far-field radiation. The pair
of long slots are in a meandering shape that is specially designed to achieve a low SLL, and two
meandering schemes of the slots can be developed, as shown in Figure 3.2. Due to the specific
meandering shape and symmetrical property of the pair of long slots, the radiation with low side-
lobe and low cross-polarization can be obtained simultaneously. For experimental prototypes of

the designed LWAs, a TE2o mode exciter consisting of a 3-dB directional coupler and 90° phase
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shifter is designed to drive the proposed antennas. A good agreement is observed between

simulated and measured results.
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Figure 3.3 E-field distributions with respect to different waveguides with longitudinal slots

etching on top broad surface

(a) TE1o mode-based waveguide with one long slot. (b) TE1o mode-based waveguide with two
symmetrical long slots. (c) TE2o mode-based waveguide with two symmetrical long slots. (©

2020 IEEE, reproduced with permission)
3.2 Working Principle

3.2.1 Radiation Mechanism

The diagram shown in Figure 3.3 depicts the E-field distributions with respect to different
waveguides with slots etching on the top broad surfaces. For conventional TEio mode-based
metallic waveguide with a longitudinal slot cutting on its top surface, as shown in Figure 3.3 (a),
the transverse surface current paths are cut off if the slot is offset from the centerline, and energy
inside the waveguide is coupled to the outside free space, thus resulting in radiation. However, if
two symmetrical longitudinal slots are etched along the centerline of a TE1o mode-based waveguide,
as shown in Figure 3.3(b), the two aperture fields existing on the two slots feature opposite

directions due to the even-symmetry of the transverse surface currents along the centerline.
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Consequently, the radiation introduced by the pair of slots will be cancelled with each other and
no net radiation occurs. As a comparison, for the waveguide working in the TE2o mode, the E-field
distribution is odd-symmetrical along the centerline, as shown in Figure 3.3(c). If two longitudinal
slots are cut symmetrically along the centerline, the field distributions in the two slot apertures will
have the same direction and thus their radiation will be superposed constructively in the far field,

which can be used to operate as an antenna.

It is known that the radiation characteristics of an LWA can be determined by its complex
propagation constants of the leaky mode propagating in the leaky structure [9][11]. The complex

propagation constants can be expressed as
k=p-ja (3.1)

where £ is the phase constant while « is the attenuation constant of the leaky mode. In the proposed
antenna, when the pair of long slots are introduced on the top broad wall of the SIW, both TE1 and
TE20 modes will be perturbed to a certain extent and hence leaky modes can be formed. However,
according to the previous analysis as shown in Figure 3.3(b), the perturbed TE10 mode does not
contribute to radiation, thus it can be neglected in the following leaky-mode analysis. Also, it
should be noted that the TE1o mode can be severely suppressed with a well-designed TE2o mode
exciter, which will be shown later. Consequently, the phase constant in (3.1) can represent only the
perturbed TE2o mode of the SIW. For a uniform TE2o mode SIW long slots LWA as shown in
Figure 3.4, the main beam direction (6m, measured from broadside) and 3-dB beamwidth (46) can

be expressed as

sing, = Bk, (3.2)
1
AO = I (3.3)
S
—cosd,

where ko and Ao represent the free-space wavenumber and wavelength, respectively, while Ls

represents length of the slot aperture.

The LWA can be modeled as a travelling-wave line-source current, and most LWASs have a narrow

beam in the scanning plane while a wide beam in the cross-plane [9][11]. For the traditional long
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Figure 3.4 Uniform TE20 mode-based SIW long slots LWA

Simulated model built in HFSS for extracting attenuation and phase constants as a function of
slot offset Ds. The substrate has a relative permittivity of 2.94 and a thickness of 1.524 mm. The
conductor and dielectric are lossless. Copper printed on the substrate has a thickness of 17.5 um.
Plated slot-via arrays with parameters of W=5.8 mm, d=0.6 mm, S=0.35 mm, and P=1.4 mm are

used to form the sidewalls of the SIW. (© 2020 IEEE, reproduced with permission)

slot LWAs proposed in [13][19][20] and [21]-[23][45][46][117], and the half-width microstrip or
half-mode SIW LWAs [42][48], their radiating apertures can be modeled as a single magnetic line
current. Comparatively, the traditional EH1 mode-based microstrip LWA [27] and TE20 mode SIW
LWASs [43][47] can be modeled as two-line-source antennas. It is easy to understand that the two-
line-source LWAS, compared to single line-source counterparts, can potentially achieve a narrower
beamwidth in the cross plane, thereby realizing a higher directivity according to the traditional

antenna theory [16].

The proposed antennas in this work belong to the two-line-source LWAs. As shown in Figure 3.4,
half of the distance between the two magnetic line-sources (i.e., long slots) is represented by Ds.
According to the special properties of the TE2 mode SIW, the parameter Ds can be varied from
almost zero to approximately the full width of the SIW, depending on the required leakage rate ()
and beamwidth (46). The radiation pattern (in the scanning plane) of the overall structure can be
expressed as a summation of radiations from the two magnetic line-sources [9]. According to the
antenna array theory [16], when the distance between two array elements excited with the same
amplitude and phase is approaching or over a free-space wavelength, large side-lobes or grating
lobes will occur in its array factor pattern. For the traditional EH1 mode microstrip LWA [27], the

distance between the two equivalent magnetic line-sources is approximately half a guided
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wavelength; therefore, no potential grating lobes or large lobes occur in its cross plane. However,
for the TE2o mode SIW LWAs proposed in [43][47], the corresponding distance of the two radiating
line-sources is more than a guided wavelength and thus large side-lobes or grating lobes may occur
potentially in the upper side of the working frequency region, and therefore careful considerations
should be paid when implementing such a design. Contrastingly, the distance of the two line-
sources in the proposed scheme shown in Figure 3.4 can be adjusted and hence a flexible
beamwidth in the cross plane can be achieved without potential grating lobes or large side-lobes.

3.2.2 Low Cross-Polarization
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Figure 3.5 lllustration for low cross-polarization property of the proposed LWAS

The proposed Type | LWA is depicted here as an example. (© 2020 IEEE, reproduced with

permission)

Figure 3.5 illustrates one of the proposed meandering long slots LWAs with its equivalent magnetic
current distributions. It can be seen clearly that the two equivalent magnetic currents are strictly
even-symmetrical along the centerline of the proposed structure. It should be noted that at any
position of the meandering long slot, the corresponding magnetic current vector can be decomposed
into two vector components. One vector component (e.g., X-directed component in this
demonstrated case) contributes to co-polarization and the other contributes to cross-polarization.
This explains why the traditional meandering long slot LWA shown in Figure 3.1(b) has a high
cross-polarization level. Fortunately, for the proposed TE2o mode-driven meandering long slots
LWA, the radiation of magnetic current vector components giving rise to cross-polarization (i.e.,
Y-directed component in this demonstrated case shown in Figure 3.5) will be totally cancelled,

thereby leading to a low cross-polarization property of the proposed antenna. It is interesting to
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note that the meandering slot shape can be diversified and solely depends on the required radiation
patterns to be achieved (i.e., low SLL) as long as the two meandering slots are kept even-

symmetrical so as to maintain a low cross-polarization level.

3.3 Low Side-Lobe Design

In most of practical applications, the radiation pattern with a low side-lobe is often needed, and
thus a tapered aperture amplitude distribution should be adopted in the LWA. In the traditional
long slot LWA with low side-lobe design [20], the offset of the long slot is changed from the
centerline toward the sidewall and then back, along the wave propagation direction. The
meandering shape of the long slot depends on the designed aperture amplitude distribution and the
specified SLL. However, the drawback of the single meandering long slot is obvious: it causes an
asymmetrical aperture and thus deteriorates the cross-polarization level, as explained above. The
proposed two types of meandering long slots LWAs have a fully symmetrical structure and thus a

low cross-polarization can be achieved, in addition to a low SLL.

Prior to the low side-lobe design of the proposed long slots LWAS, the complex propagation
constants (i.e., a and f) as a function of the offset (Ds) of the long slots must be extracted. To
achieve this goal, a model built in HFSS, as shown in Figure 3.4, is used to find the relationship
between the complex propagation constants and the slots offset. The substrate chosen here has a
relative permittivity of 2.94 and a thickness of 1.524 mm. Note that conductor and dielectric losses
are not considered here to make sure that the attenuation of waves is only attributed to leakage
radiation. Furthermore, the length of the slot aperture should be long enough to ensure a relatively
accurate extraction of the propagation constants of the leaky mode. The slot width is selected as
Ws = 0.25 mm to have a slight perturbation on the field of the SIW, and it is also beneficial for a
judicious realization of low cross-polarization as well as a delicate control of the attenuation

constant. The formulas used to calculate the complex propagation constants are

2

S S L1 (3.4)
2Ls 1—|511|

B =k,sing, (3.5)

where Ls is the slot length in the simulated antenna segment.
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Figure 3.6 Extracted normalized propagation constants as a function of the offset Ds of long
slots for (a) Type | and (b) Type Il LWAS

The design frequency is 35 GHz. (© 2020 IEEE, reproduced with permission)

Figure 3.6 gives the plots of extracted normalized complex propagation constants as a function of
slots offset Ds for Type | and Type Il LWAs, respectively. It can be found that the achievable
attenuation constant range is large enough to realize various kinds of low side-lobe LWA design.
The Taylor aperture illumination with a SLL of -35 dB is adopted here to implement the taper

design. The required attenuation constant distribution can be determined by the following [9]

|AX)[* 12
1 eL/2 2 X
e,-[ A@)f de-[

—L,/2

a(x) = (3.6)

A" d&

L/2

where A(x) is the normalized amplitude distribution as a function of the location along the leaky
structure, er is the radiation efficiency, and La is the length of radiating aperture. Here, eris chosen
as 95% while La is selected as 110 mm, according to the achievable attenuation constant range. As
such, the normalized aperture illumination A(x) and the normalized attenuation constant

distribution a(x)/ko can be calculated from (3.6) and are plotted in Figure 3.7.

According to the calculated results from Figure 3.6 and 3.7, we can acquire the offset distribution
of slots along the length of leaky-wave structures for Type | and Type Il LWAS, respectively, as

shown in Figure 3.8. However, in order to facilitate the modeling and fabrication of proposed
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antennas, an equal-spaced sampling with a spacing of 5 mm is used, and thus 23 sampling points
are obtained for each type of proposed antennas. It should be noted that along the wave-guiding
direction, the phase constant of the leaky aperture is not compensated, which may result in a slightly

wider beamwidth and an undesired shoulder of radiation patterns [20][45][50].
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Figure 3.7 (a) Normalized aperture amplitude distribution with -35 dB SLL of Taylor line-source
distribution. (b) Corresponding normalized attenuation constant distribution along the length of
the designed LWASs
(© 2020 IEEE, reproduced with permission)
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Figure 3.8 Offset (Ds) distribution of long slots along the length of the designed LWAs for (a)
Type I and (b) Type Il

Equal-spaced sampling method with a distance of 5 mm is employed to simplify modeling and

fabrication procedures. (© 2020 IEEE, reproduced with permission)
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3.4 Modeling, Simulation, and Measurement

Based on the data shown in Figure 3.8, two types of meandering long slots LWASs can be modeled.
Since the proposed antennas are based on the TEzo-mode SIW, it is critical to effectively excite the
required TE2o mode while highly suppress the harmful TEio mode. The feeding mechanisms
proposed in [43][207][208] are not suitable due to large spurious radiation, while the one reported

in [36] is essentially narrow-band. Here, a 3-dB directional coupler and a 90° phase shifter are
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Figure 3.9 Designed TE20-mode exciter to excite the required TE2o mode of an SIW

(a) 3-D view (the top metal layer is hidden). (b) Top view (the top metal layer and substrate are
hidden). All the parameter values are in the unit of mm. Continuous metallic sidewalls are
employed here to facilitate model construction and simulation. (© 2020 IEEE, reproduced with

permission)

combined together to work as a TE2o-mode exciter [209], as shown in Figure 3.9. Standard WR28
waveguides are used to work as the feeder and termination to avoid spurious radiation from feed
discontinuity that can spoil antenna performances (especially the side-lobe and cross-polarization
levels). Simulated S-parameters of the proposed TEzo-mode exciter are plotted in Figure 3.10,
indicating that in a wide frequency band from 32 to 38 GHz, an excellent mode transformation
from TE10 mode to TE2o mode is achieved. Meanwhile, a good mode suppression of the TE1o mode
of the SIW is also observed. It is important to mention that the TE1o mode excited in the proposed
antenna only contributes to cross-polarization components, according to the illustration of Figure

3.3 and 3.5. The reflection coefficient of the input port is better than 15 dB and the isolation
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Figure 3.10 Simulated S-parameters of the proposed TE20 mode exciter

(a) Transmission coefficients. (b) Reflection coefficient and isolation. Definition of the three

ports can be found in Figure 3.9(a). (© 2020 IEEE, reproduced with permission)
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Figure 3.11 E-field distributions of (a) the proposed TE20-mode exciter and (b) one of the
proposed LWAs at the design frequency of 35 GHz

(© 2020 IEEE, reproduced with permission)

between portl and port2 is larger than 20 dB, from 32 GHz to 38 GHz. The simulated E-field
distributions of the proposed TE2o mode exciter and one of the proposed antennas at 35 GHz are
illustrated in Figure 3.11. It indicates that both a good TE20 mode conversion and a good TE1o mode

suppression are achieved simultaneously, while a perturbed TE20 mode (leaky mode) is propagating
along the leaky structure.



Figure 3.12 Photographs of the fabricated two types of LWAS
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The substrate used here is Rogers RT/duroid 6002 with a relative permittivity of 2.94, a dielectric
loss tangent of 0.0012 and a thickness of 1.524 mm. (© 2020 IEEE, reproduced with permission)
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Figure 3.13 Simulated and measured |S11| of the proposed LWAS

(@) Type 1. (b) Type II. (© 2020 IEEE, reproduced with permission)

Two prototypes of the proposed LWAs are fabricated through standard single-layer PCB process,
as shown in Figure 3.12, whereas their corresponding simulated and measured |S11| are plotted in

Figure 3.13. Each of the proposed antennas has four ports with only one port working as a feeder
while the other three terminated with matching loads. Both simulated and measured results indicate
that a good impedance matching is achieved from 33 to 37 GHz under the criterion of -10 dB, for
both of the two types of prototypes. Simulated and measured H-plane radiation patterns in terms
of co-pol and cross-pol at several frequencies (i.e., 33 to 37 GHz with a step of 1 GHz) are plotted
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Figure 3.14 Simulated and measured H-plane radiation patterns at several frequencies for Type |

LWA

(a) Simulated co-polarization. (b) Simulated cross-polarization. (c) Measured co-polarization. (d)
Measured cross-polarization. (© 2020 IEEE, reproduced with permission)

in Figure 3.14 and Figure 3.15 for the proposed Type | and Type Il LWAs, respectively. Their
specific radiation performances are tabulated separately in Table 3.1 and 3.2. Notably, for the two
types of LWAs, cross-polarization levels of almost lower than -50 dB are achieved in the
simulations at each main beam direction, while those measured counterparts are lower than -37 dB.
The simulated SLLs at the center frequency of 35 GHz are -31.3 dB and -30.6 dB for the Type |
and Il antennas, respectively, thereby manifesting the correctness and effectiveness of the
performed low side-lobe design procedure. Their measured counterparts are merely -23.1 dB and

-22.9 dB, respectively, which may be caused by the fabrication error and measurement issue.
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Figure 3.15 Simulated and measured H-plane radiation patterns at several frequencies for Type 1l
LWA

(a) Simulated co-polarization. (b) Simulated cross-polarization. (c) Measured co-polarization. (d)
Measured cross-polarization. (© 2020 IEEE, reproduced with permission)

Simulated radiation patterns in the E-plane (i.e., the cross-sectional plane along the angle of
maximum radiation) at 35 GHz for the proposed LWAs are shown in Figure 3.16. The 3-dB
beamwidth for Type I and 11 LWAs are 69.2° and 99.1°, respectively, while their cross-polarization
levels are all less than -25 dB. It is interesting to find that Type | has a narrower beamwidth that
Type 11, and this can be explained by the fact that a wider distance between two radiating line-
sources is possessed by Type | LWA [16][47]. The measured main beam direction is scanned from
27°to 53° and from 31° to 59° within 33 to 37 GHz for Type | and Il antennas, respectively, showing
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Figure 3.16 Simulated cross-sectional E-plane radiation patterns at 35 GHz with respect to (a)

Type I and (b) Type Il LWAS at their corresponding maximum radiation directions

Solid and dashed lines represent co-polar and cross-polar components, respectively. (© 2020

IEEE, reproduced with permission)
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Figure 3.17 Simulated radiation efficiencies of the proposed LWAs with/without dielectric loss

(@) Type 1. (b) Type I1. (© 2020 IEEE, reproduced with permission)

a good agreement with simulated counterparts. As for the gain performances, the measured ones
exhibit a little but acceptable drop that may be caused by increased dielectric and conductor losses,
and the loss from connectors. Since the dielectric loss accounts for majority of losses mechanism

in most SIW-based designs (this is especially true for thick SIW as the proposed design employed),
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Figure 3.17 depicts simulated radiation efficiencies of the proposed LWAs with/without dielectric
loss. It can be seen that for each type LWA, the radiation efficiency is approximately 95% at the
design frequency of 35 GHz if the dielectric loss is neglected. It agrees well with the designated
one, thereby further manifesting the correctness of low side-lobe design procedure implemented
above. Comparatively, the practical radiation efficiency with all losses taken into account only has
an average value of about 71% in the working frequency band, which is reasonable and acceptable
in millimeter-wave frequency band [45].

3.5 Discussion and Comparison

The proposed work tactfully combines the benefits of a TE2o mode SIW and a meandering long
slot LWA. First of all, the TExo mode SIW has several advantages compared to its TEio mode
counterpart, such as higher performance stability, higher fabrication tolerance, lower fabrication
cost, etc. Secondly, the odd-symmetry of E-fields distribution of a TE20 mode SIW is artfully used
to design an LWA consisting of two even-symmetrical meandering long slots etched on the top
surface of the SIW to simultaneously realize both low side-lobe and low cross-polarization. In
order to highlight the benefits of the proposed design compared to other similar works, a
comparison table has been tabulated in Table 3.3. Compared to the proposed works in [21]-[23][46]
that use complex multi-layer ridged SIWs or bulky metallic ridged waveguides to implement the
long slot LWASs with low side-lobe and low cross-polarization, the present work just makes use of
low-cost single-layer PCB process to achieve comparable performances. Thus, this work possesses
the merits of low fabrication cost and complexity, and high fabrication precision, especially
suitable for mass production and planar integration in microwave and millimeter-wave systems.
Meanwhile, it can be found that the proposed work has improved side-lobe and cross-polarization
levels than [42][43][47][48][206]. Also note that this proposed work can be regarded as a two-
element line-source array since it has two radiating magnetic line-sources, which can narrow its
beamwidth in the E-plane and improve the directivity potentially, compared to those single-line-
source LWASs [21]-[23][42][45][46][48][117][205][206]. Furthermore, in contrast to those similar
two-line-source LWAs [27][43][47], this work can not only achieve a controllably-low SLL, but
also possess a flexible E-plane beamwidth, as well as no potential grating lobes or large side-lobes

suffered in the cross-sectional E-plane. However, when making a self-comparison between the



Table 3.1 Simulated and Measured Radiation Properties for Type | Long Slots LWA (© 2020

IEEE, reproduced with permission)

Mainbeam : Cross-Polar
Fre. direction 8‘33 (S dLBIS Level
(GHz) (degree) (dB)
Sim. Mea. Sim. Mea. Sim. Mea. Sim. Mea.
33 27.9 27 14.4 12.9 -29.5 -20.5 -59.8 -43.6
34 33.6 33 145 135 -32.8 -21.9 -49.7 -38.1
35 39.1 38 15.5 14.2 -31.3 -23.1 -63.7 -42.2
36 455 45 16.2 14.8 -25.2 -20.4 -55.1 -37.4
37 51.1 53 15.8 13.9 -22.3 -20.8 -60.3 -41.5

Table 3.2 Simulated and Measured Radiation Properties for Type Il Long Slots LWA (© 2020

IEEE, reproduced with permission)

Mainbeam . Cross-Polar
Fre. Direction (C(Sglr; (S dLBIS Level
(GHz) (degree) (dB)
Sim. Mea. Sim. Mea. Sim. Mea. Sim. Mea.
33 32.1 31 14.1 12.6 -30.2 -23.4 -59 -39.4
34 38.9 38 14.9 13.1 -32.7 -24.7 -58.3 -38.7
35 45.2 45 15.3 13.8 -30.6 -22.9 -57.8 -37.1
36 515 52 154 145 -22.4 -21.6 -50.5 -38.5
37 58.2 59 15.3 14.1 -23 -23.4 -54 .4 -40.4
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proposed two types of LWAS, Type | is able to provide a higher directivity and narrower E-plane

beamwidth than Type II, as illustrated in Figure 3.16 and explained above.

3.6 Conclusion

In this chapter, longitudinally slotted TE2o-mode-driven SIW LWAs with low side-lobe and low

cross-polarization have been proposed and demonstrated for millimeter-wave applications. Two

types of LWAs differed by the meandering direction of the long slots have been developed and
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fabricated. Both simulated and measured results are in a good agreement. The proposed antennas
can combine the advantages of SIW higher-order modes and long slot LWAs and they may be a
good candidate to develop an array in millimeter-wave systems for practical applications, e.g., a

planar array with two-dimensional hybrid phase-frequency beam-scanning (pencil beam) for
FMCW radars.



Table 3.3 A Comparison between Similar Works and the Proposed Designs (© 2020 IEEE, reproduced with permission)

Footprint

e SOEE (free-space| Cross- Radiation | , e
. Scanning p SLL Gain . Source & | Structural
Ref. Bandwidth o at the |Polar Level . Efficiency . .
o Range (dB) (dBi) ° Operating | Technique
(%) center (dB) (%)
(degree) Mode
frequency)
Hybrid
[26] 26.7 56 0.457 N/A 20 N/A N/A waveguide
printed
circuit
[45] 11.4 18.6 0.447 -38.9 -29.3 12.7 66.1 Single-
) layered SIW|
[117] N/A N/A 0.344 -39 -20 18 89.9 Single
(TE10) Multi-
[46] 20 30 0.432 -27 -28 14.6 90.5 layered SIW
[21] 30.8 324 0.624 -41.9 -26.3 16.5 88 Ridged/Step
[23] 37.8 20 0.648 30 20 N/A N/A ped RWG
[48] 21.5 53 0.515 -7 -11 10.9 90
Single
42 5.5 0.381 N/A -10 11.4 N/A
[42] 9 / / (TEo.5,0)
[43] 19.4 N/A 1.653 -20 -8 9.3 N/A Single-
layered SIW|
[47] 3 N/A 0.786 -26 -11 15.1 N/A Dual
Type I 11.4 26 0.677 420 23.1 142 73.7 (TE20)
Type 11 11.4 28 0.677 -37.1 -22.9 13.8 72.1

49
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CHAPTER 4 ARTICLE 2: TRANSVERSELY SLOTTED SIW LEAKY-
WAVE ANTENNA FEATURING RAPID BEAM-SCANNING FOR
MILLIMETER-WAVE APPLICATIONS

Dongze Zheng, Yue-Long Lyu, and Ke Wu

Published in the IEEE Transactions on Antennas and Propagation, vol. 68, no. 6, pp. 4172-4185,
Jun. 2020.

© 2020 IEEE. Reprinted with permission.

Loading effects of RDs have been explored to increase the phase constant’ frequency sensitivity of
LWAs, based on which a quasi-uniform transversely slotted substrate integrated waveguide LWA
featuring rapid beam-scanning and its hexagonal array have been proposed and investigated for
millimeter-wave applications. The design concept is simply based on the use of a short period of
unit cells and a long transverse slot with a sharp inductive reactance, and it has been elaborated
theoretically and validated effectively by both full-wave and circuit-based simulations. A taper
design with -25 dB Taylor amplitude distribution is implemented for the proposed LWA to have a
low side-lobe radiation. For practical system applications, a hexagonal array consisting of six
proposed LWAs is developed to provide an omnidirectional coverage in the azimuth plane while
remaining the rapid frequency-driven beam-scanning in the elevation plane. Both measured and
simulated results are in an acceptable agreement with respect to the LWA block and the associated
hexagonal array in terms of circuit and radiation performances. The proposed antenna will be a
good candidate to be applied for prospective millimeter-wave systems such as autonomous driving

and flying.

4.1 Introduction

As a special class of travelling-wave radiating structures, LWAS have been attractive and inspiring
since decades for microwave and millimeter-wave applications such as automotive radar, sensor

and wireless communication systems. This is attributed to their numerous appealing features, i.e.,
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low profile, simple feeding mechanism, high directivity, narrow beam and frequency beam-
scanning capability [9][11][210]. LWAs, in which gradually leaking-out travelling waves are
guided along specific wave-guiding structures, can be regarded as a special kind of lossy TLs where
majority of losses are in the form of radiation. Interestingly, they can also be interpreted as a series-
feeding antenna array where the antenna elements and feeder are seamlessly integrated together.
Various TLs have been used to develop different types of LWAS since the 1940s, including the
RWG [13][19][20], microstrip line [27]-[36], CPS or CPW [37]-[41], SIW [42]-[65], and SSPPs
or goubau lines [66]-[76]. Generally, all the LWAs mentioned above are formed by loading
radiating discontinuities or perturbations into original TLs in a continuous or periodic manner,
based on which they can be classified into three categories, i.e., uniform, quasi-uniform and
periodic LWAs [9][11]. Radiating discontinuities in an LWA should be explicitly analyzed since
they are critical for determining the complex propagation constants of the related leaky mode, i.e.,
they are not only responsible for controlling leakage radiation, but also closely linked to the phase

constant of leaky structures.

In practical application scenarios such as traffic-monitoring, automotive collision avoidance,
autonomous driving and flying systems, their bandwidth of operation is mainly subject to the
antenna components, which are normally constituted of narrowband-natured standing-wave series-
fed antenna arrays (e.g., slotted waveguide or series-fed patch antenna arrays) [211]-[214].
Fortunately, in such cases, a desirable wide beam-scanning range aimed for a wide space coverage
of target-detection can still be realized with the help of phase shifters or beam-forming networks.
Compared to standing-wave series-fed arrays, LWAs are capable of providing a wide beam-
coverage as well where the desirable beam-scanning is simply driven by frequency, thereby
avoiding the use of expensive phase shifters or complex beam-forming networks. Unfortunately,
most LWAS suffer from “slow beam-scanning”, which means that their wide beam-coverage is at
the expense of a wide operating frequency bandwidth. As a suitable replacement for standing-wave
arrays, promising LWAs should possess a large beam-scanning range within a small fractional
frequency bandwidth (i.e., rapid frequency beam-scanning) to relieve the strict bandwidth
requirements on front-end system components without sacrificing space-detecting coverage,
economize on spectrum resources and also provide a possibility for fast-tracking in radar systems
[193][195].
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Few works have been reported so far to design LWAs with a rapid beam-scanning property [136]-
[154], and they may be classified into three basic types. The first type, as proposed in [136]-
[138][153][154], makes use of higher-order (e.g., 2" or 3' order) space harmonics of periodic
LWA:s to perform the beam-scanning. In these cases, higher-order space harmonics are realized by
using meandering feedlines between adjacent radiating elements. They are able to provide more
phase variations over a given frequency increment (4f) by enlarging the meandering degree of
feedlines, and this will be explained particularly in the next section of this chapter. Note that the
works reported in [139]-[140], in which specially designed phase shifters featuring sensitive phase-
frequency response were introduced between radiating elements to increase beam-scanning rate,
also generally share the similar principle as the aforementioned method. Another approach is based
on the use of highly dispersive slow-wave structures to construct periodic LWAs as they have
improved effective media parameters (i.e., permittivity and permeability) compared to normal TLs,
thereby possessing steeper phase constant versus frequency and enhanced beam-scanning rate
[144][146]. The third approach depends on the creation of a stopband close to the cut-off of a leaky
mode, due to which the leaky mode’s phase constant can be sharpened with exhibiting a strong
dispersion and thus the beam-scanning rate is improved. For example, by loading shorting vias to
an EH; mode-based microstrip LWA, a strong stopband is deliberately created and located near the
cut-off of the EH: mode [145]. Similarly, a high-impedance-surface (HIS)-loaded hollow
waveguide LWA is able to embrace a rapid beam-scanning if the resonance condition introduced
by the HIS is placed close to the cut-off of the related leaky mode of the hollow LWA [147].

On the other hand, it is promising and attractive if a radar system is capable of providing a 360°
omnidirectional coverage in the azimuth plane and a beam-scanning capability in the elevation
plane, for the purpose of reducing blind spots and achieving a full-space detection. This will be
very useful in autonomous driving and flying systems for obstacle avoidance, self-localization and
mapping. Also, it has the potential to be used in wireless and satellite communication systems, as
well as radar imaging. Although several ground-free LWAs reported in [66][72][73][91] can be
used to provide a full-coverage in the azimuth plane and a frequency-scanned beam in the elevation
plane, they suffer from slow beam-scanning rate, complex feeding mechanism and difficulty in
current system integration. Thus, they are unsuitable for practical millimeter-wave system

applications.
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In this chapter, impedance/admittance properties (i.e., loading effects) of radiating discontinuities
are analyzed in detail and then related to an LWA with respect to its frequency sensitivity of the
phase constant. The proposed design is simply based on SIW unit cells characterized by short
period length and long transverse slots with sharp inductive reactance. Theoretical analysis based
on a simplified equivalent circuit model of the unit cell is performed, and both circuit-based and
full-wave simulations are conducted to verify the design concept. In order to have a low SLL
radiation, a taper illumination with -25 dB Taylor amplitude distribution is implemented for the
proposed SIW LWA. Part of the work described in this chapter can be found in [141], which is
merely a preliminary design that was not elaborated in depth and systemically. In addition, a three-
dimensional (3-D) hexagonal array consisting of six proposed LWA building blocks is developed
to provide an omnidirectional coverage in the azimuth plane while remaining a rapid frequency-
driven beam-scanning in the elevation plane for system applications. Both measured and simulated
results are in an acceptable agreement with respect to the LWA blocks and the associated hexagonal

array in terms of circuit and radiation performances.
4.2 Theory and Principle

4.2.1 Beam-Scanning Properties of LWAS

According to the general LWA theory [9][11], the main beam direction of an LWA can be

determined by its effective phase constant, and the related formula is given as follows:
Ove = Sinil(ﬂeﬁ /ko) (4.1)

where Ovs is the main beam direction (as a function of working frequency f) measured from the
broadside, ko is the free-space wavenumber, and Ses is the effective phase constant of the leaky
mode responsible for radiation. It should be noted that the definition of e is flexible, depending
on the types of LWAs. For example, it can be defined as the phase constant of the fundamental
mode (space-harmonic) for uniform or quasi-uniform LWAS; it can also represent the phase
constant of a higher-order space harmonic (e.g., -1% order) for periodic LWAs. It is easy to
understand that in order to have a larger beam-scanning range over a given frequency band, the
derivative of Oue, expressed as 6 ’ms, should have a larger value and it is determined by
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O ~ (B [Ko) [ 1= By [Ko)? (4.2)

Thus, for a given frequency or beam direction, the one with a larger (Beft /ko)' will have a larger
0've. Equivalently, if an LWA can have a larger slope of the effective phase constant Sesr or
normalized effective phase constant fer/ko over frequency, a wider beam-scanning range can be
realized in a given frequency range, i.e., the rapid beam-scanning property. Bear this remark in

mind as it will run through this chapter.

AZ

Feedline (f7;) Radiating elements

Figure 4.1 Illlustration of a generalized periodic LWA

This is applicable to all LWAs that have periodic appearances along wave-guiding structures,
including both quasi-uniform and traditional periodic LWAs. (© 2020 IEEE, reproduced with

permission)

4.2.2 General Approaches for Rapid Beam-Scanning

Since the beam-scanning rate of an LWA is only concerned with the slope of its effective phase
constant Sert or normalized effective phase constant feri/ko, general approaches are discussed here

to improve such a parameter in this subsection.

Figure 4.1 depicts a generalized periodic LWA. The free-space distance between two adjacent
radiating elements (i.e., periodic perturbations or discontinuities) is denoted as P, while the length
of the feedline between the two is represented by L. The periodic loading effects of radiating
elements on the feedline are ignored here for simplified analysis, and they will be separately
considered later. According to traditional antenna array theory [16], the phase difference y between

two adjacent radiating elements in the far field can be expressed as
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w=—p, L+k,Psing (4.3)

where S represents the original (unperturbed) phase constant of the feedline. When y = 2nz, n=0,
H, 2, ..., the array factor can reach its maximum, corresponding to the main beam with a direction

of Ows measured from broadside. Thus, we have
k,Sin 6,z = (B, L+2n7)/P
=p, L/P+2nz/P (4.4)

Since the condition of L > P is always satisfied and normally fr. is larger than ko (i.e., slow wave)
for most TLs (e.g., microstrip line, CPS and SIW) in the design of periodic LWAs, the main beam
direction Ows has a real value only if the parameter n in (4.4) is negative. When n = -1, it
corresponds to the well-known -1st order space harmonic in periodic LWAs. It is interesting to
note that this interpretation of space harmonics of periodic LWAs is simply derived from traditional
antenna array theory, and it can be used as a supplementary understanding of the radiation
mechanism of periodic LWAs [9][11]. When making a comparison between (4.1) and (4.4), we

can express
B =S L/P+2n7z/P (4.5)
Therefore, we can formulate the derivative of peff as
B = B L/P (4.6)

It is concluded from (4.5) and (4.6) that (i) all the space harmonics of a periodic LWA have the
same slope of the effective phase constant at the same frequency point; (ii) in order to improve S,
the original phase constant gt of a TL should have a large slope, and the length ratio L/P should
exhibit a large value, if possible. In principle, g’ is determined by the chosen substrate material
and working frequency region (this is especially for waveguide-based structures having non-TEM
propagating modes and cut-off features). For example, for the rectangular waveguide or SIW

working in its dominant TE1o mode, the slope of its phase constant 't can be expressed by

4.7

— &,
ﬁTL_\/Cz[l_(fC/f)Z:I
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where & is the relative permittivity of the filling material, c is the light speed in the free-space, and
fc is the cut-off frequency of the dominant TE1o mode. It can be seen from (4.7) that using a substrate
with a larger relative permittivity is beneficial for obtaining a larger £'r.. For those TEM or quasi-
TEM TLs such as the coaxial cable, microstrip line and CPS, this guideline is applicable as well.
It is interesting to mention that slow-wave structures, which usually have a large effective
permittivity or permeability that leads to the enhancement of sensitivity of the phase constant, also
generally fall into this group. Several works reported in [144][146] are based on this principle to
increase the beam-scanning rate of LWAs, as mentioned previously. In addition, it can also be
found from (4.7) that choosing the working frequency range closer to the cut-off is able to provide
a larger S'r. On the other hand, when it comes to (4.5) and (4.6) again, it is seen that increasing
the length ratio L/P (=1) is also a wise choice for LWAs with beam-scanning rate enhancement.
Notably, when the length ratio L/P has a large value, the integer n in (4.5) normally has a large
negative value (e.g., n< -2), corresponding to higher-order space harmonics in periodic LWAsS.
The related works can be found in [136]-[138][153][154].

4.2.3 Specific Approaches for Rapid Beam-Scanning—Loading Effects of

Radiating Discontinuities

Several approaches have been described explicitly in Chapter 4.2.2 to provide a general guideline
to improve the beam-scanning rate of LWAs. Note that in (4.4) S can also be smaller than ko (i.e.,
fast wave) and this corresponds to quasi-uniform LWA that uses the fundamental space harmonic
to radiate [i.e., integer n in (4.4) is set to 0]. For example, the works in [14][50][52] belong to this
category. The loading effects introduced by periodic radiating discontinuities, however, have not
been considered in the above analysis. In this subsection, a specific approach based on the use of
loading effects of radiating discontinuities to increase the slope of the leaky mode’s phase constant

and associated beam-scanning rate is proposed and demonstrated.

As an implementation of generalized periodic LWAs illustrated in Figure 4.1, two kinds of typical
LWA unit cells and their related equivalent circuit models are depicted in Figure 4.2. The firstis a
transversely slotted SIW LWA unit cell, while the other is a microstrip combline counterpart. It is
obvious that the two unit-cells shown here are totally different in terms of TLs (i.e., SIW and

microstrip line), RDs (i.e., slot and stub) and equivalent circuit models (i.e., series- and shunt-type).
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Figure 4.2 Two typical LWA unit cells and their related equivalent circuit models

(@) Transversely slotted SIW LWA unit cell and its series-type circuit model. (b) Microstrip
combline LWA unit cell and its shunt-type circuit model. Zsand Ys represent loading effects
introduced by the slot and stub, respectively. (© 2020 IEEE, reproduced with permission)

More importantly, they can represent most periodic LWAS in the open literature. Note that the two
kinds of circuit models are complementary with each other, satisfying the duality theorem [48].
Because of this, they observe the same analysis procedure. Thus, only the series-type circuit model,

as shown in Figure 4.2(a), is analyzed in the following for brevity.

Figure 4.3(a) depicts the geometry of a conventional transversely slotted SIW LWA consisting of
a number of unit cells like the one in Figure 4.2(a). In order to highlight the loading effects of RDs
(i.e., slots), an SIW fabricated in a low relative permittivity substrate is used as the host TL.
Specifically, the SIW is designed on a substrate with relative permittivity of &=2.94 and thickness
of h = 0.508 mm. Two rows of plated via-slot or trench arrays are employed to form the SIW
sidewalls. The distance between adjacent plated via-slots is represented as d and the period of the
plated via-slot array is denoted as S. The length and width of the transverse slot are represented as
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Figure 4.3 (a) Geometry of a conventional transversely slotted SIW LWA. (b) Normalized

impedance of a transverse slot etched on an SIW

(© 2020 IEEE, reproduced with permission)

Ls and Ws, respectively, while the period of these transverse slots is P. It can be found that the
length ratio “L/P” defined in the last subsection is unity here and thus it does not contribute to
improving the beam-scanning rate. This can further emphasize the role of RDs in shaping the leaky
mode’s effective phase constant. As shown in Figure 4.2(a), the transverse slot can be modeled as
a series impedance (Zs) consisting of a typical parallel RLC resonator (i.e. Rs, Ls and Cs, which are

not shown for brevity). S-parameters of the two-port network (the unit cell), according to [18], can

Sunit — (ill 212 j
21 22

be expressed by

Z,/Z, o ifnP 2 oime
_ 2+2,/Z, 2+7,/Z, 4.8)
2 e—jﬂrLP ZS/ZO e—jﬁTLP
2+ZS/Z0 2+ZS/Z0

where Zo and fr. represent the characteristic impedance and phase constant of the host TL, e.g.,
the original SIW without slot perturbation. Consequently, the phase delay of the whole unit cell

can be derived as

—arg(S,) = S P+arg(2+Zg /Zo)
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=L, P+o.(f) 4.9
where ¢, (f)=arg(2+Z,/Z,) . Itis observed from (4.9) that the phase delay of the whole unit cell
results from two contributions: the original phase delay of the host TL and the one introduced by
the discontinuity, namely, ¢s(f). Note that this is generally applicable to all LWAs having periodic
appearances. When Zs is inductive (i.e., im(Zs)>0), the phase delay of the unit cell is increased
compared to that of the host TL; on the contrary, its phase delay is decreased if Zs is capacitive.

The effective phase constant Serr of the unit cell can be approximately derived as

B =—arg(S,)/P

=B +o.(1)/P (4.10)

The slope of the effective phase constant of an LWA, according to (4.10), can thus be expressed
by

B = Pr + @l (1)/P (4.11)

The general approaches to increasing £t have already been described in the last subsection. Here,
we only consider the contribution from the radiating discontinuity for improving f'e of an LWA.
From the second item in (4.11) we can conclude that a large S’ can benefit from (i) decreasing P
and/or (ii) increasing ¢'s(f). The method regarding decreasing P to increase S’ is obvious. Here,

we consider ¢'s(f), which can be expressed as
p'.=arg'(2+2,12,)
=arg'[2+r(f)+ jx(f)] (4.12)

where r(f) and x(f) represent the real and imaginary parts of the normalized impedance introduced
by the radiating discontinuity, respectively. Based on the equivalent circuit model of the unit cell
and the formula (4.8), the normalized impedance of the slot discontinuity can be easily calculated

by simulating a unit cell in a simulator (e.g., HFSS) and using the following formula
Z,/Zy=r(f)+jx(f)

~ zslle 1B P

= 413
1-S,,e'? (4.13)
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in which a de-embedding to the slot center has already been analytically involved. During the
extraction process, reference planes are placed at the two edges of the unit cell. As an alternative
approach, however, the de-embedding can be directly conducted in simulators by shifting reference
planes to the slot center. Both can yield the same result. Figure 4.3(b) shows the extracted
normalized impedance of the slot when some specific values are assigned to the unit cell for
simulation, i.e., W1=2.62 mm, Ls=2 mm, and Ws=0.25 mm. It can be found that the slot is more
reactive rather than radiative and r(f) representing the radiation losses is extremely small. Normally,
r(f) should be chosen with a small value to have a slowly attenuated travelling-wave propagating
along the guided-wave structure over a frequency band of interest (e.g., 34-36 GHz in this design)
[9]11]. Thus, (4.12) can be modified as

o,(f)=arg'[2+ jx(1))]

=arctan'[x(f)/2]

1 .
=—2+X2(f)x(f) (4.14)
2

From (4.14), it is straightforward to find that a larger x'(f) would result in a larger ¢'s(f), generally.
Since the slope of the imaginary part of slot impedance is increasing with frequency before
resonance as shown in Figure 4.3(b), a longer slot will give rise to a larger x'(f) at a given frequency
to some extent, and thus a larger ¢'s(f) can be obtained subsequently. As a result, if a longer
inductive slot is adopted in a slotted LWA, a larger slope of the effective phase constant of the
leaky mode f'sfr, associated with a larger beam-scanning range, can be obtained at a given frequency
bandwidth.

So far, it can be concluded that for an LWA unit cell having a series-type equivalent circuit model
as shown in Figure 4.2(a), two instructive methods can be adopted to increase the beam-scanning
rate, in addition to those general approaches that make use of high-permittivity substrates and/or
choose the working frequency close to the cut-off as mentioned previously. That is to employ a
radiating discontinuity characterized with a sharp inductive reactance versus frequency, together
with a short period length of unit cells. On the other hand, for an LWA unit cell having a shunt-

type equivalent circuit model like the one shown in Figure 4.2(b), the similar remarks can be easily
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Figure 4.4 Normalized effective phase constants extracted from full-wave and circuit simulations
with respect to different (a) P (Ls=1.8 mm), and (b) Ls (P=0.5 mm)

P=infinity and Ls=0 represent the cases for the SIW without slot perturbations, i.e., original SIW
TL. (© 2020 IEEE, reproduced with permission)

generalized according to the duality theorem: to employ a radiating discontinuity characterized
with a sharp capacitive susceptance versus frequency, together with a short period length of unit
cells. It is interesting to note that these remarks can be applied to most LWAs having periodic

appearance only if they have such kinds of equivalent circuit models.

In order to verify this design concept, a transversely slotted SIW LWA consisting of such unit cells
has been implemented, aimed at the target frequency band from 34 to 36 GHz. A unit cell truncated
from Figure 4.3(a) is simulated with pre-designated parameters of W1=2.62 mm and Ws=0.25 mm,
together with different slot length Ls and period P. The effective phase constant can be
conveniently extracted from S-parameters of the unit cell based on Bloch-Floquet theorem [18],

which can be expressed as

ﬂeﬁzlm[arccosh(l SuSz + S, Slz)/} (4.15)

The normalized effective phase constants extracted from both full-wave and circuit-based
simulations are depicted in Figure 4.4. It can be found that when either increasing the slot length

Ls or decreasing the unit period length P, the effective phase constant becomes steeper and the fast-
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Figure 4.5 Dispersion diagrams of the proposed slotted SIW LWA unit cell, which are separately
calculated by Bloch-Floquet theorem and Eigenmode approaches

The unit cell is selected with P=0.5 mm, Ls=1.6 mm, and Ws= 0.25 mm for demonstration. (©

2020 IEEE, reproduced with permission)

wave region is narrower. This is consistent with the theoretical analyses and conclusions drawn
above, thereby indicating that a wider beam-scanning coverage and rapid beam-scanning can be
realized in the target frequency band with such specific approaches. Since the slot can be modeled
as a parallel RLC resonator and its impedance can be easily obtained with the aforementioned
extraction processes, a circuit simulation package such as Advanced Design System (ADS) is then
used to do the circuit simulation, with these values of circuit components (i.e., Rs, Ls and Cs)
conveniently acquired by using curve-fitting methods [28][37][40][56][145]. The circuit-based
simulations are in a reasonable agreement with the full-wave simulated counterparts, and both can
demonstrate the correctness and effectiveness of the proposed design concept in this sense. It is
necessary to mention that all the conducted analyses and demonstrated remarks in the above are
based on an isolated unit cell; mutual coupling effects among unit cells have not been considered.
These simplified actions, generally, can draw only an approximate picture of operating mechanism
of the structure, but have the advantage of giving significant insight on how the loading effects of
RDs affect the effective phase constant of an LWA. Figure 4.5 depicts the calculated dispersion
diagrams of the unit cell by using two different approaches, i.e., Eigenmode and Bloch-Floguet,
with mutual coupling effects considered or not. Interestingly, it is illustrated that the two curves

coincide well with each other. This indicates that the mutual coupling effects almost have no
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influence on the dispersion properties of the unit cell, although the period of the unit cell is very
short. The similar phenomenon can also be found in [38][40][52] that only the attenuation constant
of an LWA will be influenced by the mutual coupling effects while the phase constant is almost
free of that. Consequently, the simplified circuit model together with its relevant theoretical
analyses and simulations (full-wave and circuit) in the above is justified and effective for

demonstrating the proposed concept.

4.3 Transversely Slotted SIW LWA Featuring Rapid Frequency Beam-

Scanning

4.3.1 Low Side-Lobe Design

General and specific approaches for beam-scanning rate enhancement have been described and
studied in the last section. Loading effects of radiating discontinuities have been exploited to relate
their impedance/admittance properties to the phase constant of the related leaky mode, and a
transversely slotted SIW LWA featuring rapid beam-scanning is demonstrated. Since the period
length of unit cells is much smaller than the guided-wavelength of the frequency of interest, the
proposed LWA belongs to the quasi-uniform type. It is known that for a finite-length LWA having
uniformly distributed radiating discontinuities without tapered design, it has an exponentially
decaying amplitude illumination and thus a high SLL of approximately -13 dB is usually
encountered [9][11]. In most practical applications, the aperture amplitude distribution on an LWA
should be tapered to have a low SLL. Here, -25 dB Taylor line-source distribution is implemented
on the proposed LWA. The distribution of attenuation constant along the LWA [i.e., a(X)],

according to [9], can be determined by

|AX)[ /2
1 eLa/2 2 X 2
ot L0 G IC LS TG

La/2

a(x) = (4.16)

where |A(x)| is the normalized amplitude distribution, La is the aperture length of the LWA, and er
is the radiation efficiency. |A(x)| can be simply calculated with -25 dB Taylor amplitude distribution.
er is selected as 90%, which is a general and popular choice. In order to extract the attenuation
constant of the LWA with different Ls, a large number of unit cells should be cascaded and
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Figure 4.6 (a) Extracted normalized attenuation constant as a function of slot length Ls. (b)
Distribution of the normalized attenuation constant and slot length Ls along the LWA with -25 dB

Taylor line-source amplitude distribution

The working frequency is 35 GHz. (© 2020 IEEE, reproduced with permission)

simulated in HFSS. In this situation, mutual coupling effects among unit cells can be well
considered to get a relatively accurate knowledge of the attenuation constant, which is critical for
low SLL LWA designs [30][38][45][50]. Since the attenuation constant in formula (4.16) only
represents the radiation loss, the conductor and dielectric losses, therefore, are neglected in this
extraction process. A segment of the slotted LWA as shown in Figure 4.3 is used to do the
extraction. The period length P is selected as 0.5 mm; the slot length Ls is changed from 0.5 to 2.1
mm with a step of 0.0lmm; the other parameters shown in Figure 4.3(a) are W1= 2.62 mm,
Ws=0.25 mm, S=1.4 mm, d=0.3 mm, t=0.3 mm, h=0.508mm, and &=2.94. The frequency of
operation is 35 GHz. The extracted normalized attenuation constants as a function of slot length Ls
are depicted in Figure 4.6(a). It shows that a large scope of attenuation constant can be achieved
with slot length Ls changing from 0.5 mm to 2.1 mm, which is beneficial to acquire different
amplitude distributions and low SLLs. However, for a given SLL and radiation efficiency to be
designed, a longer length of LWA will result in the requirement of a relatively smaller attenuation
constant distributed along the LWA. Although it is favorable to achieve a large directivity and
narrow beam if an LWA has a long aperture length, it will be detrimental to have a rapid beam-
scanning property in our proposed design. This can be easily understood since for longer LWA to
be designed with a designated radiation efficiency, shorter slots should be adopted to slow the
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energy attenuation along the LWA, thereby decreasing the slope of effective phase constant and
slowing the rate of beam-scanning. After taking into account both directivity and dispersion
sensitivity of the LWA, La is selected to be 70 mm (about 8 1o, where Ao is the free-space
wavelength at the center frequency of 35 GHz). Thereafter, the normalized attenuation constant
distributed along the length of the LWA can be calculated based on (4.16), followed by the slot
length Ls distribution; both are shown in Figure 4.6(b).

4.3.2 Modeling, Simulation, and Measurement

When the slot length Ls distribution along the structure is determined, the tapered slotted SIW
LWA can be modeled. Along the leaky region, 141 slots are distributed discretely with a period of
P = 0.5 mm; each slot has a different length according to Figure 4.6(b). The final antenna structure
is described in Figure 4.7, together with two impedance matching sections and grounded coplanar
waveguide-to-SIW (GCPW-SIW) transitions at its two ends. Note that the working frequency band
of the proposed LWA is close to the cut-off of the SIW due to the requirement of fast-wave region.
Although it is beneficial to have a phase constant with a large slope as mentioned in Chapter 4.2.2,
it will bring the SIW a dramatically changing characteristic impedance versus frequency, causing
the trouble of impedance matching and transition design. To solve this problem, a impedance
matching sections consisting of a linearly tapered segment with a length of Ly, a delay line with a
length of L and two matching walls are added to the designed leakage region, as shown in Figure
4.7. Also note that when the matching section is connected to the main leaky region, the length of
the SIW line segment between the two parts, i.e., Li, should be optimized carefully to provide a
good impedance matching result. Practically, the two impedance matching sections and the leakage
region should be regarded as an entirety. A quarter-wavelength impedance transformer is inserted
into the GCPW-SIW transition to have a good return loss. Main parameters of the proposed LWA
are tabulated in Table 4.1. An experimental prototype of the proposed LWA was fabricated through
a precise laser micromachining process in our group, as shown in Figure 4.8, whereas its simulated
and measured S-parameters are plotted in Figure 4.9(a). It can be seen that the measured |S11| agrees
generally with the simulated one except for a slight frequency shift and impedance matching
deterioration, which may be caused by fabrication errors. The measured |S21| is lower than its

simulated counterpart, which may be related to the increased dielectric and conductor losses as
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well as the connector loss. Simulated and measured realized gains as well as simulated directivity
are plotted in Figure 4.9(b). The simulated directivity is more than 15.6 dBi with a variation of less
than 3 dBi exhibited in the target frequency band. By contrast, the maximum achievable realized
gain for the simulation is about 13.6 dBi while the measured counterpart exhibits a reasonable drop
of approximately 1.5 dBi because of the aforementioned losses mechanism. Compared to the stable
directivity over the whole frequency band of interest, the realized gain shows a relatively unstable
performance (especially at lower frequencies) due to the increasing difference between the

Impedance matching
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Figure 4.7 Geometry of various structures

(a) Slotted SIW LWA with rapid beam-scanning and low SLL, (b) impedance matching section
(top metal layer is hidden), and (c) GCPW-SIW transition inserted with a quarter-wavelength
impedance transformer. Continuous sidewalls are used here for modeling and simulation
convenience, and they can be easily replaced by plated via-slot/trench arrays in practical

fabrication. (© 2020 IEEE, reproduced with permission)
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Figure 4.8 Photograph of experimental prototype of the proposed LWA

Rogers 6002 substrate with h=0.508 mm, &=2.94 and tan £=0.0012 is used for PCB fabrication.
The copper cladding thickness is 18 um. Plated via-slot arrays with d=0.3 mm, t=0.3 mm and
S=1.4 mm (as shown in Figure 4.3) are practically adopted to form the SIW. (© 2020 IEEE,
reproduced with permission)

Table 4.1 Main Dimensions of the Proposed Transversely Slotted SIW LWA (Unit: mm) (©
2020 IEEE, reproduced with permission)

Parameter J/; La Wi w2 L

Value 6 70 2.62 351 4
Parameter L. L W mw ml
Value 4 2.2 04 045 03

Parameter L.; Leo Wi Wes W1
Value 1.65 3.2 1.14 2 0.2

Parameter W, W3 W,
Value 0.32 0.5 04

directivity and realized gain as frequency decreases. This can be explained by the fact that
deteriorated losses from materials (dielectrics and conductors) occur with the frequency decreasing
and getting close to the cut-off of the SIW. In the frequency region close to the cut-off, the group
velocity of signal is small and thus more time should be spent for the signal to travel from one end
to the other of the LWA,; this will lead to the increased dielectric and conductor losses [14][148].
Both simulated and measured realized gains show a fluctuation of less than 5 dBi over the target
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Figure 4.10 Radiation patterns of the proposed LWA in the xoz plane at several frequencies with

respect to (a) simulation and (b) measurement

(© 2020 IEEE, reproduced with permission)

frequency band (however, it is less than 3 dBi in the range from 34.5 to 36 GHz). Since the gain

fluctuation is related to the aforementioned losses mechanism, some approaches may be potentially

adopted to mitigate this issue. For example, low-loss substrate (e.g., Rogers 5880 or Silicon) or air-

filled SIW [215] can be employed to reduce the dielectric loss, while thick substrate is beneficial

for lowering the conductor loss. Simulated and measured radiation patterns in the xoz plane at
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different frequencies are plotted in Figure 4.10. It shows that the simulated main beam can be
scanned from 13° to 61° from 34 to 36 GHz, in which a beam-scanning range from 17° to 58° was
realized experimentally. Also, a good SLL (including the back-lobe level) of about -18 dB at the
center frequency of 35 GHz was achieved in simulation. It can be seen that the SLL is mainly
constrained by a large back-lobe that is due to reflected waves caused by large slot discontinuities
or mismatched termination [20][27]. Note that back-lobes cannot be predicted and calculated by
the famous low SLL procedure as implemented above and described in [9]. Although measured
SLLs are slightly deteriorated than simulated counterparts that may be due to fabrication errors and

measurement issues, they are all in an acceptable level (better than 15 dBi generally) for practical

Table 4.2 A Comparison between the Proposed Work and Several References (© 2020 IEEE,

reproduced with permission)

Fractional Scanning  Scanning rate
Ref. bandwidth  range  (degree/fractional Approaches
(%) (degree) bandwidth)

[145] 7.6 36.5 4.8 Stopband
[147] 37 62 1.7 (Vias or HIS)
[136] 8.3 60 7.2 Meandering
[138] 17.4 73.5 4.2 feedlines
[139] 11.8 30 2.5 Phase
[140] 4 59 14.8 shifters
[144] 3 33 11.7 Slow-wave
[146] 9 123 13.7 structures
[14] 16.2 53 33 ‘
Conventional
[51] 43.5 75 1.7 Slotted SIW
LWAs
[52] 393 140 3.6
This Loading

work 5.7 4l 7.2 effects
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applications. A comparison is conducted between the proposed LWA and several referenced works
that use different kinds of approaches to improve the beam-scanning rate as mentioned in the
Introduction section, as described in Table 4.2. To have a fair comparison among different LWAS
working in different frequency bands, the beam-scanning rate should be defined as the beam-
scanning span per fractional bandwidth. It can be seen clearly that the proposed work has a higher
beam-scanning rate than most works listed in the table, even though a taper aperture illumination
that has an adverse influence on beam-scanning rate was implemented in the proposed design.
Furthermore, when making a comparison with those conventional slotted SIW LWAs [14][51][52],
the proposed work shares the same merit of simple geometry but exhibits a distinct enhancement
of beam-scanning rate. Also, it should be noted that the proposed work is the only one designed in
the millimeter-wave range in which most of approaches mentioned in the table will lose their
virtues due to their naturally complex structures, high losses and high fabrication difficulties.
However, a limitation of this work is that the attenuation and phase constants cannot be
independently chosen, since both are related to the loading effects of radiating discontinuities. To
be more specific, although the rapid beam-scanning can be achieved by using long slot in the
proposed SIW LWA, this will lead to a relatively large attenuation constant and thus highly
directive LWA may be hard to be realized. Fortunately, higher-permittivity or lower-thickness
substrate can be used to mitigate this issue. In these situations, more guided energy is confined
inside the SIW and thus the slot is more reactive rather than radiative, implying that a low radiation
attenuation and high directivity may be potentially obtained by the relevant LWA with remaining
or even improving the rapid beam-scanning property. Due to such a limitation, the proposed design,
in this sense, will be more suitable for short-/middle-range radar or wireless communication
application scenarios [1][2][211]-[214]. In sum, the proposed work owns the benefits of simple
configuration, easy design and fabrication, low cost, low SLL, and especially the rapid beam-

scanning property; thus, it is suitable for mass production and system integration.

4.3.3 Tolerance Analysis

It occurs frequently that measured results deviates from simulated counterparts to some extent,
which may be especially obvious with such highly dispersive LWA designed in high frequencies.

Tolerance issues from fabrication should be mainly or partially responsible for this. Typically, it is
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known that substrate properties such as thickness and relative permittivity have some specific
manufacturing tolerances, e.g., the chosen substrate in this proposed design is Rogers 6002 with
relative permittivity of 2.94+ 0.04 and thickness of 20+ 1 mil. Generally, this kind of tolerances
are small enough and thus they are not taken into consideration in most cases. Some other factors
contribute to most performance deviation such as the accuracy of position and size of plated via-
holes, as well as the width of slot and line in fabrication process. Consequently, it is necessary to
perform a tolerance analysis to measure the degrees of performance deviation, which is quite

important and practical for mass production.

Since the frequency region close to the cut-off of an SIW is used to implement the proposed quasi-
uniform LWA for achieving fast-wave radiation and beam-scanning, there is no doubt that
fluctuations of the cut-off frequency of the SIW will give rise to variations of beam-scanning
properties, e.g., the range, rate, and starting and ending directions of beam-scanning. Therefore,
atolerance analysis of the SIW width (i.e., W1, as shown in Figure 4.7) should be analyzed. Figure
4.11(a) describes beam-scanning properties of the proposed design with different fabrication
tolerances for W1. Although the starting and ending of the beam directions are different for such
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Figure 4.11 Tolerance analysis of the proposed LWA regarding the width (W1) of the SIW

(a) Beam-scanning properties. (b) Radiation patterns at 35 GHz. In the inset of figures, the
“original” means the proposed design without any tolerance problem; positive sign “+” represents
that the SIW width is enlarged while negative sign “-”” denotes opposite situations. (© 2020
IEEE, reproduced with permission)
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fives cases as expected, they almost have the same beam-scanning span in the limited frequency
band from 34 to 36 GHz, implying that they almost have the same beam-scanning rate. These
specific beam-scanning spans are 48°, 47°, 46°, 46°, and 49° for those cases listed in the inset of
Figure 4.11(a), respectively. The radiation patterns at the design frequency of 35 GHz for different
fabrication tolerances are plotted in Figure 4.11(b), showing that good SLLs are all achieved in
such five cases. Notably, all the SLLs are approximately better than 23 dB if back-lobes are not
taken into consideration, which are generally consistent with the target performed with low SLL

design procedure, i.e., -25 dB.

4.4 Three-Dimensional Hexagonal Array for Omnidirectional Radiation

It is very promising to have an LWA that is able to provide a full-coverage in the azimuth plane
and a substantial beam-scanning in the elevation plane, which may find potential applications in
autonomous driving and flying, radar imaging, and wireless communication systems. The LWA
featuring rapid beam-scanning is a good candidate to be used in such systems as explained
previously. However, most LWAs, including the proposed one, only have a fan-shape directional
beam scanned with frequency along the direction of wave guidance [9][11]. To satisfy the
requirements of both rapid frequency beam-scanning and omnidirectional beam coverage, a 3-D
hexagonal array consisting of six proposed LWA elements, six right-angled aperture-coupling
transitions and a 6-way radial power divider is developed in this section to provide an
omnidirectional coverage in the azimuth plane and a rapid frequency-scanned beam in the elevation

plane.

4.4.1 Design of LWA Array Block

The previously proposed SIW LWA should be slightly modified to facilitate array development.
The revised LWA array block is depicted in Figure 4.12(a). It is almost the same as the previous
one in Figure 4.7(a), excluding the newly designed aperture-coupling transition terminated at the
feeding end as depicted in Figure 4.12(b) and (c). In this LWA array block, the slot-coupling
aperture is etched on the opposite layer of the slotted radiating layer. The electromagnetic power
is fed from the feeding branch belonging to one output of the radial power divider shown in Figure
4.13, passing through the coupling slot aperture, and eventually reaching to the input end of the
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Figure 4.12 (a) Geometry of the designed LWA block for array implementation. (b) Aperture-
coupling transition terminated to the feeding end of the LWA block (top metal layer is hidden).
(c) Right-angled transition between the radial power divider and LWA block

In the LWA block, the slot aperture used for energy coupling is located in the opposite metal
layer compared to those transverse slots used for radiation. Continuous sidewalls are used here
for modeling and simulation convenience, and they can be easily replaced by plated via-
slot/trench arrays in practical fabrication. In (c), port2 is connected to the LWA block, while
portl is connected to one branch of the radial power divider. (© 2020 IEEE, reproduced with

permission)

LWA. Dimensions of the aperture-coupling transition and radial power divider are tabulated in
Table 4.3. Simulated S-parameters of the right-angled aperture-coupling transition is shown in

Figure 4.14. It is seen that in the target frequency band from 34-36 GHz, the return loss is better
than 30 dB while the insertion loss is better than 0.1 dB.
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Figure 4.13 Geometry of the proposed six-way cavity-based SIW radial power divider

(@) Top view. (b) 3-D view. The white areas in (a) represent unplated trenches used for
installation of LWA blocks. (© 2020 IEEE, reproduced with permission)

4.4.2 Design of Radial Power Divider

Figure 4.13 depicts the geometry of a cavity-based SIW resonant radial power divider, which is
inspired by [50]. A set of metallic via-holes are rotational-symmetrically embedded in the cavity
to increase the resonant frequency of the TMo: mode with only slightly perturbing the TMo2 mode.
By combining the TMo1 and TMo2 modes of a circular cavity resonator, a wideband performance
can be achieved. In the proposed radial power divider, only six outputs are employed because of

the considerations in terms of geometrical limitation of the circular cavity, the compactness of the

Table 4.3 Dimensions of the Proposed Right-angled Transition and Radial Power Divider for
Array Implementation (Unit: mm) (© 2020 IEEE, reproduced with permission)

Parameter W3 L3 Wap Lap Ly
Value 5 1.6 0.2 4 1.15

Parameter Wy h Rga R4 R3
Value 4 0.508 2.05 0.83 0.584

Parameter R R1 Ry G wid L.
Value 0.254 0.152 0.152 20 6
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Figure 4.14 Simulated S-parameters of the proposed right-angled aperture-coupling transition

Definition of these ports can be found in Figure 4.12(c). (© 2020 IEEE, reproduced with
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Figure 4.15 Simulated reflection and transmission coefficients of the proposed six-way radial

power divider with respect to (a) amplitudes and (b) phases

Definition of these ports can be found in Figure 4.13(b). (© 2020 IEEE, reproduced with

permission)

hexagonal array and the radiation circularity of the array in the azimuth plane. A two-step radial
power divider can be alternatively adopted to increase the number of outputs with improving
radiation circularity of the array but sacrificing its geometrical compactness [217]. A southwest
2.92 mm (K) coaxial connector is used to feed the radial power divider at its center and from its

bottom layer. Simulated reflection and transmission coefficients of the radial power divider with
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respect to their amplitudes and phases are plotted in Figure 4.15 (a) and (b), respectively. It is seen
apparently that a good impedance matching is achieved within 34-36 GHz and all the outputs have
the same amplitudes and phases, thus paving the way for achieving good circuit and radiation

performances for the hexagonal array.

4.4.3 Modeling, Simulation, and Measurement

After the design of the LWA array block, right-angled aperture-coupling transition and radial
power divider, a 3-D hexagonal array can be implemented, as shown in Figure 4.16. All LWA
blocks are inserted perpendicularly into those unplated trenches that are located in the radial power
divider. To make convenience in fabrication and measurement, all LWA blocks are open-
terminated at those unfed ends. It is believed to be reasonable and with a little influence, since there
is almost no remaining energy at the matching-end of the LWA element, as can be seen from the
measured |S21| in Figure 4.9. Simulated 3-D radiation patterns of the proposed array are plotted in
Figure 4.17. It is illustrated that a quasi-omnidirectional radiation beam is realized in the azimuth
plane, and circularity of the omnidirectional beam is improved with frequency. Since the array is
fed from the bottom of the radial power divider, the energy flows upwardly and thus the beam rises
with frequency, from the direction that is perpendicular to the axis (i.e., Z-axis, as shown in Figure
4.16) of the array. The proposed array was simulated, fabricated and measured, with the fabricated
prototype shown in Figure 4.16 and measured results described in Figure 4.18 - Figure 4.20.

Il Leaky-wave antenna
element

Radial power
divider

Southwest 2.92mm
(K) connector

Figure 4.16 Simulated hexagonal array model and its fabricated prototype

(© 2020 IEEE, reproduced with permission)



77

Side view

3-D view

(@) (b) (©)

Figure 4.17 3-D radiation patterns of the proposed hexagonal array with respect to different

frequencies

(@) 34 GHz; (b) 35 GHz; (c) 36 GHz. (© 2020 IEEE, reproduced with permission)

Simulated and measured |S11| are shown in Figure 4.18; it indicates that both are in a reasonable
agreement, with a good impedance matching of better than 10 dB achieved in the target frequency
band from 34 to 36 GHz. Figure 4.19 exhibits simulated and measured radiation patterns in the xoz
plane with respect to difference frequencies. For the simulation results, the beam can be scanned
from 14° to 72° that are measured from the broadside direction that is perpendicular to the Z-axis
of the array, with frequency changing from 34 to 36 GHz. The measured results generally agree
with those simulated counterparts, with the beam changing from about 20° to 69° in the same
frequency range. Simulated and measured gain performances in the azimuth plane with respect to
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Figure 4.18 Simulated and measured reflection coefficients of the proposed hexagonal array

(© 2020 IEEE, reproduced with permission)

their maximum radiation angles and frequencies are plotted in Figure 4.20. In the measurement,
the 3-D radiation sphere was evenly divided into 12 sections along the latitudinal direction, with
the starting point being phi=0° (i.e., the xoz-plane as shown in Figure 4.16) and adjacent sections
separated by 30°. The pattern measurement was conducted repeatedly at each specific azimuth
angle. Simulated results show that the maximum gain at each frequency (i.e., 34 GHz, 35 GHz and
36 GHz) are 5.9 dBi, 10.7 dBi, and 12 dBi, respectively, while the measured counterparts are 4.6
dBi, 9.5 dBi, and 10.8 dBi correspondingly. As for gain variations over the azimuthal plane in the
simulated cases, 4.6 dBi, 1.9 dBi, and 0.6 dBi are achieved at 34 GHz, 35 GHz and 36 GHz,
respectively; their measured counterparts are about 5.1 dBi, 2.2 dBi and 1.1 dBi, correspondingly.
It should be noted that the cross-sectional beamwidth of the proposed LWA element shows an
increasing trend with frequency (this is not given here for brevity), which is perhaps caused by the
increasing attenuation constant and beam solid-angle when the beam is scanned close to the end-
fire [9][11][16]. Because of this, the required quantity of LWA building blocks will differ in
frequencies if consistent circularity performances over the azimuthal plane are required. This
means that more LWA blocks should be used to maintain a relatively stable gain performance in
lower frequencies. Consequently, when implementing such a hexagonal array with a certain
number of LWA blocks, a relatively higher gain variation over the azimuthal plane of the array is

generally existent in lower frequencies compared to that in higher frequencies, and the circularity



Gain (dB)

330 0

— Simulation

1200

(a)

— — Measurement|

Simulation
— Measurement

240

(b)

Figure 4.19 Simulated and measured radiation patterns of the proposed hexagonal array in the

79

—— Simulation
— — Measurement|

xoz plane with respect to different frequencies

(a) 34 GHz; (b) 35 GHz; (c) 36 GHz. (© 2020 IEEE, reproduced with permission)

o
h

Realized gain (dBi)
c o

o W
T

1
(]

=

60 120 180 240 300
Phi (degree)

360

Figure 4.20 Simulated and measured realized gain of the proposed hexagonal array in the

azimuth plane with respect to different frequencies

(a) 34 GHz; (b) 35 GHz; (c) 36 GHz. Dashed lines represent simulated results, while scattered
symbols represent measured counterparts. Both simulated and measured results refer to the values

at corresponding elevation angles and frequencies. (© 2020 IEEE, reproduced with permission)

in the azimuthal plane will be improved with frequency as exhibited in Figure 4.17 and Figure 4.20.

For the proposed work, more LWA blocks with a multi-step (e.g., two-step) radial power divider

can be used to improve the circularity problem as mentioned before, and this will be considered in

our future work. In addition, the gain performance (maximum gain at each elevation angle) of the

array also shows an unstable trend with frequency, which is similar to that of the LWA element.
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When taking the criterion of 3 dB gain difference over frequency and azimuthal plane
simultaneously, the practical bandwidth of the array is approximately limited within 34.5 to 36
GHz. Both simulated and measured results in Figure 4.20 are roughly agreeable due to fabrication
errors or measurement issues. The measured gains are smaller than the simulated ones, which may
be caused by increased conductor and dielectric losses, as well as connector loss. Slightly increased

back-lobes may also be responsible for this.

4.5 Conclusion

In this chapter, a quasi-uniform transversely slotted SIW LWA featuring rapid beam-scanning and
its hexagonal array have been proposed and investigated for millimeter-wave systems. General
approaches for improving LWA-based frequency beam-scanning rate have been discussed initially,
followed by the specific approaches that make use of loading effects of radiating discontinuities to
increase the frequency sensitivity of phase constant of LWASs. The proposed SIW LWA is simply
based on the use of a long transverse slot with a sharp inductive reactance and a short period of
unit cells. For practical system applications, the proposed LWA is tapered to have a low SLL, and
a hexagonal array consisting of six proposed LWAs is developed to provide an omnidirectional
coverage in the azimuth plane while remaining the rapid frequency-driven beam-scanning in the
elevation plane. Both measured and simulated results are in an acceptable agreement. The proposed
antenna will be a good candidate to be applied for prospective millimeter-wave systems such as

autonomous driving and flying.
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CHAPTER 5 ARTICLE 3: MULTIFUNCTIONAL FILTERING LEAKY-
WAVE ANTENNA EXHIBITING SIMULTANEOUS RAPID BEAM-
SCANNING AND FREQUENCY-SELECTIVE CHARACTERISTICS
BASED ON RADIATIVE BANDPASS FILTER CONCEPT

Dongze Zheng and Ke Wu

Published in the IEEE Transactions on Antennas and Propagation, vol. 68, no. 8, pp. 5842-5854,
Aug. 2020.

© 2020 IEEE. Reprinted with permission.

In this chapter, the concept of RBPF is proposed and investigated for developing a class of
multifunctional filtering LWAs which exhibit simultaneous rapid frequency-dependent beam-
scanning and frequency-selective characteristics. An SIW is periodically loaded with closed (non-
radiative) discontinuities acting as a bandpass filter, where the lower and higher stopbands are
respectively stemmed from the SIW’s natural cut-off and the Bragg effects’ bandgap or bandstop
caused by periodic discontinuities. By adequately adjusting the periodicity of filter unit cells and
loading effects of closed discontinuities, filtering and dispersion behaviors of the periodic SIW can
be flexibly engineered. Open (radiative) discontinuities are then deliberately introduced into the
bandpass filter to generate a controllable radiation leakage, thereby accomplishing the design of
the RBPF, i.e., the proposed LWA. With this concept, both filtering/dispersion and radiation tasks
can be independently managed by different modules for LWAs. For demonstration purposes, two
kinds of closed discontinuities, namely non-radiative longitudinal slot-pair (capacitive) and iris
(inductive), are separately exploited for periodic SIWs with bandpass and high dispersion
characteristics; whereas transverse slot (open discontinuity) is mainly aimed for radiation leakage.
Two RBPF-based LWAs are simulated, fabricated and measured. Simulated and measured results
are in a reasonable agreement and both demonstrate the rapid beam-scanning and filtering

behaviors, thereby validating the proposed concept.
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5.1 Introduction

In the past few decades, there has been an increasing interest in microwave and millimeter-wave
periodic structures to develop many devices and components, among which slow-wave structures
[218]-[220] and filters [221]-[230] have been in the spotlight of research and receiving much
attention. Most of them are 1-D periodic structures and can be developed by loading periodic
perturbations (discontinuities) into host TLs, i.e., periodically loaded TLs. The EBG is a specially
coined terminology used to describe such periodic structures. Notably, those EBG discontinuities
are mostly formed by periodically patterning over a substrate, ground and signal line in different
TL technologies such as microstrip line [218][219][221]-[223], CPW [224]-[225], CPS [226] and
SIW [220][227]-[230], as shown in Figure 5.1. Accompanied with the periodicity, frequency-
selective (filtering) and slow-wave behaviors are normally found along the EBG periodic structures
[17]. For example, multiple bandstops or bandgaps are usually encountered due to the Bragg
condition, where the period length is approximately equal to multiple half guided-wavelengths that
correspond to the center frequencies of those stopbands. Such bandgap/bandstop behaviors
embraced by EBG periodic structures are mostly used for the development of various filters as

mentioned above.

LWAs are a special type of guided-wave structures along which travelling-wave propagates and
leaks simultaneously [9][11]. Generally, LWAs are created by loading open (radiative) elements
or discontinuities into various TLs in a continuous or periodic manner, upon which they can be
classified into three categories: uniform, quasi-uniform, and periodic LWAs. Most of them
physically possess periodic appearances and thus can be treated as periodically loaded TLs, thereby
interestingly sharing similar properties as those EBG periodic structures mentioned above, such as
filtering properties. Intentionally or unintentionally, a majority of reported EBG periodic structures
are also formed with open discontinuities that resemble LWAs, due to which they may suffer from
serious and harmful radiation loss (especially in millimeter-wave bands) when working as filters
or slow-wave structures [218]-[228]. This not only degrades signal quality and wastes signal power,
but also leads to potentially unwanted electromagnetic coupling and interference problems. As a
result, closed (non-radiative) discontinuities are preferable to construct periodic EBG structures for

such applications, e.g., SIW bandpass filters with periodic shorting vias [229][230].



83

(a) (b)

(©) (d)
Figure 5.1 Typical 1-D EBG periodic structures based on different TLs for filter applications

(@) Microstrip [221]; (b) CPW [225]; (c) CPS [226]; (d) SIW [228]. EBG discontinuities in these
structures are open-natured. (© 2020 IEEE, reproduced with permission)

Recently, there has been a growing interest in integrating filters and antennas together as a
multifunctional component to reduce circuit area and cost as well as enhance overall system
performances [231]-[235]. Broadly, most reported filtering antenna techniques are based on either
replacing the filters’ final-stage resonators with antennas or directly cascading/integrating filters
into antennas. The majority of them, however, have been dedicated to standing-wave (resonant-
type) antennas like monopole, slot and patch antennas, while only a few regarding travelling-wave
(non-resonant) LWASs equipped with filtering capabilities have been reported so far [236][237]. On
the other hand, LWAs with rapid frequency beam-scanning are preferred in the development of
radar systems since a wide range of space can be covered within only a relatively narrow frequency
bandwidth. Not only can this save the limited spectrum resources, but also relieve the strict
bandwidth requirements of front-end components, such as the low-noise amplifier, mixer and A/D
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converter. However, limited works have been presented in the open literature to design LWAs with
such behavior. Specifically, by using meandering TLs [136]-[138] or specially designed phase
shifters [139][140] between adjacent radiative discontinuities, rapid frequency beam-scanning is
realized by these related LWAs. Other approaches are devised using slow-wave structures as the
host TL [144] or complementary slot-stub as the radiating discontinuity [148] to implement the
periodic type LWASs. Besides, resorting to loading a series of shorting pins onto an EHi-mode
microstrip LWA or an HIS onto a hollow waveguide, the phase constant slope of the associated
leaky modes can be steepened over frequency, thereby realizing the desirable rapid beam-scanning
capability for LWAs [145][147].

As a significant front-end part which may be potentially deployed in automotive radar, sensor, or
wireless communication systems, LWAs exhibiting multifunctionalities of both filtering and rapid
frequency beam-scanning characteristics are of great interest. In this work, such kind of LWAs
reposed on the filter theory, i.e., RBPF concept are proposed and investigated to meet such
demands. This scheme simply resorts to introducing open discontinuities to a non-radiative
bandpass filter that is formed by periodically loading closed discontinuities onto host TLs (e.g.,
periodic SIW). First, by combining the high-pass nature of an SIW and the bandstop or bandgap
generated by the Bragg effects of periodicity, the bandpass characteristic of the periodic SIW can
be obtained. The passband/stopband and dispersion characteristics of the periodic SIW can be
flexibly tailored by adjusting the period of filter unit cells and loading effects
(impedance/admittance) of closed discontinuities, thus paving the way to realize prospective
LWAs with simultaneous frequency-selective and rapid beam-scanning performances. Then, by
deliberately adding open discontinuities to the closed bandpass periodic SIW, leaky-wave radiation
occurs in its fast-wave passband, thereby forming the LWAs with such desirable features. In this
connection, filtering/dispersion and radiation tasks are separately achieved by different modules in
this design. Two kinds of susceptance-complementary closed discontinuities, capacitive non-
radiative longitudinal slot-pair (NRLSP) and inductive iris, are separately explored to design
periodic bandpass SIWSs, while transverse slots (TSs) are specially introduced for controllable
radiation leakage. Two LWA examples based on this RBPF concept are designed and demonstrated

for millimeter-wave applications.

In the rest of this chapter, Chapter 5.2 briefly describes the correlation between typical LWAs and
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EBG periodic structures, followed by the introduction of the RBPF concept. Chapter 5.3 depicts
the principle of the NRLSP-loaded SIW characterized by both filtering and highly dispersive
properties, upon which, in Chapter 5.4, the associated LWA having frequency-selective and rapid
beam-scanning characteristics is proposed and demonstrated. As a further proof of the RBPF
concept, a traditional iris-based bandpass filter is used to implement an LWA with such behaviors,
and this is illuminated in Chapter 5.5. This chapter ends up with a discussion and comparison in
Chapter 5.6 as well as a conclusion in Chapter 5.7.

5.2 Background and Principle

5.2.1 Correlation between Typical LWAs and EBG Periodic Structures

Quasi-uniform or periodic LWAs physically have periodic appearances, and thus they are also
subject to Bragg effects like typical periodic EBG structures. In this regard, they have a periodic
bandgap or bandstop as well, such as the well-known “open-stopband” in periodic LWAs [9][11].
Thus, they may find the feasibility for filter development if some conditions are satisfied. On the
other hand, although most open discontinuities-based EBG structures suffer from useless radiation
loss when working as filters and slow-wave structures, they have the potential to behave as LWAs
when those radiation losses are properly exploited [224]. Such EBG periodic structures can be used

for leaky-wave applications if the following three points can be considered.

(i) When the host TLs have a fast-wave region and the EBG period is much less than a half guided-
wavelength to roughly satisfy the effectively homogeneous condition and avoid the first Bragg
stopband, such EBG periodic structures are related to quasi-uniform LWAs.

(if) When slow-wave regions of TLs are adopted and the EBG period is approximately in the order

of a guided-wavelength, such EBG periodic structures would be converted into periodic LWAsS.

(iii) Open EBG discontinuities should have regular shapes to exhibit a predictable and relatively
pure polarization of radiation.

Notably, for most reported EBG periodic structures applied as filters or slow-wave structures [218]-
[226], the selected host TLs naturally feature a slow-wave, and the frequency band of operation is

below the first Bragg bandstop/bandgap. This is beneficial to suppress harmful radiation leakage
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Figure 5.2 (a) Simplified diagram describing the group delay of a typical bandpass filter. (b)
Constitutive principle of the RBPF

fc1 and fco represent the lower and upper cut-off frequencies of the passband. Since a LWA
generally has slowly attenuated traveling-waves that result in weak radiation per unit-length
along it [9][11], the original bandpass filter should be free from radiation losses (i.e., non-
radiative bandpass filter) when constructing the class of RBPF-based LWAs to avoid spoiling
useful and controllable radiation created by radiative discontinuities or perturbations. (© 2020
IEEE, reproduced with permission)

losses, though open discontinuities are used. This can be explained by the “close-stopband” of the
leaky-wave theory [9][11] since only the guided mode (or bound mode) exists below this stopband,
but no leaky mode does. This also explains why LWAs, in a sense, can be potentially employed as
filters as stated above. It should be noted that although quasi-uniform or periodic LWASs have both
filtering and leaky-wave radiation characteristics, the working frequency bands of these LWAs,
unfortunately, are strictly delimited by the natural fast-wave region or the period of open
discontinuities. Therefore, the filtering behaviors introduced by the periodicity are usually shelved

and cannot be serviceably employed by LWASs in most cases. In other words, both leaky radiation
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and filtering characteristics that are introduced by periodic open discontinuities cannot be
decoupled from each other and fail to come into play simultaneously for the design of LWAs. As
will be shown later, the two functions can be separately achieved and engineered by using different

modules in our proposed techniques.

5.2.2 Correlation between Beam-Scanning Properties and Group Delay
Dispersion of LWAs

According to the general LWA theory [9][11], the main beam direction of an LWA can be
determined by its effective phase constant with the following equation

Ove = Sin_l(ﬂeﬁ /ko) (5.1)

where Ovs is the main beam direction (as a function of working frequency f) measured from the
broadside; ko is the free-space wavenumber; and Beff is the effective phase constant of the leaky
mode (or space harmonic) that is responsible for radiation mechanism. Normally, pes/ko is a
nonlinear function of frequency and lies in the region from -1 to 1. Depending on the type of LWA:s,
Pett can be defined as the phase constant of the natural leaky mode or fundamental space harmonic
for uniform or quasi-uniform LWAs respectively, or a higher-order space harmonic (e.g., -1%torder)
for periodic LWAs. It is easy to understand that in order to have a rapid frequency beam-scanning,
the frequency derivative of Owvs, expressed as 6’us, should have a larger value, and it is expressed

as

2w d (IBeff /ko)

BBy /) do

Thus, for a given frequency or beam direction, the one with a larger d(Best/ko)/de will have a larger

4 —
GMB -

(5.2)

6've. In addition, recalling the definition of phase velocity vp, there is

d(B (k) _d(c/v,)

9!
e do do

—cdv, dv,
S 5.3
Vf) do do (5:3)
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where c is the light velocity in free space and w represents the angular frequency. It can be found
that a larger slope of the phase velocity v, (i.e., phase velocity dispersion) at a given frequency can
also result in a larger 8’mg. To be more specific, if an LWA is highly dispersive with manifesting
a larger slope of Sesi/ko or vp with frequency, a wider beam-scanning range can be realized in a given

frequency range, i.e., the so-called rapid beam-scanning.

On the other hand, since periodic LWAs, EBG structures or SIW TLs can be interpreted as filters
due to their filtering or frequency-selective characteristics, the group delay 74, as an important

figure of merit for filters, can be used and expressed as

d
—_d_(/):_'BEﬁ.p:B (5.4)

 do do v,

where ¢ and P are the phase delay and period length of the unit cell for LWAS or EBG periodic
structures, respectively. vq denotes the group velocity. It is seen that for a fixed period length P, a
larger group delay will result in a smaller group velocity, and vice versa. Since the relationship
between the phase and group velocities in a medium characterized by a relative permittivity of e

can be expressed as

vV v, =(—=)° (5.5)

Then, equation (5.4) can be rewritten as

r= 2y (5.6)

Therefore, the group delay dispersion (GDD) can be derived as

dr
GDD=—*%
dw
g -Pav,
=t 5.7
¢ do S

Combining (5.7) with (5.3) approximately yields

0", < GDD (5.8)
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Figure 5.3 Three kinds of basic discontinuities in SIW or waveguide and their two-port
equivalent circuit models [239]

(a) Transverse slot. (b) Longitudinal slot. (c) Iris. Both (a) and (b) are radiative, while (c) is
purely closed. (© 2020 IEEE, reproduced with permission)

It is concluded from (5.8) that if an LWA unit cell can have a large GDD, it has the potential to
realize the rapid frequency beam-scanning properties, i.e., a large value of 8°vg. Contrastively, the
LWA unit cell with constant group delay (i.e., GDD=0) may achieve a fixed beam with frequency.

Figure 5.2(a) illustrates a simplified diagram describing the group delay of a typical bandpass filter.
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Within the passband and close to the cut-off frequencies (i.e., fc1 and fc2), there are two highly
dispersive regions (i.e., “Region 1” and “Region 3”) with large values of GDD exhibited. In filter
applications, such highly dispersive regions should be avoided since they will cause serious signal
distortion [238]. Interestingly, they can be suitably explored for LWAs featuring a rapid beam-
scanning (the filtering behavior is also preserved) based on the above analysis. Follow this thread,
since the GD is relatively constant in the center region of the passband (i.e., “Region 2”, which is
always the choice for practical filter applications), fixed-beam LWAs may be potentially achieved
by properly using this behavior. Note that in addition to bandpass filters, similar conclusions are
also applicable to lowpass or highpass filters, which are not illuminated here for brevity. Figure
5.2(b) describes the constitutive principle regarding how to use bandpass filters to design LWAs.
By deliberately introducing controllable radiative discontinuities to a bandpass filter that has no
harmful radiation losses, an LWA based on the RBPF concept can be constructed. Depending on
the GDD properties of bandpass filters, the associated LWASs may be capable of exhibiting flexible
beam-scanning properties, i.e., either rapid beam-scanning or fixed-beam when sweeping

frequency, in addition to the filtering behaviors.

5.3 Non-Radiative Periodically Loaded SIW—Design of an SIW Bandpass
Filter

In this section, three kinds of conventional discontinuities that can be easily implemented in SIW
technology by using standard PCB process, as shown in Figure 5.3, are briefly introduced to
provide a background; they will work as elemental building blocks to accomplish the proposed
designs, as will be discussed later. Transmission parameters in terms of the propagation constants,
Bloch impedance and group delay are investigated to illustrate guided-wave characteristics (e.g.,

dispersion and filtering) of the periodic SIWs.

5.3.1 Modeling of Basic Discontinuities in SIW

These discontinuities, namely transverse slot, longitudinal slot, and iris or shorting wall, together
with their corresponding equivalent circuit models, are respectively illustrated in Figure 5.3(a), (b)
and (c). According to [239], the transverse slot is modeled as a parallel RLC resonator that is series-

connected with two host SIW segments, while the longitudinal slot can be modeled as a series RLC
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resonator that is parallel-connected. As for the iris, it behaves as a paralleled inductor. Note that
both the transverse and longitudinal slots are conventional open discontinuities or elements that
mostly act as radiators (antennas), while the iris is purely closed (non-radiative) and can be used
for filter and matching circuit designs. To extract the impedance or admittance of these SIW
discontinuities, reference plans can be shifted to the midpoint of each unit cell that is represented
as a symmetrical two-port network, and then S-parameters or ABCD matrix can be used to calculate
the impedance or admittance of these discontinuities [18]. A commercial package such as ANSYS

HFSS can be used to conduct the full-wave simulation and extraction processes.

5.3.2 SIW Periodically Loaded with Non-Radiative Longitudinal Slot-Pair
(NRLSP)

Generally, non-TEM waveguides (e.g., waveguide or SIW) that usually have cut-off properties are
demonstrated to be promising in high frequency bands, such as microwave and millimeter-wave
frequencies. However, if their fast-wave regions—close to the cut-off—are employed to design
RF/microwave EBG periodic structures like [220][227][228], non-radiative discontinuities will be
a better choice to avoid detrimental radiation losses accompanied by electromagnetic mutual
coupling and crosstalk, which will be more severe over such high frequency bands.

5.3.2.1 Radiation and Circuit Behaviors of the NRLSP

A segment of an SIW symmetrically etched with a pair of longitudinal slots along its centerline is
shown in Figure 5.4(a), with its equivalent circuit model described in Figure 5.4(b). Under the
dominant TE1o mode of the SIW, the E-field distributions in its cross-sectional plane are simply
depicted in Figure 5.4(c). Due to the even-symmetrical E-fields distributions of the TE1o mode, the
aperture field distributions over the two slots will cancel out each other and thus no net radiation
would occur. It is interesting to mention that such field behaviors of the NRLSP are strongly
localized and resemble that of a typical quasi-TEM microstrip line and CPW. Consequently, the
pair of slots will hereon be referred to as “non-radiative longitudinal slot-pair” (NRLSP). Similar
to the equivalent circuit model of a single longitudinal slot as shown in Figure 5.3(b), the NRLSP
can be ideally modelled as a lossless series LC resonator. However, when considering modeling

accuracy and practical situations of unavoidably exhibiting little radiation loss, the resistance
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Figure 5.4 NRLSP-based SIW filter unit cell with respect to its (a) geometry, (b) equivalent
circuit model, and (c) simplified and simulated E-fields distributions

(© 2020 IEEE, reproduced with permission)
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Figure 5.5 Admittance frequency responses of the proposed NRLSP with respect to full-wave

and circuit simulations

Solid line and dash lines represent full-wave and circuit results, respectively. Dimensions of the

NRLSP-based SIW filter unit cell are P=4.5 mm, W=2.7 mm, Ljs= 2.6mm, and Wq= 0.4 mm. All
the slots are with a width of 0.2 mm. (© 2020 IEEE, reproduced with permission)
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component representing such radiation loss is also included in the circuit, as shown in Figure 5.4(b).
Figure 5.5 shows the admittance frequency responses of the NRLSP with respect to both full-wave
and circuit simulations. A relatively good agreement between the two results can be observed in
the vicinity of the resonance, while the slight difference in the lower frequencies is perhaps caused
by the modeling accuracy. The display of strong resonance with sharp curves indicates the low-
loss and high-Q nature of the series resonator (i.e., NRLSP). Values of these circuit components
(i.e., Rsp, Lsp, and Csp) are extracted by using a curve-fitting approach with the help of Advanced
Design System (ADS) software. It can be easily observed that radiation resistance Rsp introduced
by the NRLSP is extremely small and can be neglected (comparatively, the single longitudinal slot
with the same dimensions has a resistance component of about 64.5 ohm). To avoid heavily
perturbing surface currents of the SIW and thus suffering from potential radiation loss, the NRLSP
is suggested to be operated in the capacitive frequency region (before the resonance). As a
consequence, the capacitive NRLSP is a good candidate to be used for the development of SIW

EBG periodic structures with merits of low radiation loss, low cost and easy fabrication.

5.3.2.2 Guided-wave Characteristics of NRLSP-loaded Periodic SIW

The original and NRLSP-loaded SIWs in terms of their group delays are shown in Figure 5.6(a).
Compared to the original SIW which behaves as a highpass filter exhibiting non-zero group delay
and larger GDD close to the cut-off frequency, the NRLSP-loaded SIW has typical bandpass
behaviors like in Figure 5.2(a) but without the so-called “region 2” presented. The non-zero group
delay with large GDD occurs across the whole frequency region that is sandwiched between the
two peaks corresponding to the lower and upper cut-off frequencies of the passband. Since filters
are a kind of transmission-type components that can be interpreted as equivalent filtering TLs [47],
their guided-wave characteristics can be described through transmission parameters, i.e., complex
propagation constants y = aefr + jfett and Bloch impedance Zg = Re(Zg) + jim(Zg), in addition to
the group delay as mentioned above. In order to explore the behaviors of the NRLSP-loaded SIW,

such two parameters can be extracted by simulating a unit cell with the S-parameters as follows:

eyP _ 1- S121 + S221 + \/(1+ S121 B S221)2 - 45121

5.9
2S,, 9
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(5.10)
where Zo represents the characteristic impedance of the host TL, i.e., SIW. Normalized complex
propagation constants and Bloch impedance of the periodic SIW, together with the corresponding
counterparts of the original SIW, are plotted in Figure 5.6 (b) and (c), respectively. As expected,
the original SIW possesses a lower stopband below the cut-off frequency (e.g., 30 GHz), below
which the normalized propagation constant is real-valued while the characteristic impedance is
purely imaginative (reactive). When the NRLSP is added to the SIW, a bandgap or bandstop occurs
at a higher frequency. Within this newly presented stopband, the normalized attenuation constant
aefilKo presents a large bump and the normalized phase constant Sesi/ko shows a linear descending
trend with frequency, while the Bloch impedance has only a non-zero imaginative part [225]. By
making the two stopbands, lower and higher, closer to each other, the middle fast-wave passband
is squeezed. Thus, the normalized phase constant can be significantly sharpened, thereby
displaying a high dispersion in accordance with (5.3). This is consistent with a large GDD in the
passband according to (5.7), as shown in Figure 5.6(a). It is straightforward that if the periodic SIW
with such fast-wave passband characterized by non-zero group delay and larger GDD could be
employed to develop LWAs, both filtering and rapid beam-scanning performances could be

realized simultaneously.

According to the Bragg effects, the center frequency of the first bandgap or bandstop is related to
the periodicity that corresponds to half a guided-wavelength, while the stop-bandwidth is
influenced by the scale of loading effects of the discontinuities (e.g., admittance of the NRLSP in
the proposed design) [17][18]. To have a comprehensive insight regarding how the parameters of
the NRLSP-based unit cell influence its filtering and dispersion performances, a parametric study
is conducted in the following. Only the normalized propagation constants y/ko = aefi/ko + jfetilko are
shown here for brevity since they can provide similar information as the group delay in accordance
with (5.2), (5.3), (5.7) and (5.8). When one parameter of the unit cell is changed, the others are
kept constant except for the SIW width which is slightly adjusted to fix the lower cut-off frequency
and the lower stopband. As can be seen in Figure 5.7(a), y/ko curves are plotted for different unit

cell period length P varying from 3.5 mm to 5.5 mm. The proposed unit cell is related to P=4.5
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Figure 5.6 Guided-wave characteristics of the proposed non-radiative NRLSP-based SIW filter

Bloch impedance (ohm)

unit cell

(@) Group delay. (b) Normalized complex propagation constants. (c) Bloch impedance. The lower
cut-off frequency is fixed at 30 GHz. Such parameters of the original SIW are also plotted in the

top-half of each subfigure for comparison. (© 2020 IEEE, reproduced with permission)

mm and the corresponding results have already been shown in Figure 5.6(b). As P increases, the
higher stopband is shifted to a lower frequency, thereby narrowing the middle passband and thus
the fast-wave region. Consequently, the fSesi/ko curves are sharpened and the dispersion is enhanced.
Effects of the spacing between two slots of the NRLSP (i.e., Wq) on y/ko are exhibited in Figure
5.7(b). As Wq increases, the center frequency of the higher stopband is kept almost unchanged,

which can be explained by the fixed period length P of the unit cell. However, the higher stop-
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Figure 5.7 Normalized complex propagation constants of the proposed non-radiative NRLSP-
based SIW filter unit cell with respect to different (a) period P and (b) slot offset Wq

The proposed unit cell is with P=4.5 mm and W4=0.4 mm, with these behaviors already plotted in
Figure 5.6(b). Solid line and dash lines represent full-wave and circuit simulations, respectively.
The effects of P and Wg on the group delay and Bloch impedance can be inferred from Figure 5.6
and Figure 5.7, and thus are not given here for brevity. (© 2020 IEEE, reproduced with

permission)

bandwidth is significantly widened, since more transverse currents on the surface of the SIW are
cut and thus the admittance of the NRLSP is increased. This implies that the perturbations or
loading effects of the NRLSP on the SIW are enhanced. It should be mentioned that properly
increasing slot length Lisi also shares the same mechanism, thereby resulting in a similar
phenomenon that is not described here for brevity. Both full-wave and circuit simulations are in a
reasonable agreement with a slight difference perhaps caused by parasitic effects of the slots that

are not considered in circuit modeling.

Up to now, the non-radiative properties of the NRLSP has been demonstrated with its field and
circuit behaviors. The related NRLSP-based filter unit cell regarding the filtering and dispersion
characteristics have been studied and investigated with resort to the group delay, normalized
propagation constants and Bloch impedance. A series of NRLSP-loaded unit cells can be cascaded
to develop a filtering and highly dispersive TL or bandpass filter that is also almost free of harmful

radiation losses. Its lower cut-off frequency is mainly determined by the width of the SIW, while
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the higher cut-off frequency can be tailored by those parameters that have just been studied: P, Wq
and Lisi. Therefore, the passband can be flexibly controlled. More importantly, the fast-wave region
within the passband can be narrowed to provide an enhanced dispersion, laying the foundation for

LWAs with a rapid beam-scanning, as will be demonstrated later.

54 NRLSP-based SIW Leaky-wave Antenna—Verification of the RBPF
Concept

5.4.1 Modeling and Analysis of NRLSP-based LWA Unit Cell

After the design of the non-radiative NRLSP-based bandpass filter unit cell, radiative
discontinuities, such as the TSs shown in Figure 5.3(a), can be loaded to the filter unit cell to
introduce controllable radiation leakage. As shown in Figure 5.8, the NRLSP is etched on the
bottom layer of an SIW while several identical TSs are uniformly distributed on the top layer.
Those fundamental building blocks in Figure 5.3 are used to construct the NRLSP-based LWA unit
cell, whose equivalent circuit models are different depending on the position of TSs relative to that
of the NRLSP. Specifically, Figure 5.8(a) and (b) describe the cases with odd and even TSs, while
their corresponding simplified circuit models are given in Figure 5.8(c) and (d), respectively. For
the sake of brevity, only the case with odd TSs is analyzed here and note that the case with even
TSs also abide by the same principles. Figure 5.9 shows the effects of the number of TSs on the
normalized propagation constant of the unit cell. As N increases, the upper stopband slightly moves
to a lower frequency with an almost fixed stop-bandwidth, while the lower stopband remains
unchanged. Therefore, the passband and fast-wave region is further squeezed, thus exhibiting a
steeper curve of the normalized phase constant than that of the filter unit cell without TSs. The
detailed principle explaining this phenomenon can be found in our previous work [142]. When
comparing NRLSP and TS with respect to their influence on filtering and dispersion behaviors of
the periodic SIW, the TS merely has a relatively minor effect. Consequently, for the proposed LWA,
the NRLSP is the predominant mechanism for the characteristics of filtering and high dispersion
while the TS is mainly for radiation leakage. Namely, the NRLSP and TS play different roles in
determining the behaviors of the proposed LWA: the NRLSP is mainly for filtering and dispersion

engineering while the TS is primarily responsible for radiation. Besides, Figure 5.9(b) shows that
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Figure 5.8 NRLSP-based LWA unit cell with N uniformly distributed TSs etched on the top
layer of the SIW

(@) N'is odd. (b) N is even. (c) Simplified equivalent circuit model corresponding to (a). (d)
Simplified equivalent circuit model corresponding to (b). The dashed rectangles in (a) and (b)
represent the NRLSP that is etched on the bottom layer of the SIW. These equivalent circuit
models are simply constructed by integrating those building blocks shown in Figure 5.3 and 5.4.
Dimensions of the NRLSP-based LWA unit cell are P=4.5 mm, W=2.7 mm, T=0.9 mm, L=1.5
mm, Lis= 2.6mm, and Wq= 0.4 mm. Some definitions of these parameters can be found in Figure
5.3 and 5.4. All the slots are with a width of 0.2 mm. (© 2020 IEEE, reproduced with permission)

the more TSs etched on a filter unit cell, the more radiation occurs in the passband to a certain
extent, which is quite understandable. This means that by adjusting the number of TSs within a
unit cell, the attenuation constant of the proposed LWA can be flexibly controlled, not to mention
the conventional approach of adjusting the length of TSs to elegantly control the radiation leakage
[21][49][50]. The phase constant can also be easily manipulated or compensated to realize a
designated value by adjusting the parameters of the NRLSP such as Wqg and Lisi but without just
resorting to the width of SIW like [116] does. Consequently, the proposed LWA can provide
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independently controllable attenuation and phase constants, which is advantageous for the design

of diverse beamwidth and low side-lobe designs [9][11], in addition to the filtering and rapid beam-

scanning performances as particularly discussed above.
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Figure 5.10 Proposed NRLSP-based LWA unit cell with 5 TSs, with respect to its (a) normalized

complex propagation constants and (b) Bloch impedance

(© 2020 IEEE, reproduced with permission)

5.4.2 Simulation and Measurement of NRLSP-based LWA

Since the NRLSP-based LWA unit cell described above has both fast-wave bandpass and highly

dispersive characteristics, a set of such unit cells can be cascaded to form a quasi-uniform type
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Figure 5.11 (a) Configuration of the proposed NRLSP-based LWA. (b) Photograph of the
fabricated prototype

The substrate used here is RT/duroid 6002 with a relative permittivity of 2.94, a dielectric loss
tangent of 0.0012 and a thickness of 0.508 mm. The copper cladding on the substrate has a
thickness of 17.5 um. Plated slot-via arrays with parameters of S=4.5 mm and D=0.35 mm are
used to form the sidewalls of the SIW. (© 2020 IEEE, reproduced with permission)

LWA featuring both filtering and rapid beam-scanning properties. Here, the LWA unit cell with 5
TSs is selected to provide fairly rapid beam-scanning and moderate radiation leakage per unit-
length, for demonstration purposes. Its normalized propagation constant and Bloch impedance are
plotted in Figure 5.10(a) and (b), respectively. In this case, 20 unit cells are cascaded to ensure that
90% of the power can be consumed while the remaining is absorbed by a matching load. Figure
5.11 depicts the proposed LWA model and the photograph of its prototype fabricated through the
standard PCB process. A quarter-wavelength impedance transformer is designed to transform the
Bloch impedance of the LWA to a 50-ohm microstrip line for good impedance matching and
measurement convenience. Simulated and measured S-parameters are plotted in Figure 5.12. It is
seen that a good impedance matching with |S11| less than -10 dB is realized experimentally from
30.6 to 32.3 GHz. Meanwhile, the measured |S21| is approximately lower than -20 dB in this
frequency range, implying that more than 90% of the power is consumed. A small frequency
shifting of about 0.3 GHz—Iless than 1% of the center frequency—is observed between the

simulated and measured results, which may be caused by the fabrication error of slot-via holes in
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Figure 5.12 Simulated and measured S-parameters of the proposed NRLSP-based LWA

The curves marked as “Compensation” represent the corresponding simulated results when

considering fabrication tolerances of the slot-via. (© 2020 IEEE, reproduced with permission)
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Figure 5.13 (a) Simulated and measured radiation patterns on the xoz plane with respect to

several frequencies. (b) Simulated and measured gains and simulated directivity

With frequency shifting considered, the simulated results described in the two figures are the
ones with 0.3 GHz lower than the nominal frequencies. (© 2020 IEEE, reproduced with

permission)

our Poly-Grames Research Center. Because of the enlarged slot-via holes, the practical width of

the SIW is reduced, implying that the lower cut-off frequency of the periodic SIW will increase

(the upper one is just slightly influenced as explained above). By suitably decreasing the width of
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the SIW in the simulated model, compensated (parametrically corrected) results are described in
Figure 5.12 for comparison. It can be seen that the measured results coincide well with the
compensated counterparts, except for the increased insertion loss that may be caused by increased
dielectric and conductor losses as well as the loss from connectors. Most importantly, obvious
filtering behaviors are illustrated with more than 20 dB out-of-band suppression in both simulated
and measured |S21|. Simulated and measured radiation performances on the scanning plane (i.e.,
xoz plane) are depicted in Figure 5.13. It should be noted that the presented simulated results are
the ones with 0.3 GHz lower than the nominal frequencies. As indicated in Figure 5.13(a), a
reasonable agreement is observed between simulated and measured radiation patterns. Figure
5.13(b) shows simulated and measured realized gains as well as simulated directivity. In the
simulated cases, the maximum directivity and gain of about 17.1 dBi and 12.7 dBi are respectively
achieved in the frequency band from 30.6 to 32.3 GHz, in which the main-beam scans from 18° to
61° with a rapid beam-scanning rate. The measured results agree generally with their simulated
counterparts, except for a reasonable gain drop of approximately 1.7 dBi that may be caused by
measurement issues, increased dielectric and conductor losses, and/or connector loss [14][52]
[85][116][127][142]. In practical situations, since the bottom metal layer of the NRLSP-based
LWA is actually a semi-closed structure that may make the proposed antenna potentially suffer
from detrimental interferences from other components and circuits, a grounded substrate layer,
with the use of low-cost multi-layered PCB techniques, can be placed underneath it to act as a

shielding layer and also improve the structural strength of the whole antenna structure.

5.5 IRIS-based SIW Leaky-wave Antenna—A Further Demonstration of the
RBPF Concept

In addition to the NRLSP, the iris or shorting wall [as shown in Figure 5.3(c)] can also be used as
a kind of closed discontinuities for developing periodic TLs or filters [229][230], which can be
easily implemented in SIW technology. It is necessary to mention that the NRLSP and iris have
complementary susceptance behaviors: the NRLSP generally features capacitive behaviors (it is
intentionally designed before the resonance to avoid potential radiation losses), while the iris is
purely inductive. Figure 5.14(a) depicts the proposed iris-based SIW LWA unit cell with five
identical TSs uniformly etched on its top layer. Figure 5.14(b) and (c) show the normalized
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Figure 5.14 Iris-based LWA unit cell with respect to its (a) configuration, (b) normalized

complex propagation constants, and (c) Bloch impedance

Dimensions of the iris-based unit cell are P=4.5 mm, W=3.45 mm, T=0.9 mm, L=1.5 mm, Lis=
0.62 mm, Wis= 0.4 mm. All the slots have a width of 0.2 mm. (© 2020 IEEE, reproduced with

permission)

propagation constants and Bloch impedance of the LWA unit cell, respectively. It can be seen that

a very narrow fast-wave passband is sandwiched between two stopbands, which is similar to that

of the NRLSP-based counterpart. However, the Bloch impedance has a very high value in its

passband, which may suffer from an impedance matching problem. To this end, a tapered segment
inspired from [14][66][144][223] is specially designed, as shown in Figure 5.15(a), to transform
the high Bloch impedance of the periodic SIW to the port impedance of the host SIW. In addition,
it plays a role in converting the guided mode inside the host SIW to the leaky Bloch mode of the

LWA. This transformer mainly consists of four period-varying unit cells embedded with linearly
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Figure 5.15 (a) Geometry of the proposed impedance/mode transformer. (b) Configuration of the

proposed iris-based LWA. (c) Photograph of the fabricated prototype

For the impedance/mode transformer, tapered parameters include the length of the period length,

iris and slot. Specifically, the period length of each unit cell follows P,=P-0.7*n, while the slots
is linearly tapered from L to zero with the quantity of approximatelyz P, /T . The length of the

iris (i.e., Lis) in each unit cell complies with a reduction factor of 0.2 along the direction to the
termination. The width of the iris and slot, as well as the spacing between tapered slots are fixed
and kept the same as those of the LWA unit cell. The substrate used here is the same as the one in
the NRLSP-based design. (© 2020 IEEE, reproduced with permission)

tapered slots and irises. Figure 5.15(b) and (c) respectively depict the final simulated model and
fabricated prototype of the proposed iris-based LWA with two microstrip transitions terminated at
the two ends to facilitate measurement. Again, 20 unit-cells are cascaded to make 90% of the
injected power can be consumed, and a matching load is used to absorb the remaining power.
Similar to the NRLSP-based LWA, a small frequency shift of about 0.25 GHz is also observed in

this iris-based LWA by comparing its simulated and measured S-parameters, as shown in Figure
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Figure 5.16 Simulated and measured S-parameters of the proposed iris-based LWA
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Figure 5.17 (a) Simulated and measured radiation patterns on the xoz plane with respect to
several frequencies. (b) Simulated and measured gains and simulated directivity

With frequency shifting considered, the simulated results described in the two figures have 0.25

GHz lower than the nominal frequencies. (© 2020 IEEE, reproduced with permission)

5.16. This may be attributed to the fabrication tolerance of the slot-vias as explained before.
Measured results indicate that from 30.4 to 31.8 GHz the reflection coefficient is lower than -10
dB while the insertion loss is greater than 19 dB. Filtering performances of more than 40 dB out-
of-band suppression are observed in both simulated and measured |S21|. Figure 5.17 describes the
simulated and measured radiation performances on the scanning plane (i.e., xoz plane), with the
simulated ones compensated by 0.25 GHz. A relatively good agreement is observed between
simulations and measurements in terms of radiation patterns and beam directions. Notably, the

beam can be scanned from 18°to 63° within a narrow frequency range from 30.4 to 31.8 GHz. As
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for the gain performances shown in Figure 5.17(b), a small but reasonable drop is found in the
measured results compared to the simulated counterparts, with the maximum of about 12.1 dBi
achieved experimentally. The large difference between simulated directivity and gain indicates
serious losses from the conductor and dielectric close to the lower cut-off region. This phenomenon
can also be found in [20][21][49][51] which make use of natural fast-wave regions of an SIW to
design LWA:s.

5.6 Discussion and Comparison

So far, the NRLSP- and iris-based 1-D LWAs have been proposed and studied elaborately to
demonstrate the RBPF concept in the development of multifunctional LWAS possessing both
filtering and rapid frequency beam-scanning characteristics. In order to highlight the benefits of
this design, the proposed iris-based LWA is selected on behalf of the class of RBPF-based LWASs
and compared with conventional transversely slotted SIW LWAs which are similar to [14][52]
[85][116][127][142]. For a fair comparison, the two LWAs are kept almost the same except for the
SIW’s width which is slightly adjusted to maintain similar cut-off frequencies. Figure 5.18 depicts
the comparison between the two LWAS with respect to their |S21| and beam-direction performances.
Compared to the traditional one, the proposed scheme has an apparent filtering capability with
exhibiting a good out-of-band suppression or frequency-selectivity as well as a rapid frequency
beam-scanning property. When marking a comparison with the reported filtering LWAS [236][237],
it is noted that the proposed concept relies on adding extra radiative discontinuities to specially
pre-designed filters by which both of the two highlighted characteristics can be simultaneously
realized for LWAs. However, the works in [236][237], contrastively, are just dependent on
conventional filtering antenna techniques similar to [231]-[235] and ride on introducing extra
filtering elements into the feeding ends or unit cells of LWAs to realize filtering capability. Also
note that both of the aforementioned two works are short of rapid beam-scanning characteristics
and are also potentially subject to harmful radiation brought by the filtering elements. Another
comparison conducted between the proposed and other reported works is tabulated in Table 5.1 to
further highlight the merits of the propose designs. Firstly, apart from the controllable filtering
capability possessed by the proposed designs, the dispersion and radiation behaviors can be

independently engineered by separate modules (e.g., NRLSP and TS, accordingly). In other words,
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Figure 5.18 Comparison of (a) |S21| and (b) beam-direction with respect to the proposed iris-
based LWA and its traditional counterpart without the iris

The two LWAs are kept almost same except for the SIW’ width that is adjusted to maintain the

similar lower cut-off frequencies. (© 2020 IEEE, reproduced with permission)

the phase and attenuation constants can be independently controlled, which is beneficial for diverse
beamwidth and low side-lobes LWA designs but is not merely limited to the rapid beam-scanning
as demonstrated in this chapter. Most other reported works in the table, however, fail to embrace
these features, and so do the works in [236][237]. Additionally, with the proposed RBPF concept,
the filter theory aimed for constant group delay, e.g., Bessel-Thomson filters [238], can be
potentially exploited to construct prospective LWASs that are capable of fixed-beams with
frequency. This will be explored in our future work. Finally, when making a quantitative
comparison in the table, it is seen that the proposed designs are superior to most works in terms of
the beam-scanning rate. Also note that the proposed work is the only one designed in the
millimeter-wave range with additional virtues of simple structure, easy fabrication and low cost,

which may find potential applications in millimeter-wave systems.

5.7 Conclusion

In this chapter, a class of quasi-uniform 1-D multifunctional LWAS simultaneously possessing both

rapid beam-scanning and frequency-selective characteristics based on the RBPF concept have been
proposed, studied and demonstrated. Two kinds of susceptance-complementary non-radiative

discontinuities, namely the NRLSP and iris that can be easily realized in SIW technology, are
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respectively exploited to construct EBG periodic structures exhibiting flexible bandpass and
dispersion behaviors, upon which RDs (i.e., TSs) are deliberately introduced for implementing
LWAs with controllable radiation leakage. Guided-wave characteristics in terms of dispersion and
frequency-selectivity behaviors of the proposed periodic SIW bandpass filters have been
investigated by resorting to group delay, complex propagation constants and Bloch impedance.
Besides, the relationship between the GDD and beam-scanning properties of an LWA is established,
by which the filter theory can be borrowed for designing LWAs with flexible beam-scanning
behaviors. For demonstration purposes, two RBPF-based LWAs are developed with both filtering
and rapid beam-scanning characteristics confirmed by both simulated and measured results,
thereby validating the correctness and effectiveness of the RBPF concept in the design of such a
class of multifunctional LWAs. As a complementary implementation, the RBPF concept with

constant group delay may be potentially explored for LWAS possessing fixed beam with frequency.



Table 5.1 A Comparison between the Proposed Work and Several References (© 2020 IEEE, reproduced with permission)
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Operating Beam- Maximum Filtering Structural
Ref. . Scanning Range Scanning . . o Technique &
Bandwidth Rate (°/ %) Gain (dBi) Capability LWA Type
10.2-12 GHz o o rem0
[14] (16.2%) 15°—72°(57°) 3.5 8.9
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24-27 GHz o 0 rrmo
[139] (11.8%) -17°—-13°(30°) 2.5 12.5
[51] 9-14 GHz ~40° — 35° (75°) 1.7 12
(43.5%) .
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[144] ' (3%) 2°—37°(35°) 11.7 13.3
No Hollow
[147] 1-16 GHz 50— 67° (62°) 1.7 12.2 waveguide,
(37%) e
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[237] (24%) -44° — 40° (84°) 3.5 12.5
30.6-32.3 GHz o o 410
NRLSP-based (5.4%) 18°—59° (41°) 7.6 12.7 Yes SIW, Quasi-
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In this chapter, a scheme based on the MMR concept is proposed and demonstrated for the design
and development of LWAs to realize stable radiation properties (e.g., stable radiation efficiency
and gain). Firstly, two kinds of traditional LWA unit cells possessing typical SMR and monotonic
changing radiation behaviors are theoretically modeled and analyzed. The condition for LWASs
featuring stable radiation properties is then derived, based on which the MMR concept is proposed
as a solution for radiation stability. For demonstration purposes, two types of MMR-based unit
cells and their associated one-dimensional periodic LWAs are studied and developed for
millimeter-wave applications. One type is based on the MED, while the other originates from the
ACPA. To facilitate the implementation, a detailed design procedure for this class of LWAS is
provided in a general manner. The proposed two MMR-based periodic LWAs are modeled,
fabricated and measured. Simulated and measured results are in a reasonable agreement and both
illustrate the stability of radiation efficiency and gain performances, thereby demonstrating the

correctness and effectiveness of the proposed MMR design concept.

6.1 Introduction

As a significant member of the family of travelling-wave antennas, the LWA has attracted much
attention for many decades due to its many appealing features, such as low profile, narrow beam,
high directivity, simple feeding and particular frequency beam-scanning capability, which may
find many potential applications in broadband wireless communications, sensors and FMCW radar

systems [9][11]. A large variety of LWAs based on various transmission line technologies have
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been proposed and studied since the 1940s, such as metallic RWG [13][19][20], microstrip line
[27]-[36], CPS [37]-[39], CPW [40]-[41], SIW [42]-[65], and SSPPs [66]-[76], etc. Among these
LWAS, some belong to the uniform or quasi-uniform type LWAs that make use of the fundamental
mode or space harmonic to radiate. The others, contrastively, are classified into the periodic group,
where the fundamental space harmonic is normally a slow wave (bound wave) that does not radiate
while a higher-order one (e.g., the -1st space harmonic) is used to work as the main radiation
mechanism. However, no matter the categories of LWAs that differ in appearances (i.e., uniform,
quasi-uniform or periodic) or in radiating space harmonics (i.e., fundamental or higher-order), all
the LWAs must be formed by creating RDs that are distributed discretely or continuously along
host transmission lines. These RDs are generally developed by slots [14][19]-[21][40][45][50]-
[52][56][57], stubs [15][30]-[32], gaps [37][41][43], coupled-patches [66][67], etc. They operate
to break up the original boundary conditions and field distributions of the host transmission lines.
Then, equivalent lossy transmission lines are established where the losses are mainly in the form

of radiation.

The impedance/admittance properties of RDs should be extracted and analyzed prior to the design
of an LWA. This is because they are not only responsible for the LWA’s total circuit performances,
but also closely linked to its overall radiation characteristics that are mainly determined by complex
propagation constants of the leaky mode. For example, general formulas for two-dimensional
LWAs based on partially reflective surface (PRS) were derived to relate the PRS’s shunt
admittance to the far-field patterns of LWAs [240]-[242]. However, the relationship between the
impedance/admittance properties of RDs and radiation behaviors of LWASs has not been fully
developed, as in the radiation stability in 1-D periodic LWAs for instance. Although several works
reported in [30]-[31][243]-[245] make use of composite unit cells or double-layered PRSs
exhibiting both inductive and capacitive behaviors as well as accompanied radiation stability, most
of RDs in LWAs have only singular reactance/susceptance properties practically. This implies that
they are either inductive [14][15][38][50][51][56][57] or capacitive [32][37][40][41][52] in the
frequency band of leaky-wave operation. Due to such characteristics of RDs, radiation
performances of these LWAs suffer from monotonic changing trend with frequency. This

phenomenon will be particularly explored in this chapter.

On the other hand, the MMR concept has been used for many years in the design of wide/multi-
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band antennas [246]-[251] and filters [252]-[255]. They all share the similar working principle in
that by controlling and collocating several resonant modes in a certain manner, a wideband or
multi-band performance can be formed. However, these aforementioned works are merely related
to either resonant-type radiator (antenna) or non-radiator (filter). Although the LWA design based
on typical magneto-electric dipole unit cells has already been considered in [58], to the authors’
knowledge, a generalized MMR design concept for LWAS has not been reported so far and thus
the underlying features remain unexplored. In this work, the impedance/admittance properties of
RDs are analyzed in detail, and the design concept based on the MMR s proposed for the first time
in the design of LWAs for realizing stable radiation properties (i.e., radiation efficiency and gain).
Prior to the introduction of the MMR, two kinds of conventional unit cells for periodic LWAS
featuring monotonic changing radiation characteristics are analyzed, and their typical single-mode
resonator (SMR) behaviors over the working frequency range are demonstrated. Subsequently, the
condition to achieve stable radiation for LWASs is derived, upon which the MMR concept is
naturally proposed as a solution for radiation stability. For demonstration purposes, two popular
MMR-based radiators, i.e., the magneto-electric dipole (MED) and aperture-coupled patch antenna
(ACPA), are employed, and their associated 1-D periodic LWAs are studied and developed for
millimeter-wave applications. Impedance matching techniques are adopted in these unit cells to
effectively suppress the open-stopband issue for a continuous beam-scanning through broadside.
For easy implementation, a detailed design procedure is provided in a general manner to design
such a class of MMR-based LWAs. The proposed two types of LWAs are simulated, fabricated
and measured. Both simulated and measured results are in a reasonable agreement, showing that
stable radiation properties such as efficiency and gain are achieved. Therefore, the correctness and
effectiveness of the MMR concept in the design of LWASs is successfully demonstrated.

The rest of this chapter is organized as follows. In Chapter 6.2, the radiation stability of LWAs are
theoretically analyzed and related to the impedance/admittance of RDs, followed by the
introduction of the MMR design concept. In Chapter 6.3, the MED is selected as an MMR to design
a 1-D periodic LWA, and a specific design guideline is provided in a general way for this class of
MMR-based LWAs. Another typical MMR-based radiator, the ACPA, is employed to construct a
second LWA for further verification of the design concept, and this is described in Chapter 6.4.

Finally, this chapter ends up with a discussion and comparison in Chapter 6.5 and a conclusion in
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6.2 Theory and Principle
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6.2.1 Analysis of Two Representative Unit Cells
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Figure 6.1 Two typical LWA unit cells and their relevant equivalent circuit models and power-

flow diagrams

(@) Transversely slotted SIW LWA unit cell. (b) Microstrip combline LWA unit cell. (c) Series-

loading type circuit model corresponding to (a). (d) Shunt-loading type circuit model

corresponding to (b). (e) Power-flow diagram corresponding to (c). (f) Power-flow diagram

corresponding to (d). These power-flow diagrams are under the assumption that perturbation

caused by RDs is very small, i.e., Z <Zop and Y «Yo, and thus pure travelling waves propagate

inside unit cells. The Bloch impedance of the perturbed transmission line is approximate to the

characteristic impedance of the original one. (© 2020 IEEE, reproduced with permission)
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Figure 6.1 depicts two kinds of typical LWA unit cells. The first one, as shown in Figure 6.1(a), is
a transversely slotted SIW LWA unit cell, and its equivalent circuit model is described in Figure
6.1(c). The second shown in Figure 6.1(b) refers to a microstrip combline counterpart with its
equivalent circuit model plotted in Figure 6.1(d). It is necessary to mention that these unit cells
analyzed here are made of totally different types of transmission line technologies, RDs and
equivalent circuit models. More importantly, they can represent most periodic LWAS in the open
literature. As shown in Figure 6.1(c) and (d), Zo and Yo represent the characteristic impedance and
admittance of the host transmission lines, respectively. St is the phase constant of the host
transmission lines while T denotes the period length of unit cells. Z and Y represent the impedance
and admittance properties (i.e., loading effects) of RDs, respectively. The normalized impedance
Z/Zo or admittance Y/Yo of the RDs can be calculated with the help of ABCD matrix or S-parameter

of the unit cell [17]. They can be expressed as

2S5, el
2=2/Z 11 (6.1)
® 1-geln
25 ejf’n
Y=Y/, =1 6.2
Mo 145, el ©2)

where 67 is the electrical length of the unit cell and can be expressed as &= fr.T.

In order to find frequency responses of the normalized impedance/admittance of RDs (i.e., slot and
stub), a single unit cell as shown in Figure 6.1(a) or (b) is simulated, and the formula (6.1) or (6.2)
can be used to conduct the extraction. Full-wave simulation package ANSYS HFSS is used here
to facilitate this process. It is found that both RDs share a similar frequency response in terms of
their normalized impedance/admittance. Thus, a generalized form of that is simply plotted in Figure
6.2 for illustration. It can be seen that for both RDs, there is only one resonance over a wide
frequency bandwidth of two octaves, demonstrating their typical SMR behaviors. Both real and
imaginary parts show a monotonic increasing trend before the resonance and a descending trend
after, with respect to frequency. Since LWAs are a class of non-resonant antennas and the RDs
should avoid operating in the vicinity of the resonant region to have a slowly attenuated travelling
wave, the alternative working frequency region should be in the inductive or capacitive region (i.e.,
before or after the resonance accordingly) and far away from the resonance as in most periodic
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Figure 6.2 Normalized impedance/admittance behaviors of RDs in a general manner
corresponding to different kinds of unit cells shown in Figure 6.1

fo is the resonant frequency (e.g., 25 GHz) of the related RDs. (© 2020 IEEE, reproduced with

permission)

LWAs. As a result, RDs will exhibit monotonic changing resistance/conductance in the leaky
frequency region, and this will give rise to LWAs suffering from monotonic changing radiation

characteristics as explained later.

6.2.2 Condition for Stable Radiation Efficiency

To find the relationship between the normalized impedance/admittance performances of RDs and
the radiation behaviors (e.g., radiation efficiency) of LWAs, the power-flow diagrams of series-
type and shunt-type circuit models are depicted in Figure 6.1(e) and (f), respectively. Here, it is
assumed that pure traveling waves propagate inside the unit cells with no reflections encountered
in their input ports. This is reasonable for most periodic LWAS since perturbations caused by RDs
are generally very small (i.e., Z <Zo and Y «Yo) and therefore the Bloch impedance of the
perturbed transmission line is close to the characteristic impedance of the original one [9][11]. Also
it should be noted that other losses from conductors and dielectrics are not considered in these
cases; only the radiation loss is included. This allows us to clearly identify the radiation properties
of LWA s since the conductor- and dielectric-related losses contributions can be linearly superposed

in the end. Consequently, for the series-type circuit model shown in Figure 6.1(e), there is



116

Pa=Qu.+F (6.3)

where Py.1 is the injected power to the nth unit cell, Qn-1 is the radiated power manifested through
the real part of the impedance/admittance of RDs, and Py represents the remaining power of the
unit cell (i.e., the power flowing to the rest of the LWA). The radiated power, therefore, can be

expressed as

Q=P -re[Z/(Z+Z,)]
~ Pn—l : r-e(Z/ZO)

=P, re(2) (6.4)

The approximation within (6.4) is reasonable without losing generality, since the perturbation of
RDs is normally small and thus it can be neglected compared to the characteristic impedance of
the host transmission line, as discussed above. Based on this condition, the radiation efficiency of

a unit cell erunity can be defined and expressed as

er(unit) =Qn—l/Pn—l

~re(Z) (65)
Thus, according to [9], the attenuation constant « of the unit cell can be approximately derived as

a~-In[1-re(z)]/2T (6.6)

Consequently, the total radiation efficiency er of an LWA consisting of N unit cells can be
expressed as

e = 1_ e—2aL

r

_]_g2eNT

z1—|:l— re(Z)JN 6.7)

where L = NT is the overall length of an LWA.
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As for the shunt-type circuit model, the corresponding radiation efficiency of an LWA can be
expressed as er ~ 1-[1-re(Y)]N, sharing a similar expression as (6.7). From the above analysis, it is
concluded that the radiation efficiency of a periodic LWA is only concerned with the real part of
normalized impedance/admittance of RDs. In other words, if the real part of normalized
impedance/admittance of RDs can be kept stable with frequency, the radiation efficiency of the
related LWA can remain constant accordingly. Now, bearing this remark in mind and paying
attention to Figure 6.1 and Figure 6.2, it is understandable that why most periodic LWASs having

typical SMR behaviors cannot achieve a stable radiation efficiency and gain.
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Figure 6.3 Impedance/admittance behaviors of a typical MMR

The three resonances can be observed with green circles in the illustrated resonator. Specifically,
the three resonances consist of two shunt- and one series-resonances for the impedance case, or
two series- and one shunt-resonances for the admittance counterpart. (© 2020 IEEE, reproduced

with permission)

6.2.3 Resonance Behavior of Multi-Mode Resonator (MMR)

The MMR concept has been successfully used to design wide/multi-band antennas and filters by
flexibly changing the spacing and location of several resonant modes as previously described. Since
the antenna is a radiative component, the use of the MMR concept for wide/multi-band resonant-
type antennas should be carefully considered to make sure that those resonant modes have similar
radiation behaviors (e.g., radiation patterns and polarizations) rather than different states, for the
sake of achieving relatively stable and coherent radiation performances in the working frequency

band of interest. Interestingly, the same requirement of the MMR should also apply to the design
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of non-resonant LWAs. As shown in Figure 6.3, it is the impedance/admittance behaviors of a
classic triple-mode resonator. f1 and f, are the two typical resonant frequencies that can represent
either shunt-resonances for the impedance case or series-resonances for the admittance counterpart,
whereas fc = (fi + f2)/2 denotes the center frequency. All the resonances of the MMR are assumed
to have similar radiation behaviors when the resonator is a radiator. It can be seen that in the
frequency range between f; and f2, the real part of the impedance/admittance decreases with
frequency and then shows an increasing trend, featuring a relatively stable curve close to the center
frequency of fc. It should be noted that for an antenna, its radiated power in the far field is
manifested by and proportional to its real part of the input impedance [16], implying that a stable
antenna resistance will give rise to a stable radiated power. As a consequence, if RDs are designed
with such a triple-mode resonance behavior, and the working frequency region is centered at fc and
sandwiched between f1 and f2, the LWAS consisting of such unit cells will have a stable radiation

efficiency according to (6.7) and its gain performance can also be relatively constant in principle.

6.3 Magneto-Electric Dipole-Based LWA—Verification of the MMR Concept

It is interesting to observe that the required MMR behaviors for LWAs with stable radiation is quite
similar to that of dual-band resonant components (i.e., antennas and filters). However, the
employed frequency regions between the two cases are totally different. From this section, two
types of LWA unit cells based on the MMR concept, simply borrowed from resonant antenna
regions, are proposed and studied for verification purpose. The first is the MED-based unit cell and
the other is based on the ACPA. Different from their popular applications for wide/multi-band
purposes [256]-[258], they should be designed deliberately to avoid resonant operations for
radiation stability of leaky-wave applications. Hence, a specific design guideline will be provided
for this class of MMR-based LWAs.

6.3.1 Geometry of Unit Cell

The geometry of the proposed MED-based unit cell is depicted in Figure 6.4. Basically, the unit
cell is comprised of two substrates and three metal layers. Both substrates have the same attributes
(i.e., RT/duroid 6006 with a relative permittivity of 6.15 and loss tangent of 0.0027) aside from

thickness. In the bottom substrate, a conventional SIW is formed. Continuous metal walls are used
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here for modeling and simulation convenience, and in practice they can be conveniently replaced
by plated slot-via/trench arrays. In the top metal layer of the bottom substrate, a folded slot is etched
transversely, and hence a magnetic dipole (M-dipole) is formed. A planar strip dipole is printed on

the top of the upper substrate. Two shorting vias are used to connect the strip dipole to the top

Shorting vias
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(a) (b) (©)
Figure 6.4 Geometry of the proposed MED-based LWA unit cell

(@) Exploded view. (b) Top view of substratel (bottom substrate). (c) Top view of substrate2
(upper substrate). Continuous sidewalls are used here to form the SIW for convenience in
modeling and simulation, and they can be easily replaced by plated slot-via/trench arrays in
practical fabrication. Some key parameters are tabulated in Table 6.1. (© 2020 IEEE, reproduced

with permission)

Table 6.1 Optimized Dimensions of the MED-Based LWA Unit Cell (© 2020 IEEE, reproduced

with permission)

Parameter T Wg Wa t Ls

Value 456 6 3 04 05
(mm)

Parameter Ws D mv mx my  P_wid
Value 02 03 0132 117 15
(mm)

Parameter P_len P_d D sv sx sy

Value
(mm)

1.4 0.3 0.4 06 O
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metal layer of the bottom substrate, thus establishing the electric dipole (E-dipole). In order to
suppress the open-stopband effects, a matched unit cell is usually needed, and thus a pair of
matching vias are specially embedded into the SIW to complete this impedance matching process
[15][32]. The operating principle and design considerations of the proposed unit cell, as well as the

matching vias for suppressing the open-stopband effects will be explained later.
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Figure 6.5 Evolution of the proposed MED-based LWA unit cell

(a) Straight slot only (unit I). (b) Straight slot plus planar strip dipole (unit I1). (c) Folded slot plus
planar strip dipole (unit I11). (d) Simplified equivalent circuit model of the MED-based unit cell.
The unit 111 depicted in (c) is the proposed (final) MED-based unit cell neglecting matching vias

in the bottom substrate (Substratel), which are used to suppress the open-stopband. The slot is
modeled as a parallel RLC resonator (Rs, Ls and Cs), while the dipole is modeled as a series RLC
resonator (R4, L4 and Cq); both of them are parallel-connected to establish a hybrid-resonator
circuit representing the MED [48]. (© 2020 IEEE, reproduced with permission)
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6.3.2 Working Mechanism of Unit Cell

Figure 6.5 shows the evolution of the proposed MED-based unit cell and its simplified equivalent
circuit model [257], while the corresponding normalized impedance performances of various RDs

are displayed in Figure 6.6. To extract the impedance properties of the MED, a “black-box” can

represent its entire loading effects on the host SIW line. Its normalized impedance denoted as Z,,.,

can be conveniently extracted by using the theory described in Chapter 6.2. A. It is worth noting
that both the transverse slot and MED, as shown in Figure 6.5(a) and (b) respectively, share the
same type of loading or perturbation effects to the host SIW line. They play the same role in
determining the complex propagation constants of the perturbed SIW structure (i.e., leaky structure)
based on the Bloch-Floquet theorem [18], since the propagating waves inside the SIW can only
“see” or “feel” the loading-type and scale of discontinuities but are incapable of detecting what the
discontinuities are (i.e., “black-box™). As observed in Figure 6.6(a), when only a straight slot (unit
I) is introduced, which is the general case of a transversely slotted SIW LWA [14][50][52][56][57],
only one resonance is found from 20 to 60 GHz, exhibiting typical SMR behaviors as illustrated
before. When a strip dipole is attached symmetrically above the transverse straight slot [i.e., unit
I1, as shown in Figure 6.5(b))], additional series- and shunt-resonances are created at a higher

frequency with just a little influence on the former one as illustrated in Figure 6.6(b). Hence, the
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Figure 6.6 Normalized impedance behaviors corresponding to different kinds of unit cells shown
in Figure 6.5

(@) Unit 1. (b) Unit Il. Such impedance behaviors of the unit I11 are similar as that of the unit |1

and thus are not provided here for brevity. (© 2020 IEEE, reproduced with permission)
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Figure 6.7 Simulated E-field distribution in E-plane (xoz-plane) at 35 GHz of the proposed
MED-based unit cell

(© 2020 IEEE, reproduced with permission)

MED-based unit cell is established with MMR behaviors displayed, which can be explained by its
equivalent circuit model. As shown in Figure 6.5(d), the circuit has two branches in parallel, where
one of them is a parallel RLC resonator that models the slot (M-dipole) while the other is a series
one that represents the strip dipole (E-dipole). If the parallel resonator is at resonance itself, the
overall circuit is close to resonance because the series resonator represents only a small perturbation
in this frequency (its own resonance frequency is higher and relatively far in this case). Then it is
reasonable to conclude that the first shunt-resonance in Figure 6.6(b) is mainly related to the slot;
this remark can also be drawn by comparing Figure 6.6(b) with Figure 6.6(a). Similarly, the series-
resonance of the MED is primarily concerned with the series resonator branch (strip dipole).
Comparatively, the second shunt-resonance is caused by the cancellation between the capacitive
susceptance of the parallel resonator and the inductive one of the series resonator. In other words,
this resonance is a combination of the effects of both resonator branches and it will be influenced
when either changing the parallel or series resonator as shown later. Interestingly, all the resonances
have coherent radiation performances that are similar to the well-known structures reported in
[256][257]. Figure 6.7 depicts the simulated E-field distribution at 35 GHz in the E-plane (xoz-
plane) of the proposed MED-based unit cell. Both E-fields created by the slot and dipole have the
same directions, indicating that the total radiation is constructively contributed by the two kinds of

radiators (i.e., M- and E-dipoles) just like the radiation mechanism of those popular resonant-type
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MED antennas. However, it is necessary to highlight their difference that the MED operating in a
leaky-wave manner should not be resonant and does not exhibit strong radiation. Therefore, the
height of the strip dipole in the proposed MED is not limited to a quarter wavelength, which is the
customary choice for those resonant-type counterparts. Also note that the proposed one is a two-

port component, while those in [256][257] are single-port.
6.3.3 Design Procedure

6.3.3.1 Determination of SIW Dimensions

The center frequency of this design is chosen at fc = 35 GHz and the targeted working frequency
band is ranged from f.= 30 GHz to fu = 40 GHz. The substrate selected here is RT/duroid 6006,
and the thickness of the bottom and upper substrates are 0.508 mm and 0.381 mm, respectively.
Note that a substrate with a low relative permittivity is not recommended here since in such a case
the beam scanning range is very limited in the forward quadrant due to the appearance of grating
lobes in the backward region [9]. The cut-off frequency of the SIW is set to about 20 GHz to make
sure that the target frequency band lies in a region controlled only by the dominant TEio mode.
Based on the above-discussed specifications, the width of the SIW, denoted as Wa as shown in

Figure 6.4, can be calculated.

6.3.3.2 Determination of Dimensions Regarding Slot and Dipole

The radiation stability of unit cells over the working frequency band is the prerequisite for related
periodic LWASs to achieve such performances. Because of this, the real part of RDs’ normalized
impedance/admittance properties of should be kept stable as analyzed in Chapter 6.2. As shown in
Figure 6.6(b), the normalized resistance of the MED characterizes a relatively stable behavior in
the central frequency region between the two shunt-resonances that are determined by the slot and
dipole. Consequently, this part of the frequency band is preferred to implement LWAs with
potentially stable radiation. In order to provide a design criterion to choose dimensions of the slot
aperture and strip dipole, the two shunt-resonances, f1 and f», are considered to be centered at the
design frequency of fc = (f1 + f2)/2 = (fL + fu)/2. Meanwhile, f; < f_ and f, > fy should be strictly
satisfied to avoid resonance occurring in the frequency band of the leaky-wave operation. In this

case, a relatively symmetrical frequency response regarding the normalized resistance can be
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Figure 6.8 Dimensional effects of the strip dipole and straight slot on the normalized impedance
of the MED

(@) P_wid; (b) S_len. The two studied parameters are the width of the strip dipole and length of
the straight slot, respectively. The studied model is the one shown in Figure 6.5(b). (© 2020

IEEE, reproduced with permission)

potentially obtained. According to the characteristics of an MMR, it can be understood that if the
two shunt-resonances are moving far away from the center frequency at the same pace, the real
part of the impedance will decrease, and therefore the radiation ability of the unit cell is reduced
according to (6.5) and (6.6). The reverse situation is also applicable in that evenly decreasing the
spacing between the two shunt-resonances will result in enhanced radiation of the unit cell. It is
noted that during these processes stable radiation behaviors can still be maintained. Therefore, by
selecting the two shunt-resonances properly, the radiation ability of the unit cell can be designed
flexibly, which is beneficial for achieving diverse beamwidth and directivity, as well as a low side-
lobe design for LWAs [9][11].

To have a clear understanding of how the MED dimensions affect the resonance behaviors, a
parametric study is performed. The unit cell studied here is the one shown in Figure 6.5(b). When
one parameter is changed, the others are kept constant. Figure 6.8(a) depicts the effects of P_wid,
the width of the strip dipole, on the normalized impedance of the MED. Notably, the first shunt-
resonance is not influenced while the series- and second shunt-resonances shift to a lower

frequency as P_wid increases. This can be explained through the equivalent circuit model shown



125

in Figure 6.5(d) that the variation of P_wid will result in the change of the series resonator, and
thus both the series- and second shunt-resonances will be influenced simultaneously. The same
phenomenon can be also observed by altering P_len, the length of the strip dipole, which is not
given here for brevity. Figure 6.8(b) describes how both shunt-resonances are influenced
simultaneously while the series counterpart remains fixed when changing the slot length S_len.
The equivalent circuit model can also explain this since both shunt-resonances can be adjusted by
the parallel resonator (i.e., slot), sharing the complementary principle with that in Figure 6.8(a).
Although these shunt-resonances cannot be controlled independently by altering the dimensions of
the slot and dipole due to the hybrid-resonator circuit model of the MED, a simple strategy can be
used to adjust the two shunt-resonances flexibly. First, only the slot is introduced and adjusted to
locate the first shunt-resonance, such as approximately 25 GHz as shown in Figure 6.6(a). Next,
the strip dipole is attached. By adjusting the slot length S_len, the first shunt-resonance can be
easily moved back to the original place. Finally, the width and length of the strip dipole, P_wid and
P_len respectively, are tailored to independently locate the second shunt-resonance without
influencing the first one, ensuring that the two shunt-resonances can be centered at the design
frequency [e.g., 35 GHz as shown in Figure 6.6(b)]. In the proposed design, the two shunt-
resonances are initially located at about f1 = 25 GHz and f, = 45 GHz respectively, and they can be
chosen flexibly by using this simple strategy according to the radiation ability to be achieved by
the unit cell.

6.3.3.3 Determination of Size and Position of Matching Vias for Open-Stopband

Suppression

If no special considerations are taken into account in the design of a periodic LWA, there will be
an open-stopband when the beam is scanned through the broadside in which the period of unit cells
corresponds to a guided-wavelength at the working frequency [9][11]. Here, a pair of matching
vias are adopted symmetrically to the unit cell and a matched unit is thus completed, indicating
that the open-stopband can be suppressed effectively. In order to leave enough space to install the
matching vias in the bottom substrate, a folded slot is employed instead of a straight one, as shown
in Figure 6.5(c). The corresponding normalized impedance of the new MED is kept similar to the
one in Figure 6.6(b). The final matched MED-based unit cell (the proposed one) has already been
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depicted in Figure 6.4.

Figure 6.9 depicts a simplified transmission line model of the proposed MED-based unit cell for
open-stopband suppression. The working principle is similar to the approach described in [15][32]
but is for SIW applications. It should be noted that Zin2 or Yin2 shown in Figure 6.9 should have a
capacitive imaginary part since the matching vias can only introduce inductance. This is the

limitation compared to that in [15][32] that makes use of microstrip open-stub as the matching

Matching via  Delay line MED
o— I
Portl Zo, B Zo, Prr Zo, Prr Port2
T > =
o 1 H 4
T2-d E E d E T2
Z; ZinZ Zim‘

Ya) (Yin2)

Figure 6.9 Simplified TL model for open-stopband suppression of the proposed MED-based unit

cell

(© 2020 IEEE, reproduced with permission)

mechanism. Fortunately, the proposed matching vias own the benefit of no spurious radiation that
may deteriorate cross-polarization and SLL of total radiation, especially in the millimeter-wave
frequency range. Therefore, the length of the delay line, denoted as d (corresponding to mx in
Figure 6.4), should be selected carefully and conditionally. Since the design frequency is selected
at the center of the normalized resistance curve of the MMR, as shown in Figure 6.3 or 6.6(b), Zmep
only has a small value and thus the perturbation introduced by the MED to the host SIW is very
small. This is consistent with the assumptions made for power-flow diagrams in Figure 6.1(e) and
(F). Consequently, Zin1 is very close to Z, and only a short delay line is required to transform re(Zin1)
to re(Zin2) = Zo or re(Yin2) = Yo, after which matching vias are employed to eliminate im(Yin2) and
eventually force Yin = Yo. Figure 6.10 gives the plot about the normalized phase and attenuation
constants of the unit cell with and without matching vias, both of which can be extracted by

simulating a single unit cell and using the Bloch-Floquet theorem [18]. The phase and attenuation
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constants of the unit cell can be expressed as

B= Im[cosh'l((A, + Du)/z)]/T
(6.8)
a= Re[cosh‘l((AJ + Du)/z)]/T
where Ay and Dy are the two components of the ABCD matrix of the whole unit cell. It is worth

noting that the attenuation constant extracted here will be the same as the one in (6.6) only if loading

effects of RDs are infinitesimal and pure travelling waves propagate inside the unit cell without
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reflections at its two ends. The period length of the unit cell T corresponds to a guided-wavelength
at the design frequency of 35 GHz, i.e., the frequency for broadside radiation of the LWA, which
can be approximately calculated by using the original phase constant of the unperturbed SIW, i.e.,
prL. This is reasonable due to the small perturbation caused by the MED on the host SIW, as
discussed before. As seen from Figure 6.10, when matching vias are absent, there is a large bump
appearing at approximately 35 GHz for the normalized attenuation constant, whereas the
normalized phase constant shows a distinct nonlinearity as it gets close to zero. By contrast, when
matching vias are added, both normalized phase and attenuation constants change smoothly at the
center frequency of 35 GHz, implying that the open-stopband is effectively suppressed [9][11].
Simulated S-parameters of the unit cell with and without matching vias are plotted in Figure 6.11
to provide further evidence, indicating that an excellent matching is obtained at exactly 35 GHz
with matching vias introduced. Contrastingly, when there are no matching vias, impedance
matching of the unit cell is merely modest with small reflection encountered. However, attention
should be paid to the unit cell at the design frequency (i.e., open-stopband or broadside frequency)
where reflections of unit cells will be superposed in phase; even a minor reflection will be
magnified by the factor N in response to the overall LWA consisting of N unit cells [38].
Consequently, it is critical to have a well-matched unit cell at this frequency point. Meanwhile,
stable curve patterns are also observed in Figure 6.10 and Figure 6.11 in terms of the normalized
attenuation constant and |Sz1| versus frequency, respectively. It can be concluded that (i) the open-
stopband effects are successfully suppressed, and (ii) the radiation ability of the proposed unit cell
is kept relatively stable within a wide frequency band. This paves the way for relevant periodic
LWAs to realize continuous beam-scanning (through broadside) with stable radiation

characteristics.

6.3.3.4 Determination of Quantity of Unit Cells

Until now, the design of the MED-based unit cell has been completed. To ensure that the LWA
consisting of such unit cells is able to provide a specific radiation efficiency in the frequency band
of interest, a certain number of unit cells should be cascaded. To this end, the quantity of unit cells

should be determined, depending on the radiation efficiency to be achieved.

According to the power-flow diagrams shown in Figure 6.1(e) or (f), there is
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P/P~e™ (6.9)
|S21]ae Of the unit cell, therefore, can be expressed as

|S =10log(P, /P, ,)

21|dB
~10log(e ") (6.10)

For a periodic LWA consisting of N unit cells with a total length of L = NT, its radiation efficiency

er can be found in (6.7). Therefore, there is

e—ZaNT =1—¢e

r

N -10log(e*") =10log(1—e,) (6.11)
Substituting (6.10) into (6.11) gives

N ~10log(1—-¢,)/|S (6.12)

21|dB

Meanwhile, since |Sz1|qg Of the unit cell is also approximately related to the real part of normalized

impedance of RDs according to (6.6) and (6.10), (6.12) can also be expressed as

N ~ log(1—e,)/log(1-re(Z)) (6.13)
Generally, 90% radiation efficiency is selected as the target to be realized at the design frequency.
Thus, setting (6.12) or (6.13) with er = 90% gives

1
~ 10log(1—re(2))

~
~

or —10/|S,,),, (6.14)

As observed from (6.14), if |S21|dB of the unit cell or normalized impedance of RDs is obtained,
the quantity of unit cells to realize the 90% radiation efficiency can be determined straightforwardly.
However, attention should be paid since the mutual coupling among unit cells is not considered.
The obtained |S2:|dB or Z may be inaccurate, and thus the calculated N should be just considered
as an initial value. It can be found from Figure 6.11 that at 35 GHz the |S21|¢s Of the proposed MED-
based unit cell is about 0.65 dB, while the MED’s normalized resistance is approximately 0.14.

Thus, the number of unit cells can be calculated with an approximate value of N = 16.



130

6.3.3.5 Modeling, Fine-tuning, and Optimization

Up to now, the proposed MED-based unit cell featuring stable radiation ability and open-stopband
suppression has been designed, and the quantity of unit cells has been determined according to the
criterion of 90% efficiency. In the final step, a certain number of unit cells should be cascaded to
model the LWA, and a full-wave analysis should be carried out to fine-tune the overall structure to

accomplish the design.

There are several parameters that should be slightly adjusted and optimized for the proposed LWA
as only an isolated unit cell is considered in the above design steps, without taking into
consideration any mutual coupling that mainly results from radiation among those unit cells. First
of all, the period length T may be adjusted delicately to ensure that the beam direction is pointed
exactly to the broadside direction at the center frequency of 35 GHz. The size and position of
matching via-holes may be the next parameters to be fine-tuned for a complete open-stopband
suppression of the overall structure [9][11], followed by the quantity of unit cells N for adequate
power consumption. Since initial values of these parameters have already been obtained in the
preceding steps, this fine-tuning/optimization step can be easily conducted with the help of built-
in modules in ANSYS HFSS, and eventually optimal results can be acquired. For example, the
positions of matching vias (i.e., mx and my, as shown in Figure 6.4) can be optimized and
determined by setting a goal with the reflection coefficient less than -40 dB at the center frequency
of 35 GHz to effectively suppress the open-stopband effects. It is worth mentioning that optimized
parameters will not remarkably deviate from, or even remain the same as, those initial values
because the spacing between adjacent unit cells is in an order of one guided- wavelength and the

mutual coupling is very small.

6.3.4 Simulation and Measurement Results

A specific and systematic design procedure regarding the proposed 1-D periodic MMR-based
LWA has been provided in Chapter 6.3.3. Almost all 1-D periodic LWAs can follow this guideline
without loss of generality. The final dimensions of the proposed MED-based unit cell are tabulated
in Table 6.1. Figure 6.12(a) depicts the configuration of the proposed MED-based LWA that
consists of 16 unit-cells, with two conventional GCPW-SIW transitions terminated at its two ends.
The photograph of the fabricated prototype is shown in Figure 6.12(b). Simulated and measured S-
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Figure 6.12 (a) Configuration of the proposed MED-based LWA. (b) Photograph of the
fabricated prototype

Plated slot-via/trench arrays with S = 2.3 mm and g = 0.36 mm are used to construct sidewalls of
the SIW. (© 2020 IEEE, reproduced with permission)
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Figure 6.13 Simulated and measured S-parameters of the proposed MED-based LWA

(© 2020 IEEE, reproduced with permission)

parameters are plotted in Figure 6.13, and an acceptable agreement is observed. In the target band
from 30 to 40 GHz, both results illustrate that the reflection coefficient is below -10 dB, implying
that a good impedance matching without open-stopband effects is achieved. Meanwhile, |Sz1| is
lower than -10 dB, indicating that more than 90% power is consumed. This also manifests the
relative accuracy of the quantity of unit cells calculated above and thus the effectiveness of the unit
cell analysis. Besides, it should be noted that |S21| increases initially and then decreases with
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Figure 6.14 Radiation properties of the proposed MED-based LWA with respect to (a) radiation

efficiency and total efficiency, and (b) realized gain and main beam direction

The calculated main beam direction based on the extracted normalized phase constant shown in
Figure 6.10 is also plotted as a comparison. (© 2020 IEEE, reproduced with permission)
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Figure 6.15 Radiation patterns of the proposed MED-based LWA at several frequencies

(@) 30 GHz; (b) 35 GHz; (b) 40 GHz. (© 2020 IEEE, reproduced with permission)

frequency, exhibiting a symmetrical curve pattern with its peak located at the center frequency of
35 GHz. This is consistent with the normalized resistance of the MED and S-parameters of the unit
cell analyzed above. Interestingly, such a curve pattern will result in a relatively stable radiation
efficiency #r, which is defined as the ratio between radiated power and accepted power of an LWA,

as shown in Figure 6.14(a). A good radiation efficiency of about 77.7% with a variation of #4.5%
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is achieved in simulation. Contrastingly, the total efficiency that is calculated as nt = (1-|S11|?-
|S21|2)#r exhibits a smaller value of 70.9 +7.4% due to the considered return loss and matching-
load loss. Both efficiencies can be obtained conveniently with commercial simulation software
such as ANSYS HFSS. Figure 6.14(b) depicts simulated and measured results with respect to the
realized gain and main beam direction versus frequency. In the simulated cases, a maximum gain
of 16.6 dBi with a variation of less than 3 dBi has been achieved within the targeted band from 30
to 40 GHz, in which the main beam direction scans from -43° (backward) to 28° (forward)
continuously with a broadside radiation at the design frequency of 35 GHz. In addition, the
calculated main beam direction based on the normalized phase constant S/ko described in Figure
6.10 is plotted as a comparison. It shows a good agreement with the simulated counterpart of the
whole LWA structure. Therefore, the validity of the above dispersion analysis based on a single
unit cell is further demonstrated. The measured results agree generally with their simulated
counterparts except for a little gain drop that may be related to the connector loss, deteriorated
return loss and increased conductor and dielectric losses, having a stable gain of averagely 14.1
dBi achieved. The radiation patterns in terms of co- and cross-polarization components at several
frequencies are given in Figure 6.15. An acceptable agreement is observed between simulated and
measured results, with a slight deviation that may be caused by fabrication errors or measurement
issues. For example, spurious radiation introduced by feeding discontinuities of end launchers (they
are not considered in simulation), distorted aperture illumination caused by increased conductor
and dielectric losses, and non-ideal matching termination in practical prototype might be the
difference contributors [14][27][33][45].

6.4 Aperture-Coupled Patch Antenna-based LWA—A Further Proof of the
MMR Concept

The MMR concept has been proposed to instruct the design of 1-D periodic LWAs with stable
radiation properties, upon which the MED-based LWA has been successfully developed and
demonstrated above. In this section, as a further demonstration, the ACPA that also operates as a

conventional MMR is applied to the design of a periodic LWA for the same purposes.

The geometry of the ACPA-based unit cell is plotted in Figure 6.16, which shares the similar
configuration as its MED-based counterpart. RT/duroid 6006 material with thickness of 0.635 mm
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is used as the bottom substrate, whereas the upper one is constructed by RT/duroid 6002 material
with relative permittivity of 2.94, loss tangent of 0.0012 and thickness of 0.381 mm. A bow-tie slot
is etched on the top metal layer of the bottom substrate, whereas a patch antenna is printed on the
top of the upper substrate. A pair of matching vias are embedded in the unit cell to suppress the
open-stopband effects. Compared to the configuration of the MED-based unit cell, the ACPA-
based one does not need the shorting vias in the upper substrate, thus simplifying the fabrication.
The normalized impedance of the ACPA is described in Figure 6.17, illustrating an MMR behavior
that is similar to that of the MED. The first shunt-resonance is mainly introduced by the bow-tie
slot, while the second one can be adjusted by the patch. All the resonances have similar radiation
patterns. Figure 6.18 depicts the simulated E-field distribution in the E-plane (xoz-plane) of the
unit cell at the center frequency of 35 GHz. It can be seen clearly that its radiation is from the two
edges of the patch, exhibiting the same radiation mechanism as its traditional resonant-type
counterpart [50] and also showing a distinct difference compared to that of the MED-based unit
cell, as shown in Figure 6.7. Both Figure 6.7 and Figure 6.18 can provide further evidence that the
proposed two MMR-based radiators have smooth radiation states just as their usual features for
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Figure 6.16 Geometry of the proposed ACPA-based LWA unit cell

(a) Exploded view. (b) Top view of substratel (bottom substrate). (c) Top view of substrate2
(upper substrate). Continuous sidewalls are used here to from the SIW for convenience in
simulation, and they can be easily replaced by plated slot-via/trench arrays in practical
fabrication. Some key parameters are tabulated in Table 6.2. (© 2020 IEEE, reproduced with

permission)
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Table 6.2 Optimized Dimensions of the ACPA-Based LWA Unit Cell (© 2020 IEEE,
reproduced with permission)

Parameter T Wg Wa Ls Wsl

Value
(mm)

438 6 3 21 0.2

Parameter Ws2 var xw yw P_wid

Value

06 032 026 025 24
(mm)

Parameter P_len t

Value

(mm) 2.0 0.4

conventional wideband applications. This is consistent with the assumption made in Chapter 6.2.3.
The design procedure proposed in Chapter 6.3.3 can be employed directly here to design the
ACPA-based LWA with stable radiation properties and continuous beam-scanning through
broadside.

In order to further demonstrate the effectiveness of the MMR concept, the proposed ACPA-based
LWA consisting of 16 unit-cells is simulated, fabricated and measured. The simulated model and
fabricated prototype are shown in Figure 6.19. The dimensions of the ACPA-based unit cell are
tabulated in Table 6.2. Figure 6.20 shows simulated and measured S-parameters, both illustrating
that a good impedance matching is achieved in the targeted frequency band from 30 to 40 GHz and
also demonstrating that the open-stopband is effectively suppressed. Similar to the relevant results
of the MED-based LWA, the |S21| here also shows an increasing trend before the center frequency
of 35 GHz and after shows a decrease with frequency, thus exhibiting a smooth and symmetrical
curve pattern. Both simulation and measurement are in an acceptable agreement. Figure 6.21
depicts the radiation efficiency and total efficiency of the proposed ACPA-based LWA, with 79.3
+1.1% and 72.7 +3.4% achieved respectively. A small bump presented at the center frequency is
due to the remaining open-stopband effects. However, a good impedance matching as shown in
Figure 6.20, together with the smooth gain and radiation patterns that will be shown later, illustrates

that the open-stopband has been effectively suppressed without spoiling total performances of the
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Figure 6.18 Simulated E-field distribution in E-plane (xoz-plane) at 35 GHz of the proposed
ACPA-based unit cell

(© 2020 IEEE, reproduced with permission)

proposed periodic LWA. It is interesting to note that those curves including the normalized
resistance shown in Figure 6.17, the simulated |S2i| plotted in Figure 6.20 and the radiation
efficiency displayed in Figure 6.21(a) are all consistent with each other. This demonstrates that
relatively stable radiation properties have been achieved successfully. The simulated gain and
main-beam direction are depicted in Figure 6.21, which shows that an average gain of about 15.7
dBi with less than 3 dBi variation and main beam direction from -39° to 27° are achieved in the

target frequency band, respectively. The measured gain shows a reasonable drop but still remains
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Figure 6.19 (a) Configuration of the proposed ACPA-based LWA. (b) Photograph of the
fabricated prototype

Plated slot-via/trench arrays with S=2.19 mm and g=0.36 mm are used to construct sidewalls of
the SIW. (© 2020 IEEE, reproduced with permission)

stable (about 14.9 dBi). Simulated and measured radiation patterns at several frequencies are shown
in Figure 6.22, illustrating a reasonable agreement between the two cases, with a slight difference
that may be caused by fabrication errors and measurement issues as explained above. Note that the

simulated cross-polar patterns are too small to be visible.

6.5 Discussion and Comparison

MED- and ACPA-based 1-D periodic LWAs have been proposed and studied elaborately in the
above to demonstrate that the MMR concept can be used to design periodic LWAs featuring stable
radiation properties. In order to highlight the benefits of the design concept, the proposed ACPA-
based LWA, on behalf of the class of MMR-based LWAs, is selected and compared to two
conventional transversely slotted SIW LWAs that are similar to [14][50][52][56][57] and
characterized by typical SMR behaviors. For a fair comparison, both kinds of SMR-based LWAs,
referred to as SMR#1 and SMR#2, are also designed with 16 unit-cells and the same broadside
frequency of 35 GHz. Meanwhile, RDs (i.e., transverse slots) of SMR#1 and SMR#2 have the
resonant frequencies corresponding to lower and higher shunt-resonance counterparts of the
selected MMR, respectively. A comparison of the three kinds of LWAs in terms of normalized

attenuation constant and radiation efficiency is illustrated in Figure 6.23. It can be clearly seen that
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the MMR-based LWA characterizes a stable attenuation constant, whereas those SMR-based ones

feature monotonic changing counterparts. Meanwhile, in the target frequency band from 30 to 40

GHz, the MMR-based LWA exhibits a more stable radiation efficiency (with only #1.1% variation)
than that of SMR-based ones, as expected. Specifically, the radiation efficiency of SMR#1

illustrates a monotonic decreasing trend with a variation of 38.2%, while that of SMR#2 increases

progressively and the corresponding variation is about 60%. Both curve patterns of the attenuation

constant and radiation efficiency coincide with each other and the theoretical analysis in Chapter

6.2. Another comparison between the proposed MMR-based LWAs and other similar published
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Figure 6.23 Comparison of (a) normalized attenuation constant and (b) radiation efficiency with
respect to three kinds of LWASs that are based on MMR/SMR concepts

The resonant frequency of SMR#1 and SMR#2 approximate the lower and higher resonance

counterparts of the selected MMR, respectively. (© 2020 IEEE, reproduced with permission)

works has been tabulated in Table 6.3 for further highlighting the merits of the proposed work. It
can be observed that dramatically changing radiation performances are possessed by
[14][51][52[56], and the similar phenomenon can be speculated as well in those LWAS
[15][32][37][38][40][41][50][57] because all of them share the typical SMR behaviors like the two
in Figure 6.23. Although the composite unit cell consisting of diverse open-circuited stubs was

employed for implementing periodic LWAs with stable radiation [30][31], it is based on microstrip
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line technology and thus suffers from the limitation to be applied in high frequency bands (e.g.,
millimeter-wave bands) because of the high-loss nature. Compared to the work in [58], our
proposed work is capable of providing a continuous beam-scanning through broadside and the
potential for realizing near-endfire radiation [9][14][56], as well as no risks of encountering
second-order beams or large side-/grating-lobes in the cross-sectional plane [16]. However, it can
be found that the proposed two MMR-based LWAs have limited forward beam-scanning range,
which can be easily enlarged by employing a substrate with a higher permittivity [9][11][56].
Besides, the employed MMR-based radiators in this work suffer from multi-layered structures like
[58], and this can be improved by using single-layered MMR with other forms of transmission
lines. For example, multi-mode pin-loaded patch [248] or U-slot patch [249] with the microstrip
line technology will be a good candidate for the further development of single-layered MMR-based

LWA:s featuring radiation stability.

6.6 Conclusion

In this chapter, a class of 1-D periodic LWAs based on the MMR concept have been proposed,
studied and demonstrated. Compared with traditional periodic LWAs characterized by SMR
behaviors and suffered from monotonic changing radiation, the proposed LWAs are comprised of
MMR-based unit cells and feature stable radiation properties over the entire frequency band of
operation. A distinct difference regarding applications of the MMR concept is observed from
resonant antennas/filters with wide/multi-band performances to non-resonant LWAs with radiation
stability. Two kinds of typical MMR-based radiator, MED and ACPA, are exploited to construct
unit cells for demonstration purposes. A detailed design procedure has been provided for this class
of LWA s to facilitate their practical implementation. Both simulated and measured results of the
proposed LWAs show that stable radiation properties such as efficiency and gain have been
achieved successfully, thereby demonstrating the correctness and effectiveness of the MMR
concept for radiation stability in the design of LWAs. It is interesting to mention that the proposed
design concept is simple and straightforward. Based on this, a large variety of wide/multi-band
resonant antennas can be borrowed and implemented directly on various transmission line
technologies (e.g., microstrip line, CPS, and CPW) for the design and development of periodic
LWAs with stable radiation.
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Table 6.3 Comparison of the Proposed 1-D MMR-Based LWAs and Other Similar Works (© 2020 IEEE, reproduced with

permission)
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CHAPTER 7 ARTICLE 5: MULTIFUNCTIONAL LEAKY-WAVE
ANTENNA WITH TAILORED RADIATION AND FILTERING
CHARACTERISTICS BASED ON FLEXIBLE MODE-CONTROL
PRINCIPLE

Dongze Zheng and Ke Wu

Published in the IEEE Open Journal of Antennas and Propagation, vol. 2, pp. 858-869, Jul.
2021.

In this chapter, a class of single-layered multifunctional LWAs with flexibly engineered radiation
and filtering characteristics are proposed and demonstrated for microwave and millimeter-wave
applications. RDs exhibiting multiple resonances while particularly possessing flexible model-
control capability are exploited to accomplish such design freedoms and multifunctionalities of
LWAs. By properly engineering the resonance characteristics of RDs under the mode-control
principle, the attenuation constant of relevant LWAs can not only be freely tailored for diverse
beamwidth/directivity requirements, but also simultaneously maintain a flat frequency response for
radiation stability. Meanwhile, controllable filtering behaviors can be obtained as well by the
LWAs thanks to the transmission zeros introduced by resonances. Consequently, both the radiation
and filtering performances of LWAs can be adequately tailored by taking advantage of the mode-
control capability of RDs. Under this design concept, two types of LWASs based on substrate-
integrated waveguide and microstrip techniques are respectively developed for different system
integration platforms. The SIW LWA whose unit cells consist of different longitudinal slots is
firstly examined. Additionally, the microstrip LWA, which depends on stub-loaded resonators, is
further investigated. The proposed two LWAs are all with flexible engineered electrical behaviors,
single-layer, low-cost, and easy integration; they may be a potential candidate for various system
applications such as 5G communication and loVs.

7.1 Introduction

LWAs have been well-known for the unique frequency-driven beam-scanning capability, thanks

to which they may find potential in system applications such as wireless communications, real-
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time spectrogram analyzers, and automotive radar sensors [9][11]. Most LWASs physically manifest
periodic appearances and are normally realized by periodically loading RDs along the host guides
or TLs. Among these LWAS, some using the fundamental space-harmonic for radiation are referred
to as quasi-uniform LWAs, while others employing the higher-order (e.g., -1st-order) counterparts
are termed periodic LWAs. Different from the above-mentioned classifications that are
conventionally based on the radiating harmonics or geometry, LWAs, however, can also be
classified into two basic groups from the perspective of resonance behaviors of RDs, i.e., SMR and
MMR [83]. This is because various kinds of resonant structures are commonly used as RDs to
construct LWAs, such as slots [14]40][50][52][57][116][142][144][164], stubs [15][31[32],
dipoles [74][91][138], patches [66][75][260], and composite structures [58][83][148], etc. Notably,
those RDs are not just limited to enable host TLs radiative; their resonance characteristics certainly
have a significant influence on the complex propagation constants of the leaky modes or space-
harmonics. Thus, they critically impact the electrical performances of LWAs, such as the
realization of high directivity [15], stable radiation [30][31][58][83], and rapid beam-scanning
[142][144][148], etc.

Toronto Montreal
356 km 30 km

Figure 7.1 A simplified illustration of 5G-enabled loV

As one of the most significant application scenarios of Internet of Things (1oTs), loV has recently
experienced an unprecedented development thanks to the emergence of 5G technologies [261]-
[263]. 5G-enabled loV (5G-10V) makes vehicle-to-everything (V2X) realizable with significant
benefits of latency, data speed, reliability, and security, thanks to which autonomous driving

developments will become practicable in the short future. As a critical RF frond-end component in
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such 5G applications (i.e., loV), antennas implemented on the host vehicles should be capable of
providing a specific narrow and directive beam to each “user” (e.g., other guest vehicles,
pedestrians or infrastructures), as shown in Figure 7.1. Such required multiple beams (or beam-
scanning) are usually realized by complicated beam-forming networks, costly phase shifters, or
computationally intensive back-end digital signal processing techniques. Comparatively, beam-
scanning simply driven by frequency is a relatively cost-effective and straightforward solution.
Due to the features of simple feeding, narrow directive beam, and unique frequency-driven beam-
scanning property, LWAs present a promising candidate, which have already been developed for
automotive radar sensors [193][194] and may be deployed for prospective 5G-loV applications.
Nevertheless, a well-designed LWA for potentially practical use should simultaneously have some
desirable merits and functionalities, e.g., adequate design freedoms and flexibilities of electrical
characteristics (radiation and circuit performances), low-cost, easy fabrication and integration, etc.
To be specific, it is of great significance and necessity for an LWA that can be customized in terms
of its beamwidth/directivity to meet different practical specifications. Simultaneously, the LWA
should also maintain stable beam-scanning performances so as to provide uniform effective
isotropically radiated power (EIRP) in the FoV of V2X communication. Moreover, it would be
better if this LWA can also be equipped with filtering capability to reduce total circuit size and
improve overall front-end system performances (e.g., insertion loss, noise figure and dynamic
range). Although a singular functionality of LWAs such as radiation stability [30][31][58][83] or
filtering characteristics [143][236][237] can be found in the open literature, no reported works, to
the best of the authors’ knowledge, have been specially dedicated to combining multifold
functionalities such as radiation stability and filtering behavior as well as flexible engineering
capability into a single LWA. More critically, practical industrial significance of LWAs such as
low-cost and easy fabrication/integration properties should also be simultaneously taken into

account aimed for mass-production.

In this work, such kind of LWAs, taking advantage of the flexible mode-control principle of RDs
and simple single-layer PCB processing, are developed for microwave and millimeter-wave system
applications. The main contribution of this work is reflected on the artful use of MMR-based RDs
featuring flexibly controlled modes for LWAs with good design freedoms and multifunctional

electrical performances such as manageable beamwidth, controllable bandwidth/filtering
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characteristics, and stable radiation. Different TL technologies such as SIW and microstrip are
respectively exploited as the host TLs, aimed for diverse system integration platforms. An SIW
LWA, whose unit cell consists of different longitudinal slots exhibiting multiple independently
controllable resonances, is first to be investigated. Comparatively, an open-circuited stub-loaded
resonator (OCSLR) with the similar flexible model-control behavior is subsequently proposed and
implemented for a microstrip combline LWA. It is demonstrated that by properly controlling the
RD’s several resonant modes simultaneously (i.e., the so-called flexible mode-control), the
attenuation constant of related LWAs can be freely adjusted during which a stable frequency
response of it can always be maintained. This is not only useful for LWAs to realize radiation
stability, but also beneficial to accomplish diverse beamwidth specifications as well as wideband
behaviors of low side-lobe radiation. On the other hand, strong resonances of the RD will cut off
the whole transmission link of relevant LWAs and thus introduce transmission zeros, exhibiting
desirable filtering characteristics in the frequency band of LWASs. Due to the multifold benefits
such as flexibly engineered radiation and filtering characteristics, single-layer, low-cost, and easy
fabrication/integration, the proposed LWAs may find potentials in practical applications such as

the 5G communication and loV.

7.2 Problem Analysis and Design Principle

For an LWA that is not tapered along its wave-propagation direction, its radiation characteristics
can be easily predicted by its complex propagation constants, namely the attenuation constant «
and phase constant 4. For a periodic LWA using the -1% order space-harmonic to radiate, its main-

beam direction 6y and 3-dB beamwidth 46 can be expressed by the following equations [9]

0, = sinl(ﬁj, AO = 5ﬂ (7.1)
K, cos(8,)

where ko and Ao are the free-space wavenumber and wavelength, respectively. The 3-dB beamwidth

A6 in (7.1) assumes 90% efficiency provided that there are no material losses, and the remaining

10% of the injected power is absorbed by a matching-load at the end (i.e., matching-load loss). It

can be seen from (7.1) that to realize various beamwidths of an LWA customized for different

application scenarios, its attenuation constant should be altered accordingly. It has already been

demonstrated in [83] that there is an approximate one-to-one mapping relation between the RD’s
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Figure 7.2 Generalized equivalent circuit models of a periodic LWA

(a) Series loading type. (b) Shunt-loading type. The radiating discontinuities (i.e., Zrq and Yq) can
represent an SMR or MMR

normalized resistance/conductance and the attenuation constant of the related LWA, which can be

ol el o

corresponding to the series-loading and shunt-loading circuit models as shown in Figure 7.2(a) and

expressed as

(b), respectively. Zrqand Yrqg represent the impedance and admittance of the loaded RDs, while Zo
and Yo denote the characteristic impedance and admittance of the host TLs, respectively. P is the
period length of unit cells. According to (7.1) and (7.2), two effective approaches can be used to
control the attenuation constant or beamwidth of an LWA: change either the absolute
resistance/conductance of the RD, or the characteristic impedance/admittance of the host TLs. In
general, the realization of various attenuation constants for an LWA is usually realized by resizing
the RD and shifting its resonance close to or away from the design frequencies so as to manage its
absolute resistance/conductance value. For example, by changing the length of the slot/stub/dipole,
the related resonance frequency and thus the attenuation constant can be adjusted to facilitate a low
side-lobe design of the LWAs [30][50][116][140][142]. HowevVer, it should be noted that although
the attenuation constant can be altered by shifting the resonance frequency of the RD, it is hard for
these relevant LWAs to simultaneously hold a flat frequency response of the attenuation constant
over the frequency band of interest. Thus, the design freedoms and flexibilities as well as the
electrical performances of LWASs have to be compromised to some extent. This is especially true
for SMR-related LWAs [83]. To make matters worse, a further deterioration of radiation

fluctuation would be encountered when requiring a larger attenuation constant in these LWAs. The
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reason for this is easily understood since such a situation usually needs to shift the RD’s resonance
closer to the design frequency band. Thus, a more dramatic variation would occur for the
resistance/conductance properties of such an RD as well as for the radiation behaviors of associated

LWAs over frequencies.

Recall that in our RF/microwave communities resonance behaviors are always crystallized in a
periodic manner over the frequency domain thanks to the periodic essence of time-harmonic
electromagnetics and specific boundary conditions [17]. Because of this, a simple resonant
structure such as a dipole, slot, stub, and patch naturally possesses several resonant modes over
frequency as simply illustrated in Figure 7.3, and these multiple resonances may be simultaneously
used for operations such as the design of multiband or wideband antennas [16]. Nevertheless, in
most cases, only one of these modes (usually the fundamental one) is used for operations because
it is easier to manipulate only one mode at a time compared to the simultaneous control of multiple
modes. This partially explains why most of resonant structures are usually under the treatment of
an SMR in some typical applications like those LWAs with a low side-lobe design
[30][50][116][140][142]. Interestingly, multiple simple structures with each donating only one of
its modes can also be combined to constitute a composite structure presenting MMR behaviors like
Figure 7.3, such as the well-known magneto-electric dipole and aperture-coupled patch
[58][83][264]. Notably, even though MMR-based RDs can be adopted to construct LWAs for
radiation stability like the works in [58] and [83], the design freedoms and flexibilities of
diversified beamwidths while maintaining the radiation stability are still difficult to be
simultaneously realized, since this requires that several resonances of the RD could be flexibly
controlled to stabilize the normalized resistant/conductance curve over the frequency band of
interest as revealed in Figure 7.3. Obviously, to realize a changeable resistance/conductance value
while simultaneously keeping its flat frequency response, the two relevant strong resonances (i.e.,
curve peaks in Figure 7.3) of the MMR-based RD should be engineered on the beat. In other words,
the flexible-mode control capability should be equipped for the RD. Since the
resistance/conductance value is normally related to the frequency locations of the two strong
resonances, they can be controlled to be far away from the center frequency to lower the
resistance/conductance value of the RD and thus the attenuation constant according to (7.2).

Contrastively, improved radiation leakage can be achieved by shorting the frequency distance of
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Figure 7.3 Mode-control principle for the design flexibilities and multifunctionalities of LWAS

Curve peaks can represent either series- or shunt-resonances, corresponding to the conductance or
resistance case accordingly. While the #1 is referred to as the reference, the #2 is with an

increased frequency distance of resonances and the #3 has the reverse situation

such two modes. In both cases, stable frequency response can always be held if frequency locations
of the two modes are kept symmetrical about the center frequency. It is interesting to mention that
another significant benefit of the flexible mode-control principle illustrated in Figure 7.3 can be
found in LWAs’ low side-lobe design over a wide bandwidth. This is because in this case the
attenuation constant distribution along the leaky structure according to a specific aperture
illumination would be frequency-independent, which cannot be meet by most of current low-side
lobe designs [30][50][116][140][142]. On the other hand, when relating the resonance behaviors
illustrated in Figure 7.3 to the LWAS’ equivalent circuits shown in Figure 7.2 (a) or (b), it can be
found that the two strong resonances, which represent shunt-resonances in the impedance case or
series-resonances in the admittance one, would respectively behave as “open” in Figure 7.2(a) or
“short” in Figure 7.2(b). Thus, such two strong resonances can turn off the energy transmission and
produce two relatively symmetrical transmission zeros or stopbands in LWAs [17]. These

stopbands can be potentially used to control operating bandwidth of the periodic LWAs. Namely,
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the operating bandwidth of the periodic LWAs can be flexibly adjusted by resorting to the MMR-
based RDs featuring flexible mode-control capability. In conclusion, the resonance behaviors of an
RD should have the merit of flexible mode-control capability for prospective LWAS to
simultaneously realize stable radiation, manageable beamwidth, and controllable
bandwidth/filtering behaviors. This kind of LWAs featuring such design flexibilities and benefits
will be investigated and developed in the following sections.
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(a) (b)
Figure 7.4 Traditional longitudinally slotted SIW LWA unit cell with a single slot [239]
(a) Geometry. (b) Norton equivalent circuit model. The longitudinal slot is simply modeled as a
series RLC resonator that is parallel-connected into the SIW, similar to Figure 7.2(b). In (b), Ig
denotes the current source, and it also represents the transverse currents flowing on the broad
wall of the SIW. Yy is the source admittance, which is equal to the characteristic admittance of the

SIW, i.e., Yo. The slot’s admittance is represented as Ys

7.3 Asymmetrically Longitudinally Shunt-Slot-Pair (ALSSP)-Based SIW
LWA

7.3.1 Development of the ALSSP-based RD

Figure 7.4(a) depicts the geometry of a traditional longitudinally slotted SIW LWA unit cell [36].
Only asingle longitudinal slot is etched on the top broad wall of the SIW along which the dominant

TE10 mode is assumed to be excited and guided. Radiation occurs when the longitudinal slot is
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offset from the longitudinal centerline, since transverse currents on the SIW’s broad wall would be
cut off by the slot. Simplified excitation mechanism of the slot can be explained by the Norton
equivalent circuit model, as shown in Figure 7.4(b), where the transverse currents behave as a
current source and excite the slot resonating at a half-wavelength mode. Notably, the admittance
property of the slot is usually characterized as an SMR without exhibiting higher-order modes
which are hardly excited under such a slot-excitation-mechanism. Thus, the slot is simply modeled
as a series RLC resonator that is parallel connected to the host SIW lines, similar as Figure 7.2(b).
In order to create multiple resonances behaviors in the slot, extra structures must be incorporated
with it. For example, planar electric dipole or patch can be additionally attached over the
longitudinal slot to form multi-layered composite structures, presenting multiple resonances
[58][83][264]. However, strong electromagnetic coupling is used as the feeding mechanism in
these structures, for which those relevant resonant modes are mutually coupled and cannot be
flexibly controlled for operations to some extent, not to mention that such multilayer geometries
would bring the cost and fabrication issues in practical applications. Inspired from the excitation
mechanism of the longitudinal slot [239] and the works in [250][265], multiple longitudinal slots
with different dimensions and resonant frequencies can be etched on the SIW. Typically, two slots
are taken into account, and thus two arrangements, namely unilateral and bilateral cases, can be
deployed as shown in Figure 7.5, in which the simplified aperture field and transverse current
distributions are also illustrated. For the unilateral case, the two slots will feature oppositely

directed aperture field distributions, which can be conveniently expounded by the Norton
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Figure 7.5 Longitudinally slotted SIW LWA unit cell with two different slots

() Unilateral and (b) bilateral (proposed) arrangements with respect to the longitudinal

centerline. Both slots resonate at a half-wavelength mode
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equivalent circuit shown in Figure 7.4(b). Specifically, in the target frequency band (i.e., the band
between the two resonances respectively introduced by the two slots), the two slots behave with
opposite susceptance behaviors. One is inductive (after its own resonance) while the other is
capacitive (before its own resonance) over such a frequency range. They will possess reversely
directed electrical potential differences (voltages) and so do their aperture fields since their driven
currents share the same direction, as illustrated in Figure 7.5(a). Obviously, it is difficult for this
unit cell to radiate since most of radiation originated from the two slots cancel each other out. As
a comparison, thanks to the reversely directed transverse currents on the two halves of the SIW,
the two oppositely signed (susceptance-complementary) slots will embrace the same-directed
aperture fields, and this corresponds to the bilateral arrangement as shown in Figure 7.5(b). In this
case, the two slots can work together as an effective radiator characterized by multiple resonances,
as will be exhibited later. Although a similar dual-slot geometry can also be found in [265], more
physical insights and extensive characterizations are explored and clarified in this chapter in terms
of the circuit modeling and radiation mechanism of the structure, as described above and also will
be illustrated later. Also note that the research purposes between the two are totally different. Due
to the fact that the two slots are different in size and distributed on the two halves of the SIW along
the longitudinal centerline and all share the same type of shunt-loading effects on the SIW, the two

slots are thus referred to as “asymmetrically longitudinal shunt-slot-pair” (ALSSP).

7.3.2 Multiple Resonances Behavior and Flexible Mode-Control of the ALSSP

The geometry, cross-sectional E-field distribution, and transmission-line equivalent circuit model
of the proposed ALSSP-based SIW LWA unit cell can be found in Figure 7.6. Note that a pair of
matching vias are embedded into the unit cell for an open-stopband suppression [83]. The simulated
cross- sectional E-field distribution of the unit cell is consistent with Figure 7.5(b), illustrating that
radiated fields emanated from the two slots are constructively superposed to form effective
radiation that interestingly resembles a rectangular patch antenna’s radiation mechanisms, i.e.,
equivalent two-element slot array [16]. In Figure 7.6(d), each longitudinal slot of the ALSSP is
simply modeled as a series RLC resonator, and the full-wave and circuit simulation results in terms
of the ALSSP’s admittance are illustrated in Figure 7.7. The circuit simulation results are in a

reasonably good agreement with their full-wave counterparts, and both exhibit multiple resonances
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Figure 7.6 ALSSP-based SIW LWA unit cell

(a) 3-D view (not to scale); (b) top view (not to scale); (c) cross-sectional E-filed distribution (35
GHz); (d) equivalent circuit model neglecting the matching vias. The substrate is RT/duroid 6006
with a thickness of 0.635 mm, relative permittivity of 6.45, and loss tangent of 0.0027. Specific
dimensions are P=4.15, Wg=2.9, Wa=6, Ls1=3.4, Ws1=0.3, Ds1=0.2, Ls2=2.1, Ws2=0.6, Ds2=0.3,
Dn=1.96, Ln=0.356, Wn=0.266, h=0.635, t=0.4 (unit: mm)

behavior. Values of those circuit components (Rsp1, Lsp1, Csp1 for the long slot, while Rsp2, Lsp2, and
Csp2 for the short slot) are obtained by a curve-fitting approach with the help of Advanced Design
System (ADS) software. Notably, apart from the two series-resonances that are individually
introduced by the two slots, there is an additional shunt-resonance between the two. The reason for

its occurrence can be explained using the ALSSP’s equivalent circuit model shown in Figure 7.6(d).
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Figure 7.7 Admittance frequency responses of the proposed ALSSP-based RD with respect to

full-wave (solid line) and circuit (dash line) simulations
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Figure 7.8 Dimensional effects of the ALSSP on its normalized admittance behaviors

(@) Ls1. (@) Ls2. The two studied parameters are the length of the longer and shorter slots,

respectively

Since the two slot-resonator-branches have complementary susceptance properties in the target
frequency range as mentioned previously, the inductive slot (long slot) will compensate the
capacitive slot (short slot) in terms of their susceptance at one specific frequency point, at which
the whole resonator circuit tank (i.e., ALSSP) will satisfy the shunt-resonance condition. Figure
7.8 depicts the dimensional effects of the ALSSP on its normalized admittance performances. The

two studied parameters Ls; and Ls> represent the length of the long and short slots, respectively. It
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is clearly seen that the two series-resonances can be controlled independently, i.e., flexible mode-
control capability. Specifically, by increasing Lsi, the first series-resonance will be shifted to a
lower frequency without influencing the second series-resonance, as shown in Figure 7.8(a). A
similar phenomenon can also be found with changing Ls., as plotted in Figure 7.8(b). The width of
the slot is not studied here for brevity since it just shows a little influence on the resonance

frequency, beyond our main considerations regarding the flexible mode-control principle [16][239].

7.3.3 Customized Characteristics of the ALSSP-based SIW LWA under
Flexible Mode-Control

In order to verify the claimed benefits of the flexible model-control capability, i.e., design
flexibilities of manageable beamwidth and controllable bandwidth/filtering behaviors as well as
the radiation stability, resonance behaviors of the ALSSP in terms of its two series-resonances are
engineered by changing length of the two slots, i.e., Lsi and Lso. Specifically, three groups of (Ls1,
Ls2) are assigned to the ALSSP in such a way that the two series-resonances are with different
frequency distances but approximately centered at the design frequency of 35 GHz, as shown in
Figure 7.9(a) which depicts the normalized conductance of each type of ALSSPs. It can be seen
clearly that a shorter frequency distance of the two series-resonances will lead to an increased
normalized conductance at the center frequency. This is similar to Figure 7.3 and thus will give
rise to a wider beamwidth for the relevant LWAs according to (7.1) and (7.2), as shown in Figure
7.9(b). Herein, each type of the ALSSPs, namely #1, #2, and #3, is periodically loaded onto a
lossless SIW line to establish an LWA that has a certain quantity of unit cells for 90% radiation
efficiency. Notably, the introduction of matching vias for the open-stopband suppression would
not significantly influence the previously configured behaviors of the ALSSP. This is due to the
fact high-order waveguide modes excited by the matching vias are in a cut-off status and thus are
highly attenuated and localized; they hardly reach the slot RD in general [17]. Figure 7.9(c) exhibits
the |S21| performances of these relevant LWAS, in which stable and symmetrical curve patterns
over the middle passband are displayed, thus implying that stable radiation efficiencies can be
realized. In this sense, LWAs with diverse beamwidths while simultaneously having stable
radiation performances can be realized by taking advantage of the flexible mode-control capability
of the ALSSP. Note that a controllable operating passband is also observed in Figure 7.9(c), which
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Figure 7.9 Illustration of design flexibilities of the ALSSP-based LWA under mode-control

principle

(@) Normalized conductance of ALSSPs. (b) Normalized radiation pattern, (c) |S21| and (d) beam-

scanning behaviors of ALSSP-based LWAs. #1, #2 and #3 correspond to different assignments of

the slot-length (Ls, Ls2), with specific values of (3.4 mm, 2.2mm), (3 mm, 2.4 mm), and (2.8 mm,

2.6 mm), respectively. Also, #1-, #2-, and #3-related LWAs are respectively designed with 36,

19, and 14 unit cells for 90% radiation efficiency

is sandwiched by two stopbands that are formed by the transmission zeros introduced by the two

series-resonances of the ALSSP, as explained previously. Beam-scanning behaviors of these

LWAs can be found in Figure 7.9(d); it also manifest apparent bandpass characteristics only within

which the beam is scanned with frequency. As a result, with the flexible mode-control of the

ALSSP, the proposed LWA can provide good design freedoms and flexibilities as well as those
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multifunctionalities as mentioned previously. Also note that the proposed LWA is only single-
layered and can be fabricated using low-cost and simple PCB processing, which is suitable for

mass-production in practical use.

7.4 Evolutionary Microstrip Combline LWA Based on Open-Circuited Stub-
Loaded Resonator (OCSLR)

7.4.1 Evolutionary Design of Microstrip Combline LWA using Multiple

Resonances

The microstrip open-circuited stub can be interpreted as a microstrip dipole with its one end shorted
to the main microstrip line while the other being a radiating edge. Due to its simple geometry and
easy fabrication, it is usually used to develop a series of standing-wave antenna arrays [259] and
LWASs [15][30][31]. This kind of antennas are often referred to as microstrip “combline” antennas,
as shown in Figure 7.10(a) and (b) illustrating the two conventional schemes [259]. It is worth
noting that the open-circuited stub resonator adopted in these schemes usually has a uniform width
or characteristic impedance, and herein it is entitled open-circuited uniform impedance resonator

(OCUIR). A unit cell of the conventional microstrip combline LWA [15] and its several modal

(a) (b) (©) (d)

Figure 7.10 Evolution of microstrip combline antennas

Conventional (a) unilateral and (b) bilateral cases. Proposed (c) case #1 and (d) case #2. Red

circles represent radiating edges within a unit cell
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Figure 7.11 Conventional microstrip combline LWA unit cell with respect to its modal current

distributions

The first three resonances are exhibited. The 15t and 3™ modes are series-resonances, while the 2™

mode is shunt-resonance. The related equivalent circuit model is the same as Figure 7.2(b)

currents can be seen in Figure 7.11. The first three resonant modes respectively correspond to the
series-, shunt- and series-resonances, where the electrical length of the stub is approximately equal
to one, two, and three quarter-wavelengths accordingly. The equivalent circuit model of the unit
cell is the totally same as the one in Figure 7.2(b). Due to the natural MMR behaviors of the OCUIR,
these resonant modes may be used simultaneously (as mentioned previously) to design microstrip
combline LWAs with stable radiation according to the MMR design rules in [24]. Note that this
fact has not been recognized and explored in reported similar microstrip stub-based designs
[15][30][31]. However, the two conventional schemes shown in Figure 7.10(a) and (b) are not
symmetrical along the longitudinal direction, which may possibly lead to a high cross-polarization
level or asymmetrical cross-sectional radiation pattern [16][259]. They are also subject to the
scanning blind in end-fire directions due to the radiation null of element pattern from such radiating
edges of the OCUIR [5]. What is worse, for the conventional bilateral case shown in Figure 7.10(b),
it would largely suffer from large side-lobes or even grating-lobes in the cross-sectional plane when
the working frequency becomes high, since in this case the physical distance between the two
bilateral radiating edges would be electrical large that may close to or more than a free-space
wavelength. Also note that the common issue of the second-order radiation beams is easily

encountered in such an alternatively bilateral arrangement [239][259]. Consequently, to tackle all
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Figure 7.12 (a) Unit cell of the proposed microstrip combline LWA using stub’s natural multiple

resonances. (b) Normalized admittance of the folded OCUIR

Dimensions of the unit cell are P=7.15 mm, Wmns=1.12 mm, La;=1.6 mm, La2=1.6 mm, and
Wa=0.4 mm. The substrate is RO3035 with a thickness of 0.508 mm, relative permittivity of 3.6,
and loss tangent of 0.0015

the possible issues aforementioned that can also be potentially suffered in [15][30][31], and
simultaneously to make use of multiple resonances for stable radiation [83], an evolutionary
microstrip combline LWA whose unit cell consists of a pair of symmetrical folded OCUIRS is
established as shown in Figure 7.10(c). Its specific unit cell geometry can be found in Figure 7.12(a)
having a trident-like shape. The folded or bend point is located at the center of each OCUIR, where
a right-angled corner is delicately cut to reduce the bend discontinuity [259]. Notably, the two
radiating edges of the pair of OCUIRs possess identical fringing field distributions and form a two-
element array [266]. The distance between them would never exceed 0.75 free-space wavelength
over the whole target frequency band under the MMR design rules even if the employed substrate
has a relative permittivity of unity. Thus, the associated LWA will be totally free from side-or
grating-lobes in its cross-sectional plane, which cannot be meet by the schemes in Figure 7.10(b)
and [30]. Also note that in this case, the radiating edge’s element pattern is null at the end-fire
directions of the cross-sectional plane, which will also play a role in further preventing possible
appearances of side- or grating-lobes in this plane. Figure 7.12(b) shows the normalized admittance

of the pair of OCUIRs. Three resonant modes (two series-resonances and one shunt-resonance) can



159

0,10
14F :
1.2 . |_i,| Delay li ) 0,08
. ] elay line 1 40,
]
1,0 ‘/ '
1 0,06
:c 0,8 L W, “"lLl" [ ée
"ﬁ. I h 1 ' &
uarter-wavelengtl
0’6 r N Ir;\nsforrSer # 1 “’04
0.4 '
- , 40,02
02k . .
() S i - Sl 10,00

18 20 22 24 26 28 30 32 34
Frequency (GHz)

Figure 7.13 Normalized phase and attenuation constants of the proposed LWA

Open-stopband issue is effectively suppressed by using a delay line and quarter-wavelength
impedance transformer [10], as shown in the inset. Dimensions of them are L4=0.55 mm, L4=1.75

mm, and Wq= 0.89 mm

be clearly observed with a fixed frequency ratio. The overall stub length can be changed to shift
frequency locations of the two series-resonances so as to deploy the MMR design rules for the
LWAs with stable radiation. For example, we choose 25 GHz as the center/design frequency, and
the stub length is altered so that its two series-resonances are approximately centered at this
frequency. As for the width of the stub, it can be suitably used to adjust the stub’s radiation ability
while without significantly influencing its resonance frequencies [17][259]. For the open-stopband
suppression and continuous beam-scanning of the relevant LWA, impedance matching techniques
such as a delay line plus a quarter-wavelength transformer can be used [15]. This is shown in Figure
7.13 which depicts the normalized complex propagation constants of the LWA together with an
inset of the final unit cell. It also shows that a stable attenuation constant is achieved for the unit
cell over the target frequency band from 21 to 29 GHz. This stems from the stable frequency
response of the normalized conductance of the OCUIR and will lead to the relevant LWA to be
equipped with a stable |S21| and radiation efficiency as will be shown later. For demonstration
convenience, only 20 unit-cells are cascaded to form the proposed OCUIR-based LWA with the
fabricated prototype depicted in Figure 7.14(a). Good impedance matching exhibited in Figure 7.14
(b) indicates that the open-stopband issue has been effectively suppressed, while both stable |Sa1]

of -4.6 +=0.8 dB and stable radiation efficiency of 59.5 +4.2% [as shown in Figure 7.14(c)] verify
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Figure 7.14 (a) Fabricated prototype of the proposed OCUIR-based microstrip combline LWA.

(b) Simulated and measured S-parameters. (c) Simulated radiation efficiency

Radiation efficiency of the OCSLR-based counterpart (this design can be found in Chapter 7.2.2)

is also plotted in (c) for a comparison

the effectiveness of the evolutionary microstrip combline LWA using the natural multiple

resonances of the OCUIR for radiation stability.

7.4.2 Microstrip Combline LWA Based on Stub-Loaded Resonator—An RD

with Flexible Mode-Control Capability

As we have demonstrated previously, an MMR-based RD with flexible mode-control capability is

beneficial for LWAS to realize good design freedoms and flexibilities like governable beamwidth

and filtering behaviors while simultaneously holding the stable radiation. Although the microstrip

combline LWA has been evolved by using multiple resonances of the OCUIR for stable radiation,

it is inconvenient for this LWA to be versatilely tailored for different application requirements due
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Figure 7.15 Unit cell of the proposed OCSLR-based microstrip combline LWA

(a) Geometry. (b) Current distributions at the center frequency. The proposed OCSLR consists of
a folded OCUIR loaded with a short capacitive stub. Dimensions of the unit cell are P=7.25 mm,
Wms=1.12 mm, Lp1=0.9 mm, Lp2=1.8 mm, Ls=0.45 mm, W,=0.4 mm. The substrate is RO3035
with a thickness of 0.508 mm, relative permittivity of 3.6, and loss tangent of 0.0015

to the fixed frequency ratio of these resonant modes. Illuminated by [248][267][268] where loaded
stubs or pins can be used to perform the flexible mode-control, a short piece of capacitive open-
circuited stub is loaded to the folded OCUIR. Thus, an OCSLR-based LWA is established, as
shown in Figure 7.10(d) and Figure 7.15(a). It is necessary to mention that there are two aspects
that should be carefully considered when constructing the folded OCSLR. The first is concerned
with the selection of the loading point of the short stub for realizing the flexible mode-control.
According to the modal current distributions shown in Figure 7.11 and the works in
[248][267][268], the middle current null point of the 3" resonance can be loaded with the short
capacitive stub for the purpose of realizing an independent control of this mode. Besides, differing
from the folded OCUIR described in the last subsection in which the bend point is centrally located
and the bend discontinuity is removed, the microstrip bend discontinuity can be artfully used here
when folding a straight stub at the middle current null point of 3" resonance. In this case, the bend
discontinuity can cooperate with the loaded capacitive stub to adjust this mode independently, as
can be seen in Figure 7.16. When the loaded capacitive stub is absent (i.e. Lst=0), the folded OCUIR
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Figure 7.16 Dimensional effects of the short capacitive stub on the normalized admittance of the
OCSLR

The curves marked as “Reference” represent the special case removing both the bend
discontinuity and short capacitive stub, i.e., the one similar to the proposed OCUIR with a corner

cut (as shown in the inset)

whose bend discontinuity is located at the current null point of the 3™ mode has an obvious lower
modal frequency compared to its counterpart that has no bend discontinuity, regarding this
resonance. Meanwhile, this resonance can be progressively shifted toward a lower frequency by
increasing the length of the loaded capacitive stub. The reason for this mode-shifting phenomenon
can be simply explained by the fact that both the bend discontinuity and the loaded short stub
behave like a shunt-capacitor [17]. They will increase the effective capacitance of the RLC series
resonator circuit representing the 3 mode (series-resonance), and thus lower the related resonance
frequency. It is necessary to mention that the loaded capacitive stub will also introduce a radiating
edge involved into the total radiation mechanism; this is the second aspect that should be noticed
for the proposed design. Thus, for the sake of radiation purity, this loaded short capacitive stub
should be placed collinearly with the longer segment (i.e., the part that is parallel to the host line).
In this case, the fringing fields of the loaded short stub’s radiating edge will interestingly share the
same direction with that of the folded OCUIR. This is because at the bend point (the “node”), the
loaded short stub is capacitive while the longer segment of the folded OCUIR normally behaves
inductively. At such “node” they will share the same electrical potential and hence their current

directions will be totally reversed with respect to the “node”. Namely one flows inward while the
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Figure 7.17 Normalized phase and attenuation constants of the proposed OCSLR-based
microstrip combline LWA

Open-stopband issue is effectively suppressed by using a delay line and quarter-wavelength
impedance transformer [10], as shown in the inset. Dimensions of them are L4=0.58 mm, L4=1.74

mm, and Wq=0.65 mm

other flows outward of the “node”, as displayed in Figure 7.15(b) which illustrates the typical
current distributions of the OCSLR. Consequently, it is concluded that the loaded short capacitive
stub is able to play a significant role in the flexible mode-control of the proposed folded OCSLR
yet without contaminating the overall radiation performances. In this context, the proposed
OCSLR-based LWA is also capable of providing such good design freedoms and multifunctional
electrical performances analogous to the above demonstrated ALSSP-based LWA. These would
not be repeated here just for brevity. Figure 7.17 depicts the normalized complex propagation
constants of the proposed OCSLR-based LWA, where similar matching techniques as those in the
OCUIR-based counterpart are also employed to suppress the open-stopband issue. The attenuation
constant is not only kept relatively stable across the frequency band from 21 to 29 GHz, but also
exhibits an obvious value improvement compared to the OCUIR counterpart shown in Figure 7.13.
For verification purposes, 20 OCSLR-related unit cells are cascaded to form a microstrip combline
LWA, and the fabricated prototype is shown in Figure 7.18(a). Figure 7.18(b) shows its simulated
and measured S-parameters, illustrating that a good impedance matching is achieved without
presenting an open-stopband issue. We are more interested in the |Sz1| performance, which shows

a stable curve pattern in the target frequency band from 21 to 29 GHz. Meanwhile, a larger insertion
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Figure 7.18 (a) Fabricated prototype of the proposed OCSLR-based microstrip combline LWA.
(b) Simulated and measured S-parameters. (c) Simulated and measured realized gain and beam-

direction

loss (i.e., improved radiation capability) can be found compared to Figure 7.14(b), thanks to the
flexible mode-control induced by the loaded capacitive stub and the shortened frequency-distance
between the two series-resonances as indicated in Figure 7.3. More importantly, an obvious
filtering behavior with good out-of-band rejection is obtained. The radiation efficiency of the
proposed OCSLR-based LWA is already depicted in Figure 7.14(c). Not only is the stable
efficiency realized (i.e., 74.3 7.2 %) that is consistent with such a |S21| curve pattern, but an
apparent efficiency enhancement of about 15% than that of the OCUIR-based LWA is observed.
The simulated and measured realized gain and beam-direction are displayed in Figure 7.18(c). The
simulated results suggest that an average gain of about 16.8 dBi with variation of +1.8 dBi is
realized in the frequency range from 21 to 29 GHz, where the beam-scanning span is from -40°
(backward) to 20° (forward). The measured gain reasonably agrees with its simulated counterpart
except for a little drop that may be due to an increased material losses and measurement tolerances,
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Figure 7.19 Normalized radiation patterns of the proposed OCSLR-based microstrip combline
LWA

(@) 22 GHz; (b) 25 GHz; (c) 28 GHz

with a stable trend still remained (i.e., 16.5 £1.5 dBi). Simulated and measured radiation patterns
at several frequencies are shown in Figure 7.19, indicating that a reasonable agreement is realized
between the two cases with a slight difference that may be caused by fabrication errors or

measurement issues. Notably, the simulated cross-polar components are too small to be visible.

7.5 Discussion and Comparison

So far, two types of 1-D periodic LWAs based on different transmission line technologies and RDs,
i.e., ALSSP-based SIW LWA and SLR-based microstrip LWA have been elaborately studied.
Thanks to the flexible mode-control capability owned by their RDs, good design freedoms and
multifunctionalities in terms of circuit and radiation performances including controllable
bandwidth/filtering characteristics, manageable beamwidth, and radiation stability have been
achieved. However, there is a limitation behind this design concept when it comes to the achievable
bandwidth and beamwidth of the related LWA: a larger beamwidth is always accompanied by a
narrower bandwidth (or beam-scanning range), as revealed in Figure 7.9. This is because increasing
the attenuation constant and thus the beamwidth of the LWA simply relies on shorting the
frequency distance between the two strong resonances of the relevant RD so as to enhance the
absolute resistance/conductance value of the RD. Fortunately, the characteristic

impedance/admittance of the host TLs, according to equation (7.2), can also be exploited as an
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additional parameter to control the attenuation constant and thus beamwidth of the LWA.. Besides,
the width of the slot/stub in our proposed LWAs can be used as well to adjust the absolute
resistance/conductance value of the RD without significantly influencing its resonance frequencies
as mentioned before. In this sense, a fixed bandwidth can be realized by controlling the locations
of the RD’s two strong resonances, while the beamwidth can be conveniently tailored by suitably
selecting the characteristic impedance/admittance of host TLs and/or the width of the slot/stub RD.
Consequently, the proposed LWAs can be of more freedoms and versatilities when customizing

their electrical performances in terms of beamwidth and bandwidth.

In order to highlight the benefits of our proposed LWASs using the flexible mode-control principle,
a comparison has been conducted and tabulated as displayed in Table 7.1. Here, the proposed SLR-
based microstrip LWA is selected as a representative of our works; then, it is used to compare with
other references. It can be observed that compared to those SMR-related works [14][52], the
proposed SLR-based LWA is capable of simultaneously providing both the radiation stability and
controllable filtering characteristics thanks to the MMR design rule together with the flexible
mode-control principle. The advantages of such two functionalities in the proposed SLR-based
LWA are still sustained when compared with those works aimed for either radiation stability
[30][31][58][83] or controllable filtering capability [143][237]. In addition to these, it also should
be noted that a systematic or strategic approach to design an LWA with rich freedoms and
versatilities in terms of circuit and radiation characteristics has been uniquely investigated in our
work compared to others in the table. Thanks to these benefits, the proposed antennas, especially
the OCSLR-based microstrip LWA, may potentially be a competent candidate or standard scheme
to substitute those traditional counterparts as shown in Figure 7.10(a) and (b) in practical system
applications that, for example, need different bandwidths and beamwidths.

7.6 Conclusion

In this chapter, a class of single-layered multifunctional LWAs exhibiting flexibly engineered
radiation and filtering characteristics, with the aid of mode-control principle, have been
systematically explored and developed for microwave and millimeter-wave applications. It is
demonstrated that by properly controlling the modal behaviors of the RD, the related LWAS can

be freely tailored with respect to its attenuation constant while simultaneously maintaining
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radiation stability and possessing filtering behaviors. Aimed for different system-integration
platforms, both microstrip and SIW transmission-line technologies are separately employed to
implement LWAs whose RDs possess flexible mode-control capabilities. In addition to those
desirable electrical performances as mentioned above, the proposed LWAs also have some merits
from the perspective of industrial practicability, e.g., good design flexibilities and versatilities,
single-layer, low-cost, easy fabrication/integration. Therefore, they may be a good candidate for

practical system applications such as 5G communication and the loV.
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CHAPTER 8 FILTER BANK-ENABLED LEAKY-WAVE ANTENNA
ARRAY TECHNIQUE FOR RADAR APPLICATIONS IN STITCHED
FREQUENCY-SPACE DOMAIN

In this chapter, an array technique of LWAS on the basis of a FB concept is proposed and studied
for prospective radar applications characterized in stitched frequency-space domain. First of all,
the frequency-modulated continuous-wave system architecture is selected as a representative to
exemplify the characteristics of an LWA-enabled radar with emphasis on the unsolved coupling
dilemma between range and angle resolutions, upon which an unprecedented solution called
“frequency-space stitching” using an array of FB-enabled LWA channels is introduced for refining
the range resolution while maintaining a predefined angle resolution. With the radar equation, the
conditions for the FB-enabled “frequency-Space stitching” are analytically derived and
equivalently converted into design specifications for an array of LWAs, i.e., engineered or
synthesized beam-scanning functions, beam-crossovers, and phase alignments. Moreover, to
facilitate a practical implementation of such LWA array technique, a detailed design flow is
developed in a generalized manner. Finally, for a simple proof-of-concept, a FB-enabled two-
channel microstrip combline LWA array is modeled, fabricated, and measured. Simulated and
measured results are in a reasonable agreement and both demonstrate the stitched spectral and
spatial behaviors, i.e., enhanced spectrum bandwidth and widened radiation beamwidth. The
proposed FB-enabled LWA array technique may be potentially deployed in radars, as a
complementary solution to the current phased array counterpart.

8.1 Introduction

Fundamental requirements for a high-performance modern radar system are its capabilities to
detect multiple targets over a large FoV and estimate their range, angle, and other parametric
information with good resolution and accuracy. This requires the radar system operates with
wideband modulated signal waveforms such as linear frequency-modulated pulse (LFM) or
FMCW, and simultaneously its antenna front-end should provide a wideband and narrow/directive
beam (i.e., this narrow/directive beam is kept fixed over the wideband spectrum of the signal
waveform) that can be scanned to sample the whole targeted space, i.e., wideband spatial
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Figure 8.1 Simplified characterization of radar operations with respect to different coverage
plans in frequency-space domain [1][2][269]

(a) Traditional mechanical or electrical beam-scanning using wideband fixed-beams. (b) LWA-
enabled beam-scanning using frequency-scanning features. The left of (a) corresponds to the
frequency-space domain coverage of a single beam (or “Bm” in abbreviation) towards a specific

spatial angle, while the left of (b) represents the counterpart of a single LWA channel

sampling [1][2][269]. This process can simply be described using a frequency-space domain
coverage of radar operations, as conceptually illustrated in Figure 8.1(a). Generally speaking, there
are essentially three mainstream solutions that are used to conduct such required wideband spatial
sampling (or beam-scanning), and perhaps the most representative one is the mechanical beam-
scanning where a wideband fixed-beam antenna (e.g., parabolic reflector antenna) is exploited to
produce a narrow beam that is mechanically scanned with the aid of electro-motors and rotors [1].
Another popular method is the multi-beam scheme (or called “beam-switching”), where a group of
wideband directive beams pointing toward different predetermined angles may be realized by

reflector-/lens-based antennas with a cluster of feeders [270]-[273], or by an array of antennas
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together with beamforming circuits [274]-[276]. Comparatively, the phased array technique using
a set of phase shifters or more often true-time-delay devices proves to be the most flexible approach

to produce a wideband scanned narrow beam among the three schemes [277].

While those wideband, directive and fixed-beam antennas required by modern radar systems
normally work in a standing-wave mechanism, e.g., slotted waveguides/SIWs [213][278][279] and
series-fed microstrip patches/stubs [212][214][280], the LWA is a shining member of the class of
travelling-wave antennas, and it has been well-known for its numerous appealing features such as
the directive and narrow beam and particularly the natural frequency-enabled beam-scanning
property [9][11]. Thanks to such properties, LWAs may provide a low-cost, low-complexity, and
simple beam-scanning solution along with a good angle resolution [as shown in the left of Figure
8.1(b)], and several other benefits compared to those preceding mainstream schemes [1][2]. For
example, compared to the mechanical beam-scanning, the frequency-enabled beam-scanning is
apparently much faster in scanning the space and without inertial devices needed; compared to the
multi-beam solution, it no longer suffers from cumbersome arrangement of illumination sources or
complicated beamforming circuits; compared to the phased array techniques, expensive and lossy
phase shifters/time delay devices together with extra controlling circuits can be left out. However,
these benefits as just mentioned are only related to the keyword of “beam-scanning”, and we should
bear in mind that the “wideband” property should also be simultaneously considered when the
beam is scanned for the sake of detecting multiple targets with a good range resolution over a
certain FoV [1][2]. Although it is the unique frequency-enabled beam-scanning that brings such
desirable benefits to LWA-based radars, it would undesirably degrade certain radar performances
such as the reduced available spectrum bandwidth along with deteriorated range resolution in each
spatial angle cell (strictly speaking, it brings a coupling-related dilemma between the range and
angle resolutions, and more details will be particularly revealed later). Unfortunately, this dilemma,
to the best of the authors’ knowledge, remains to be considered and tackled in the technical
community. This fact may partly explain the phenomenon why there are just a few works regarding
LWA-based radar demonstrations [192]-195] that have been reported so far in our RF/microwave
communities, even though a large variety of LWAs based on multifarious TLs, radiating

discontinuities, and radiation mechanisms have been invented and studied since the 1940s [9][11].

On the other hand, the inherent frequency-based beam-scanning owned by LWAs may be more
useful and present greater potentials in the terahertz (THz) band [199]-[202] compared to the
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microwave/millimeter-wave band [192]-[195]. One of reasons for this is that there are tremendous
spectrum resources available in the THz band, and thus the absolute spectrum bandwidth allocated
for each spatial angle cell in an LWA-enabled radar is abundant enough to realize an adequate
range resolution for most real-world scenarios. By comparison, this issue would be more intractable
and serious in a lower frequency band, as a result of which it is of more stringency and practical
significance to solve it for possible applications in current microwave/millimeter-wave
developments. To this end, an array scheme of LWASs based on a FB concept [282] is proposed in
this chapter as a potential solution for LWA-enabled radar systems with improved range resolution
while maintaining a good predefined angle resolution. This resorts to properly stitching the
frequency-space domain of an array of LWA channels as conceptually illustrated in Figure 8.1(b).
To obtain an extended and gapless frequency-space domain coverage for radar operations, those
front-end FB-based LWA channels have to observe several design specifications or called
“stitching conditions” with respect to their beam-scanning functions (BSFs), beam-crossovers, and
phase alignments. These stitching conditions are analytically derived with the aid of the radar
equation [1][2] and numerically verified from the Rx and Tx perspectives of an antenna.
Furthermore, a generalized design flow is specially developed to facilitate the design of a practical
FB-enabled LWA array. This is followed by an implementation example of a two-channel FB-
based microstrip combline LWA array for demonstration purposes. Notably, such two LWA
channels are combined in the RF analog domain in this work just for a simple and convenient proof-
of-concept about such stitched frequency-space domain phenomenon, while they would be
connected to separate Rx channels for a practical use. As can be deduced from Figure 8.1, the
uniqueness and contribution of the proposed FB-enabled LWA array technique are manifested by
the fact that its relevant radars would put the angle resolution rather other the range resolution into
the first priority for consideration. In this regard, this feature is artfully contrary to the prevailing
phased array scheme [277], and thus may be applied to some scenarios that need a good angle

resolution while moderate range resolution.

8.2 Background Review, Problem Analysis, and Proposed Solution

Considering the simplicity and popularity of CW radars compared to pulse radars in
civil/commercial applications [1][283], the dilemma regarding the coupling between the range and

angle resolutions suffered by an LWA-enabled radar will be explicitly analyzed in this chapter
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Figure 8.2 (a) Simplified block diagram of an FMCW radar with only a single Tx-Rx chain
presented [283]. (b) Frequency-time diagram of a typical fast chirp-sequence waveform with N

chirps involved in a single frame (or CPI)

using an FMCW radar system architecture as an example, before which we will first briefly review
the principle of operation of a typical FMCW radar using wideband fixed-beam Tx and Rx antennas.
This is then followed by the proposed solution, i.e., FB-enabled LWA array technique.

8.2.1 Principle of Operation of Typical FMCW Radar

Figure 8.2(a) shows the simplified block diagram of a typical FMCW radar system. Although in
practice, such as automotive radars [284], multiple Tx-Rx chains are normally deployed to provide
good angle estimation/resolution capabilities together with improved detection performances [1],
only a single Tx-Rx chain is presented here for illustration convenience. Figure 8.2(b) depicts a
popular FMCW waveform—fast chirp sequence, with respect to its frequency-time diagram of the
transmitted and received signals within a coherent processing interval (CPI) [1]. When the FMCW
radar is under operation, a frame of wideband chirp signals generated by the waveform generator

are emitted into the free space by the Tx antenna, and then are reflected back from targets and
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captured by the Rx antenna. The received signal, which is considered as a time-delayed and
attenuated duplicate of the transmitted signal, will mix with a fraction of the transmitted signal to
produce an intermediate frequency (IF) signal. After passing a low-pass filter and analog-to-digital
converter, the IF signal will be processed in the DSP module, usually using the 2-D Fast Fourier
Transform (FFT) algorithm (also called Range-Doppler FFT), to estimate and resolve the range
and velocity parameters of multiple targets [1]. In general, consider that both the Tx and Rx
antennas operate with a fixed-beam over the whole spectrum bandwidth of the chirp signal as
mentioned previously. This means that toward any spatial directions within their beam-coverages,
all the frequency components of the chirp signal would be radiated out and then captured by the
radar as shown in Figure 8.2(b), without serious magnitude/phase distortion in principle. The
relevant frequency-space coverage of the radar with such a single Tx-Rx chain is illustrated in the

left of Figure 8.1(a). The range resolution of the radar, according to [1][283], can be expressed as

AR=— — = (8.1)

where c represents the light speed in the free space while B is the nominal spectrum bandwidth of
the chirp signal. T denotes the sweeping time of the chirp, while Td stands for the measurable time-
duration of the IF signal. The approximation in (8.1) is always made considering that the round-
trip time-of-flight (ToF) of the signal, in general, is extremely smaller than the sweeping time T of
the chirp signal. In this sense, nearly the whole spectrum bandwidth of the chirp signal can be
dedicated to the range resolution. Namely, it is the signal’s spectrum bandwidth that determines
the range resolution of the radar. On the other hand, multiple Rx antennas each equipped with a
channel are normally deployed to estimate and resolve the angle information of targets. The angle
resolution 46 is defined as and equal to the 3-dB beamwidth 4634s of the whole Rx antenna array.
As for the velocity resolution, it is mainly determined by the CPI and the carrier frequency f. of the
chirp signal waveform. It is irrelevant to both the available spectrum bandwidth of the received

signal and the number of Rx channels, and thus will not be involved in the following sections.

8.2.2 Characteristics of LWA-Enabled FMCW Radar

Although the range resolution of a conventional FMCW radar can easily be refined by simply
increasing the spectrum bandwidth of the signal waveform according to (8.1), the radar has to be

equipped with multiple Rx antenna elements or channels for achieving a good angle resolution.
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Figure 8.3 (a) Simplified beam-coverage illustration of an LWA-enabled FMCW radar using an
LWA as its Rx antenna. (b) BSF of the Rx LWA. (c) Frequency-time diagram of the transmitted

and received chirp signals

The better the angle resolution is needed, the more Rx channels should be configured for the radar.
This is especially the case when the “point cloud” data are needed for high-quality imaging in
automotive radars aimed for autonomous driving [285]. It is apparent that this would bring several
main concerns such as high cost, large system layout, heavy data volume/computation burden,
complicated DSP algorithm, cumbersome channel calibration and maintenance, and severe power
consumption. Consequently, only a few Rx channels are deployed for most practical uses, e.g.,
3Tx-4Rx with 12 virtual Rx channels in Texas Instrument (T1) product series of automotive radar
sensors such as AWR1243, AWR1443, and AWR1843 [284], where a good range resolution
relying the wideband FMCW signal waveform is given the first priority to guarantee reasonable

radar performances while the angle resolution only plays a secondary role.
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LWAs can also be exploited for radar applications [192]-[195][199]-[202]. Evolved from Figure
8.2(a), Figure 8.3(a) illustrates the beam-coverage scenario of a revised FMCW radar in which the
Rx antenna is replaced by an LWA, i.e., LWA-enabled FMCW radar. Within the working
frequency band ranged from f; to 2 (i.e., the bandwidth of the chirp waveform B = f, — f1), the Tx
beam is presumptively kept fixed, while the Rx beam is scanned from backward to forward as
displayed in Figure 8.3(b). In this sense, the Rx LWA only can receive signals when the target is
“seen” by the Rx beam or when the Rx beam dwells on the target. Therefore, the frequency contents
of the received signals are dependent on the spatial angles of targets, which enable LWA to present
a spatially dependent band-pass behavior [179]. Here, we assume that the Rx LWA has a linear
BSF with a slope of Sm, i.e., Om(f) = Sm - f + bm, and a constant 3-dB beamwidth 46s4s that does not
change with frequency. For a certain direction where the target is located, i.e., angle-of-target

(AoT), the spectrum bandwidth of the received chirp signal, BW, is

BW — A(93dB
S

m

(8.2)

which is obviously narrower than the spectrum bandwidth of the transmitted chirp signal since
most of its frequency contents cannot be captured by the Rx LWA, as illustrated in Figure 8.3(c)
exhibiting the frequency-time diagram of the transmitted and received signals. Consequently, the
time-duration (Td) of the IF signal is seriously shortened and thus the frequency resolution after
performing the Range-FFT is deteriorated [1]. The original range resolution formulated in (8.1),
therefore, should be modified as

c

AR=——
2BW

(8.3)

which is significantly deteriorated. Considering that the angle resolution 46 of the related radar is
equal to the 3-dB beamwidth 4634 of the LWA, we can get

AR-AQ:%Sm (8.4)

after substituting (8.2) into (8.3). Obviously, from equation (8.4) we can find that for an LWA-
enabled FMCW radar, its range and angle resolutions are coupled and contradictory for a given
beam-scanning rate of LWAs. This is easily understandable since both the two resolution-metrics

are set to rely on the 3-dB beamwidth of the Rx LWA but have reverse trends.
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Figure 8.4 Simplified illustration of an FB [37] and its associated LWA array technique for radar

operations

(@) An FB with respect to its typical sub-band decomposition-summation process (left), and the
ideal transfer function of each band-pass filter (right). (b) An array of FB-based LWAs with
interleaved BSFs. (c) Frequency-time diagram of the transmitted and received chirp signals using

an array of FB-based LWA channels

8.2.3 Frequency-Space Domain Stitching Using Filter Bank Concept—A

Potential Solution

Although the LWA-enabled FMCW radar can be exploited to provide a low-cost and low-
complexity beam-scanning solution with only a single Tx-Rx chain needed in principle [192]-
[195][199]-[202], the price it has to pay is the suffered range resolution due to the fact that the
nominal spectrum of the signal waveform (e.g., chirp signal) has to be shared by both the beam-
scanning and range resolution. This issue would be further deteriorated when a better angle
resolution is needed according to (8.4). Therefore, performance trade-off between the attainable
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range and angle resolutions normally needs to be considered for practical uses [192]-[195][199]-
[202]. Recall that an LWA behaves as a spatially dependent band-pass filter that has different
spectrum passbands toward different AoTs as mentioned previously. Thus, for a given AoT, if two
or more Rx LWA channels with elegantly interleaved filtering responses could be used
simultaneously and their individual received spectrums could be coherently stitched in the backend
module, a wider spectrum bandwidth than that a single LWA can capture may be received for
signal processing. For the related radar with such a multi-channel LWA array scheme, its
frequency-space domain coverage is illustrated in Figure 8.1(b). In this regard, the range resolution
could be significantly improved according to (8.3), while the angle resolution would remain the
same as the situation of a single LWA channel. Specifically, all of these LWA channels would
corporately contribute to the range resolution, while each of them may be used for the angle
resolution similar to [192]-[195][199]-[202]. The better the range resolution is needed by the
system, the more LWA channels should be configured. The angle resolution, herein, is given a
higher priority to be realized than the range resolution. Interestingly, this is complementary to the
traditional phased array-related FMCW radar shown in Figure 8.2 (a) where each Rx channel
provides the range resolution while all those channels work together for the angle resolution
[1][2][283]. The proposed design scheme originates from the FB concept [282] as illustrated in
Figure 8.4(a), where its typical sub-band decomposition-summation process and the transfer
function of each band-pass filter are presented. Here, a bank of frequency-interleaved band-pass
filters can be practically realized by an array of LWAs with different BSFs, as simply illustrated in
Figure 8.4(b). In a practical scenario, the wideband spectrum of a reflected chirp signal is first
decomposed into several sub-bands by those LWA channels. Subsequently, these sub-band signals
are summed for the range resolution, while each is used for the angle resolution as mentioned. The
relevant frequency-time diagram of the transmitted and received signals is conceptually plotted in
Figure 8.4(c). To obtain a gapless and stitched frequency-space coverage for the related radar as
illustrated in Figure 8.1(b), the transfer function of each band-pass filter or LWA channel should
be deliberately organized to make sure that the summed transfer function would present a widened
and relatively flat frequency response toward any spatial angles within the FoV. This requirement
can be translated to several stitching conditions or design specifications for an array of LWAs, i.e.,

engineered BSFs, beam-crossovers, and phase alignments, as will be elaborately derived later.
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8.3 Technicality of FB-Enabled LWA Array for Frequency-Space Stitching

For a single Tx-Rx chain of the FMCW radar that uses an LWA as the Rx antenna while a fixed-
beam antenna as the Tx antenna, the received power spectrum, according to the radar equation [1],
can be expressed as

P (9, £)G,(0, f)G, (0, f)oA*

RE.1)= (47)°R*

(8.5)

where Py is the received power from the Rx antenna while P is the transmitted power to the Tx
antenna. Gt and Gr are the power gains of the Tx and Rx antennas, respectively. All of these
parameters are a function of both frequency f and spatial angle & (only one plane is considered here,
corresponding to the scanning plane of the Rx LWA or the azimuth plane of the radar). R refers to
the distance between the target and the radar, o represents the radar cross section (RCS) of the
target, while Ac denotes the free-space wavelength of the chirp signal’s carrier frequency fc. For the
convenience of analysis yet without loss of generality, the transmitted power P is assumed to be a
constant over frequencies, e.g., 1 watt. This is reasonable since the chirp waveform has a nearly
uniform power spectrum [1]. Considering that the Tx antenna is assumed with a fixed-beam over
the frequency band of operation, the power gain Gt is set to be unity for simplicity (it may be
different for other directions but still remain a constant over frequencies). As for the Rx LWA that
has a fixed 3-dB beamwidth of 4634s and linear BSF of On(f) = Sm - /' + bm as assumed above, its
absolute power gain radiation pattern is modeled by a normalized Gaussian function [1], i.e.,

Gaussian LWA, which is expressed as

~2In4[0-6, ()]
A0

G.(0,f)= e{ (8.6)

Obviously, it can be deduced from (8.6) that for a certain spatial angle, the power gain frequency
response of the Rx LWA is also related to a Gaussian profile. In this connection, the received power
spectrum of the radar towards this angle is approximately with a Gaussian profile as well thanks to
its linear relationship with the power gain of the Rx LWA when the above-mentioned assumptions
are all considered. Recall that the physical significance of an antenna’s transfer function is actually
manifested by or equivalent to its voltage gain/field pattern [16][269]. Thus, we may simply

consider
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IH, (6, )| =G, (. ) (8.7)

where H(6, f) represents the transfer function of the Rx LWA. The received voltage magnitude

spectrum can be then expressed as

U, (0, T)|=/2Re(Z,)P, (0, T)

=g-|H, (0, f)| (8.8)

where Z, is the load impedance of the Rx antenna while g :\/2 Re(zo)a/lf/[(47z)3R4:| is a
constant.

When considering the FB concept illustrated in Figure 8.4(a) and employing an array of N LWA
channels to receive signals simultaneously, the total magnitude spectrum of the resultant voltage

signal from these Rx LWA channels can be derived as

Un@. O] =20, f)‘
=2 U 0. )
j=1
= gi\Hrj ©, 1) (8.9)

where Ur(6, f) represents the spectrum of the combined voltage signal; Urj(6, /) and Hyj(6, ) denote
the output voltage spectrum and transfer function of the j™ LWA, respectively. Note that all of
these LWAs (or band-pass filters) here are assumed to have the same group delay (or slope of linear
phase frequency responses of transfer functions) in their passbands, which is normally the case for
a FB [282]. In this context, the individual output spectrums of these LWA channels could be added
coherently as already involved in (8.9) if the phase difference 4¢ between adjacent LWAS in the
overlap frequency region [as shown in the right of Figure 8.4(a)] has been compensated (if not
specified, it is always assumed that this phase alignment or compensation process has been
automatically conducted before combining the output spectrums of those LWAs, and this will be
specially discussed later). As a consequence, we may conclude that according to (8.9) and Figure

8.4(a), one key point to obtain an enhanced spectrum bandwidth of the total received signal at a
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certain AoT is to make the individual transfer function of each LWA overlap at a proper frequency
point. This can be translated to special design specifications of these LWAS, considering the fact
the transfer function of an LWA at a certain angle is determined by its BSF according to (8.6) and
(8.7). In order to derive such design specifications of LWAs, we consider an array of two adjacent
LWA channels having interleaved BSFs expressed as Omj(f) = Sm - f + bmj and Omg+1)(f) = Sm - f +
bm(+1), respectively. As deduced from (8.6) and (8.7), the transfer function of a Gaussian LWA, at
a given angle, is also with a Gaussian profile that only pertains to frequency, with the 3-, 6-, and

9-dB spectrum bandwidth of A8, /S,,, Ay /S, , andAb,,,/S,, , where A0sds and A0ags refer

to the 6- and 9-dB radiation beamwidth of the LWA, respectively. To obtain a relatively flat-while-
wide summed transfer function, their individual counterparts should approximately overlap at the
frequency point at which a half of the maximum absolute value is reached as illustrated in Figure
8.4(a). This corresponds to the 6-dB frequency point of each transfer function, indicating that the

required frequency offset or distance Af between the two LWAs” transfer functions is A6, /S, .

This can be translated to a limiting condition of their BSFs, expressed as

gmj (f)- 0m(j+l) (f)= bmj - bm(j+l)

= A‘gesds

(8.10.1)
= \/EAeadB

where a scaling factor of V2 between 4648 and A6sqs of the Gaussian LWA is applied (similarly,

the scaling factor between A6s4s and Afsgs is ~/3). From (8.10.1), we can find that at a certain
frequency f, the two adjacent LWAs should be separated by an angular spacing of 46sis With
respect to their BSFs. This also means that their radiation power gain beams, at a certain frequency,
should be overlapped at the 6-dB angular point, i.e., 6-dB beam-crossover. Equation (8.10.1) can
thus be called “magnitude stitching condition”. On the other hand, recall that these design
specifications related to (8.10.1) such as BSFs and beam-crossovers are subject to the condition
that all the received spectrums from those LWA channels could be phase-aligned and thus
coherently combined. However, this is not case since there is a fixed phase difference 4¢ in the

overlapped spectrum between the two adjacent LWAS, which can be expressed as

Ap=~2r-Af -GD
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zzﬂ-%.eo (8.10.2)

m

according to the linear phase frequency responses of an FB as illustrated in the right of Figure
8.4(a). Here, GD refers to the shared group delay of each band-pass filter in the FB, while Afis

selected as A6, /S,, in accordance with the 6-dB overlap criterion adopted in (8.10.1). Equation

(8.10.2) can be called “phase stitching condition”, which should be simultaneously satisfied along
with the magnitude stitching condition (8.10.1). If so, the frequency-space domain of each channel
would be seamlessly stitched, and the individual received spectrum bandwidth from the two Rx

LWAs towards a certain angle could be coherently added and expressed as

— Ae?:dB +A06dB

m

Analogously, if an array of N LWA channels is used simultaneously based on the two stitching

conditions in (8.10), the total received spectrum bandwidth can be deduced as

_Abs +(N-DAG, 5

BW, =
FB—N Sm
~ N A06dB
Sm
:\/EN%, N>1 (8.12)
As a result, the relation of the range and angle resolutions formulated in equation (8.4) should be
revised as
AR-AO=—S s (8.13)
22N "

Clearly, for an FMCW radar configured with an array of N Rx LWA channels sharing a certain 3-

dB beamwidth (angle resolution) and beam-scanning rate, the attainable spectrum bandwidth and

range resolution could be improved by a factor of J2N if the FB-related stitching conditions (8.10)
are adopted to construct an expanded and stitched frequency-space domain as Figure 8.1(b) for
radar operations. Alternatively, for a certain range resolution, a refined angle resolution (narrowed

3-dB beamwidth) can be realized at the expense of more LWA channels deployed.
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To demonstrate the effectiveness of the proposed solution for stitching the frequency-space domain
and thus enhancing the received spectrum bandwidth, one, two, and three LWA channels among a
N-channel (N > 3) LWA array are used to calculate the total received power spectrum toward
different AoTs, respectively. All of these LWASs are modeled with the same beam-scanning rates
of 5°/GHz and a Gaussian radiation pattern with the 3- and 6-dB beamwidths of 8.5° and 12°,
respectively. The carrier frequency fc is assumed to be 35 GHz, which is also the broadside
frequency of the reference LWA numbered as LWA;. Note that the LWA, is the central LWA among
the N-channel LWA array and the subscript i is an integer constant that is most close to (N+1)/2.
Based on these parameters provided above and the stitching conditions in (8.10), the BSFs of the
selected three LWAS can be expressed as
Oy (F)=5(f —35)+12=5f -163
{ 0, (f)=5(f —-35)=5f —175 (8.14)
Oy (T) =5(f —35)—12=5f —187

The numbering and arrangement of these LWASs is consistent with Figure 8.4(b). The normalized
received power spectrums when using one, two, and three Rx LWAs, can thus be calculated
according to (8.6)-(8.9) and (8.14), as plotted in Figure 8.5. It can be seen obviously that in the
case of a single LWA, the received power spectrum shown in Figure 8.5(a) exhibits a Gaussian
profile that relies on the AoT thanks to the natural spatially dependent filtering characteristics of
LWAs. Comparatively, when using two or three LWAs following the proposed stitching conditions
in (8.10), spectral and spatial stitching processes can be accomplished as shown in Figure 8.5(b)
and (c), with presenting an expanded coverage area of the frequency-space domain that resembles

Figure 8.1(b). This is because, for any AoTs, the received frequency components from these LWA
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Figure 8.5 Normalized received power spectrum with respect to different number of LWA

channels based on the proposed FB concept

(@) A single LWA channel; (b) FB-based two LWA channels (i.e., “FB-2"") under 6-dB overlap
criterion; (c) FB-based three LWA channels (i.e., “FB-3"") under 6-dB overlap criterion; (d) FB-

based three LWA channels under 9-dB overlap criterion. The left of each subfigure represents the

received power spectrum with respect to different AoTs in the manner of heat-map, while the

right is related to the special situation that the target is in the broadside direction (i.e., AoT=0)
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channels would add constructively and complementarily, thereby giving rise to a widened spectrum
compared to the situation of a single LWA. However, it is necessary to mention that the FB-related
6-dB criterion adopted in (8.10) are especially dedicated to obtaining a widened spectrum that
particularly behaves with a relatively flat and smooth manner in the middle passband. Actually, it
IS not the optimum condition for a maximum achievable bandwidth. Considering that the “3-dB
bandwidth” is often used as a criterion in practice to define the useful spectrum bandwidth, the
summed transfer function of the FB is not necessary to behave very flat whereas suitable pits or
ripples in the middle of the passband can be tolerated. That is to say, the frequency distance Af
between adjacent transfer functions shown in Figure 8.4(a) can be properly extended but not merely
limited to the 6-dB criterion. For example, the overlap frequency point between two adjacent
transfer functions can be relaxed to 0.354, corresponding to 9-dB stitching conditions on the
analogy of (8.10). In this case, the summed transfer function or combined received spectrum would
have pits or ripples that are approximately 3-dB lower than the peak, thereby maximizing the
achievable frequency-space coverage and spectrum bandwidth in principle as illustrated in Figure
8.5(d). In this respect, those equations (8.10) - (8.13) should be revised accordingly using 9-dB
related parameters, which are not given here for brevity. Nevertheless, it should be noted that the

6-dB associated criterion will be used by default in this chapter unless otherwise stated.

On the other hand, bear in mind that an antenna is a reciprocal component with respect to its Tx
and Rx functionalities [16]. Examining the received power spectrum from those LWA channels for
demonstrating the frequency-space stitching phenomenon in radar operations, as we have just
conducted above, actually corresponds to the characterization of an antenna’s Rx functionality.
Nevertheless, the desirable frequency-space stitching illustrated in Figure 8.1(b) can also be
observed from the Tx functionality of the FB-based LWA array thanks to the reciprocal theorem;
this is equivalent to the examination of the resultant radiation pattern of the whole array.
Specifically, at a certain frequency f, radiated signals from all those LWA channels will superpose
in the free-space. Considering the fact that the received power spectrum from an Rx antenna is
linearly proportional to its power gain as mentioned previously, it is expected that examining the
FB-based LWA array from the perspective of the radiation (i.e. Tx functionality) would also
present the desirable frequency-space stitching phenomenon similar to Figure 8.5. This is
unsurprisingly and clearly illustrated in Figure 8.6, which depicts the normalized radiation patterns
with respect to the FB-based LWA array consisting of different number of LWA channels that
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follow the 6- or 9-dB stitching conditions. Those synthesized radiation patterns shown in Figure
8.6(b)-(d) can be directly calculated using the Friis transmission theorem [16], which are not
expanded here for brevity. Notably, it is this widened synthesized beam that results in a prolonged
beam dwell time and thus enhanced received spectrum bandwidth for a target. Although the two
perspectives of characterization (i.e., Rx and Tx functionalities of the FB-enabled LWA array),
from the enhanced received spectrum bandwidth at given AoTs as shown in Figure 8.5 to the

synthesized widened radiation beamwidth at given frequencies as shown in Figure 8.6, are all valid
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Figure 8.6 Normalized radiation patterns with respect to different number of LWAs based on the

proposed FB concept

(@) A single LWA channel; (b) FB-based two LWA channels under 6-dB overlap criterion; (c)

FB-based three LWA channels under 6-dB overlap criterion; (d) FB-based three LWA channels
under 9-dB overlap criterion. While the left of each subfigure displays the normalized radiation
pattern with respect to different frequencies in the manner of heat-map, the right is related to the

case at the carrier frequency of 35 GHz

and mutually equivalent for demonstrating the frequency-space stitching effects exhibited in Figure
8.1(b), the latter is preferable and more convenient to serve as a touchstone to facilitate a practical
implementation of the FB-enabled LWA array and a direct proof-of-concept, as will be shown later.

8.4 Implementation, Simulation, and Experimentation of Practical FB-
Enabled LWA Array—A Direct Proof of Concept

So far, the stitching conditions for the enlarged frequency-space coverage of an LWA-driven
FMCW radar as conceptually illustrated in Figure 8.1(b) has been derived. Its effectiveness has
been separately examined from the perspectives of the received power spectrum and radiation
power pattern of the FB-based LWA front-end, where an array of LWAs with ideal radiation
performances such as linear BSF, fixed beamwidth, and constant gain were assumed. In this section,
we will demonstrate how to implement a practical FB-based LWA array and then provide a direct

proof of concept.
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8.4.1 Generalized Design Flow for an FB-Enabled LWA Array

According to the leaky-wave theory [9][11], an LWA can be regarded as a special guiding-while-
radiating lossy TL, where its radiation properties as an antenna can be easily predicted by its
guided-wave characteristics as a lossy TL, i.e., the attenuation and phase constants. For a periodic
LWA using the -1st-order space-harmonic to radiate, its main-beam direction (or BSF) 0n and 3-

dB beamwidth 46sqs can be expressed as

B - 2
el p B 0.91
6. (f)=sin ko y AOyyg = (QP /4, )c05(6,) (8.15)

where ko and Ao are the free-space wavenumber and wavelength, while P and Q denote the period
length and quantity of unit cells, respectively. fo refers to the phase constant of the periodic LWA’s
fundamental space-harmonic, which also approximates the original phase constant of the
unperturbed host TL [9][11]. For a TEM or quasi-TEM TL (e.g., microstrip line) that is used for
constructing a periodic LWA, the BSF in (8.15) can be revised as

em(f):sin-l[@—%%] (8.16)

where et is the effective relative permittivity of the host TL. From (8.16) we can conclude that to
approximately obtain an array of N LWAs with engineered BSFs and beam-crossovers that are
required by the magnitude stitching condition in (8.10.1), an advisable and feasible approach is to
employ a group of periodic LWAs with slightly different periods. Here, to provide an efficient
design guideline and particularly, to determine the period difference of those LWA channels, we
firstly designate an LWA as the reference, which is numbered as LWA; possessing a broadside
frequency of fi, period length of Pj, and unit-cell quantity of Qi. Similar to that in Chapter 8.3, the
referenced LWA. is the central one among the N-channel LWA array and the subscript i is a known
integer constant that most closes to (N+1)/2. Note that at the broadside frequency fbi, the period P;
is equal to a guided-wavelength of LWA; and the equation (8.16) is equal to zero, based on which
Pi can be calculated from fyi and &es. Then, we assume our FoV of interest is close to the broadside
direction. Consequently, in the vicinity of the broadside frequency fyi, we may expand LWA;’s BSF
at foi using Taylor Series. Keeping the first two items and neglecting higher-order ones, the BSF of
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LWA, can be approximately expressed as

O(f) =108 _ [ (8.17)

c

Consider that the period difference of those LWAs is generally small and so do their broadside
frequencies for the sake of obtaining well-arranged BSFs and beam-crossovers. Thus, we may
approximately use the referenced LWAi’s BSF 6ni(f), in terms of its various-order Taylor
coefficients at fni, to expand its adjacent LWA’s BSFs 0Onj(f) at their individual broadside
frequencies fyj. Here, j is a dummy variable that represents the numbering of those LWAs adjacent
to the referenced LWA.. In this case, equation (8.17) can be revised to give a generalized BSF
suitable for all of these LWA channels including LWA,, expressed as

Re. P
6, (f)=—"f —Eﬂ/geﬁ (8.18)

¢ j

where P; denotes the period length of the j" LWA, i.e., LWA;. When combing (8.10.1) and (8.18)

together under the 6-dB design criterion, we can get

P =—— \/a P, j=i,i+1i+2,
(J_I)\/EAGSdB—i—\/geff

or (8.19)

J \/g_(i_j)\/gAHSdB |

where 46348 specifically refers to the 3-dB beamwidth of the reference LWA; at the broadside
frequency fui. Note that (8.19) only approximately works to determine the initial period values of
those LWAs adjacent to the reference LWA;, and a fine-tune process may be performed

subsequently. The specific design flow of a generalized FB-enabled LWA array is summarized as:

1). Specify areference periodic LWA with a certain broadside frequency fyi (e.g., carrier frequency
fc of the chirp waveform in an FMCW radar) and 3-dB beamwidth 4654 (i.€., angle resolution
460 required by an FMCW radar). In this sense, both the period length Pi and the quantity of
unit cells Qj of this reference LWA can be approximately determined from (8.15) and (8.16).
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Once this reference LWA is confirmed, its beam-scanning rate Sm and group delay GD are also
determined.

Based on the range resolution required by the radar, the quantity of LWA channels N for
implementing an FB can be estimated, according to (8.13) and the beam-scanning rate of that
reference LWA. Then, the period length of those adjacent LWAs around the reference LWA
can be roughly calculated according to (8.19) as an initial value, while the quantities of their

unit cells, at this stage, can be selected approximately to that of the reference LWA.

Fine-tuning processes with respect to the period length and quantity of unit cells of those
neighbouring LWASs are necessary to ensure that all of these FB-related LWAS can
approximately possess the designated beam-crossover and equivalent gain at the design
frequency f. to coincide with (8.10.1). This is followed by the phase alignment procedure where
the initial phase difference, according to (8.10.2), can be approximately calculated by the
considering the group delay and beam-scanning rate of that reference LWA as well as the
designated beam-crossover condition (e.g., 6-dB criterion).

A |B/K| LWAi2 LWA; LWA,
e N S (i+1)
NN NN
. NNV NN
246
Sin(246sqg) NN
eee \ \ \ coe
Sin(40gqg) \ v\ /N
\
0 T

Figure 8.7 Normalized phase constant of FB-enabled LWA array

ABeqg refers to 6-dB beamwidth of the referenced LWA, at the broadside frequency f (i.e., fui).

Dashed and solid lines represent backward and forward beam-scanning regions, respectively

Normally, for a periodic LWA, a single unit cell can be used to conveniently and accurately extract

its phase constant with the aid of the Bloch-Floguet theorem [26][43]. This is an advisable step that

should be conducted since we further need to use its associated dispersion diagram as a graphical
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tool to facilitate the open-stopband suppression process (e.g., use some matching techniques such
as delay line and quarter-wavelength transformer [15]) so that these FB-based periodic LWAS can
support a continuous beam-scanning or receive signals through the broadside direction. More
importantly, we can use those extracted phase constants, as conceptually illustrated in Figure 8.7,
to conveniently fine-tune and determine the period lengths of those adjacent LWAs (around the
reference LWA) as required by the preceding three-step design flow. For example, for the
referenced LWA; with a broadside frequency of fsi = fc and 6-dB beamwidth of A6sgs, the
normalized phase constants of its two most adjacent bilateral LWAS, namely LWAi-1) and LWAi+1),
should pass the point of [fc, sin(46sd8)], as shown in Figure 8.7. The remaining adjacent LWAS

may be deduced by analogy with respect to their normalized phase constants.

8.4.2 Practical FB-Enabled LWA Array Using Stub-Loaded-Resonator-Based
Microstrip Combline LWAs

In order to verify the proposed FB-enabled LWA array technique for the desirable frequency-space
stitching behavior, we will first use the design flow formulated above to implement a practical FB-
based LWA array. Consider that the proposed FB-based concept illustrated in Figure 8.4 needs that
all the transfer functions of band-pass filters (or LWAS) should have equivalent bandwidths and
maximum magnitudes. This can be technically translated to the fact that the candidate LWA should
embrace stable radiation performances such as gain and beamwidth with frequency. Interestingly,
recall that a class of multimode-resonator-related periodic LWAS proposed in our previous works
[83][84] can tactfully satisfy such strict requirements about radiation behaviors imposed by the FB
concept. As a result, the stub-loaded-resonator (SLR)-based microstrip combline LWA proposed
in [84] is exploited here for demonstration purposes. Figure 8.8 exhibits its relevant unit cell and
FB-based LWA array.

For a simple and convenient proof-of-concept without loss of generality, only two SLR-based
LWAs, numbered as LWA; and LWA+1), are considered here. The design frequency is selected as
35 GHz, at which the first LWA (the referenced LWA;) would realize the broadside radiation. The
substrate adopted here is Rogers RO3035 with thickness of 0.508 mm, relative permittivity of 3.6,
and loss tangent of 0.0015. The period length P; of this referenced LWA; can be determined as
mentioned previously. Complete unit cell dimensions are Pi=5.16 mm, Wr,i=0.9 mm, Ws=0.4mm,
L1i=0.6 mm, L2i=1.2 mm, L3i=0.3 mm, Lqi=0.259 mm, L¢i=1.185 mm, and Wi=0.422 mm. Notably,
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192

instead of specifying the 3-dB beamwidth and then calculating the quantity of unit cells according

to the design flow described above, we directly choose the quantity of unit cells of the LWA; for

convenience, as a result of which its 3-dB beamwidth could be determined accordingly and then

used to calculate the period of LWA+1). Here, 10 unit-cells are cascaded to form an effective leaky-

wave radiation for the LWA; while the remaining power is absorbed by a matching-load termination.

The simulated |S11| and |S21| of this reference LWA; can be found in Figure 8.9(a), showing that a

good impedance matching without open-stopband together with an effective radiation is realized.

The normalized radiation pattern of the LWAI at the design frequency of 35 GHz is plotted in
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Figure 8.9(b), with the 3- and 6-dB beamwidths of 8.5° and 12°, respectively. It should be noted
that for a conservative design, 6-dB related criterion as mentioned previously is selected here. The
period length of the second LWA, i.e., LWA+1), can be then calculated using (8.19), which is about
4.41 mm. Subsequently, we can use this result as an initial value to adjust the geometry of
LWA+1)’s unit cell by taking advantage of Figure 8.7, thereby resulting in the desirable beam-
crossover and the suppression of open-stopband. After a fine-tuning process, unit cell dimensions
of LWAi+1) are determined as P(i+1) =4.66 mm, Wm(i+1)=0.9 mm, Wsi+1)=0.4mm, L1i+1=0.58 mm,
L2¢+1)=1.16 mm, L3(i+1=0.28 mm, Ld+1)=0.082 mm, Lq+1)=0.934 mm, and Wqi+1)=0.529 mm. 11
unit-cells are cascaded to establish the LWA+1) S0 as to realize an equivalent gain compared to that
of LWA, at the design frequency of 35 GHz. The simulated S-parameters and normalized radiation

(a) S-parameters. (b) Normalized radiation patterns. (c) Main-beam directions and 2-D realized
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patterns at 35 GHz of the LWA+1) are also plotted in Figure 8.9(a) and (b), respectively. Notably,
the desirable 6-dB beam-crossover is realized by the two LWAs at the design frequency of 35 GHz.
What’s more, the beam-crossover of the two LWASs is sandwiched between 6- and 9-dB over the
frequency range from 32-38 GHz, as also shown in Figure 8.9(b). This implies that a synthesized
widened radiation beam could be realized and scanned with frequency (similar to Figure 8.6),
thereby paving the way for obtaining an enhanced spectrum bandwidth towards certain AoTs

within the FoV (similar to Figure 8.5). The simulated 2-D realized gain patterns (versus frequency
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Figure 8.10 Normalized received power spectrum of the two LWASs with respect to different

incidence angles of a wideband uniform plane-wave

(@) 0% (b) -10°; (c) 10°. Negative/positive angles refer to the backward/forward beam-scanning
regions, respectively. In (a), the right subfigure displays the phase spectrum of received signals
from the two LWASs at the broadside direction (0°)
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and angle) of the two LWAs, together with their BSFs, are plotted in Figure 8.9(c). A beam-
scanning rate of about 5°/GHz over the frequency region of 32-40 GHz is obtained for the two
LWAs. Figure 8.10 exhibits the normalized received power spectrums of the two LWAS when they
are illuminated by a wideband uniform plane-wave with the phase center (or zero-phase point)
located at the antenna surface. When the incident angles of the plane-wave change from -10°
(backward) to 10° (forward), the center frequency and passband of the received power spectrum
shows an increasing trend for each LWA, as expected. More importantly, the two received power
spectrums approximately overlap at the designate 6-dB frequency point when the incidence angle
is 0°, which is consistent with Figure 8.5(b), thereby manifesting the effectiveness of the developed
design flow. Also note that the spectrum crossover is still lower than 9-dB when the incident angles
deviate from the broadside direction to #10°, thereby implying that a widened spectrum with a
reasonable pit or ripple could be realized within such a FoV if the two received spectrum could be
added coherently. Note that this requires a phase alignment process between the two LWA channels,
as described before. As shown in the right subfigure of Figure 8.10(a), the received phase spectrums
of the two LWAs within their overlapped main-lobe frequency region (i.e., passband) possess a
fixed phase difference of about 4¢=~160°, which is similar to the situation displayed in Figure 8.4(a).
The group delay of two LWAs in their main-lobe passbands is about GD~0.198 ns, corresponding
to a slope of about 71°/GHz for their phase spectrums. Considering that the reference LWA; has a
beam-scanning rate of about 5°/GHz and 6-dB beamwidth of about 12° the required phase
difference, according to (8.10.2), can be theoretically calculated as 170.4°. Both the simulated and
calculated values of the phase difference are in a reasonable agreement. Notably, such a fixed phase
spectrum difference between the two adjacent LWA channels can be compensated or calibrated
out in either the digital domain by the DSP module or the RF analog domain by simply introducing
a delay line on the second LWA (thanks to the relative narrowband property of the overlapped
passband spectrum) as will be shown later. In this sense, the two output spectrums from the FB-
based LWA array can be coherently superposed, thereby giving rise to a stitched frequency-space
domain exhibiting an enhanced received spectrum bandwidth towards given AoTs within the FoV.

8.4.3 Simulation and Experimentation of the Proposed FB-Enabled LWA
Array

Bear in mind that our eventual goal is to collect all the received signals from those FB-related LWA
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Figure 8.11 Final configuration of the proposed FB-based LWA array consisting of two SLR-

based microstrip combline LWAs and a two-way SIW power divider

(@) Simulated model. (b) Fabricated prototype. (c) Measurement setup in Compact Antenna Test

Range (CATR). All the parameters in (a) are in millimeters

channels so as to realize a stitched frequency-space domain coverage for radar operations. Consider
that the combination process for the received signals from those N LWA channels in either the
digital or analog domain is equivalent to the radiation pattern synthesis of an N-element antenna
array in the free-space thanks to the fact that an antenna is reciprocal with respect to its Rx and Tx
modes. Consequently, for a convenient demonstration and easy understanding of the FB-enabled
LWA array technique, the antenna’s Tx mode in the form of free-space signal superposition is still
selected here to facilitate design and demonstration. This is just as what we have conducted to
design each LWA channel in the last subsection. The proposed two SLR-based microstrip combline

LWAs are connected to a two-way SIW power divider as depicted in Figure 8.11(a), and the entity
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Figure 8.12 Simulated S-parameters of the proposed two-way SIW power divider

(@) Magnitude. (b) Phase

can be treated as a Tx two-element LWA array. Simulated S-parameters in terms of the magnitude
and phase frequency responses of the power divider are plotted in Figure 8.12(a) and (b),
respectively. It can be seen that the magnitude imbalance is less than 0.5 dB with the frequency
range of 32-38 GHz. To compensate the phase difference required by the two LWA channels so
that their received spectrums can be coherently stitched as explained above, the power divider’s
two branches are properly adjusted and optimized with respect to their path lengths [i.e., Li and
Li+1), as shown in Figure 8.11(a)], where the initial path length difference can be easily determined
according to the phase difference depicted in Figure 8.9(a), i.e., 49~160°. Notably, from the

perspective of the Tx functionality of an antenna, this phase compensation process between the two
LWA channels is significant to ensure that the relative phases of their radiated fields in the free-
space are approximately equal in the overlapped main-beam spatial region, thereby enabling their
radiated fields to superpose coherently and forming a widened radiation pattern similar to Figure
8.6.

There are three ports in the proposed array, with the common port (Portl) fed with power while
the other two, i.e., Porti and Portg+1) terminated with matching loads. The simulated |S11| of the
array can be found in Figure 8.13(a), with a good impedance matching realized. Simulated radiation
patterns at 32 GHz, 35 GHz, and 38 GHz are plotted in Figure 8.13(b), respectively, which
obviously shows that stitched and widened radiation patterns (i.e., spatial stitching process) are

realized when compared to the results of two individual LWAS shown in Figure 8.9(b). This mainly
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Figure 8.13 Simulated and measured results of the proposed two-element FB-based LWA array

(@) |S11)- (b) Realized gain pattern at different frequencies. (c) Normalized power spectrum
towards different AoTs. (d) Realized gain as a function of both angle and frequency (only
measured results). The measured results in (c) are actually the measured realized gain frequency

responses

comes from that the beam-crossover between the two LWAs is kept within a reasonable level
between the 6- and 9-dB conditions even though their beams are scanned with frequency, and that
the required phase alignment process between the two LWAS has been successfully satisfied.
Notably, from these we can rationally speculate that the desirable spectral stitching phenomenon
and widened output spectrum would be found when the proposed FB-enabled LWA array operates
in the Rx mode. To justify this, the proposed array is impinged by a wideband uniform plane-wave
from different spatial angles, and simulated results in terms of the received normalized power
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spectrums are depicted in Figure 8.13(c). As speculated, the proposed array can receive and output
a stitched and approximately double-wide spectrum bandwidth compared to the situations of two
individual LWAs shown in Figure 8.10 and similar as the results of Figure 8.5(b). There are two
aspects that should be noticed before the experimental demonstration of the proposed design
concept. Firstly, consider that the measurement setup of a typical microwave anechoic chamber is
always comprised by a Tx-Rx chain, e.g., the Compact Antenna Test Range (CATR) shown in
Figure 8.11(c), in which the radiation measurement of an antenna is realized by repeatedly
transmitting and receiving a wideband chirp signal against different spatial angles [16]. This is
actually what we need for our experimentation. Secondly, note that the total received power
spectrum of the FB-based array is linearly proportional to the frequency response of the array’s
power gain, as described previously in Chapter 8.3. As a consequence, there is an easy and
convenient approach to experimentally verify the proposed FB-enabled array technique: just use
the configured setup in a microwave anechoic chamber for experimentation and the measured
frequency response of the realized gain at a certain angle can be used to represent the practically
received power spectrum from the FB-enabled array. The fabricated prototype of the proposed
array is shown in Figure 8.11(b). Its measured |S11| and radiation patterns are plotted in Figure 8.13
(@) and (b), respectively. These measured results are in a reasonably good agreement with the
simulated counterparts, and both demonstrate the desirable spatial stitching phenomenon. The
realized gain frequency responses at several angles, which are used to represent the received power
spectrums toward relevant AoTs, are plotted in Figure 8.13(c). Limited to the Ka-band
measurement setup, only the measured results within 30-40 GHz are recorded and presented. It can
be seen that the measured results of realized gain frequency responses reasonably agree with the
simulated received power spectrums, thereby justifying the effectiveness of this simplified
experimentation as well as the spectral stitching effects. The measured 2-D realized gain pattern of
the proposed array is plotted in Figure 8.13(d), exhibiting an obvious expanded frequency-space

area when compared to Figure 8.9(c).

8.5 Conclusion

In this chapter, an array technique of LWAs on the basis of the FB concept has been proposed and
investigated for potential radar applications. Different from those traditional fixed-beam-antennas-

based beam-scanning schemes [as shown in Figure 8.1(a)] including the mechanical beam-
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scanning, multi-beam, passive/active phased array, and even full-digital phased array, the proposed
scheme makes a combined use of the natural frequency-based beam-scanning inherently owned by
LWAs and the FB concept to realize stitched frequency-space domain coverage for radar detections
[as shown in Figure 8.1(b)]. Specifically, an array of LWA channels should be deployed, where
the FB-related magnitude and phase stitching conditions in the form of the BSFs, beam-crossovers,
and phase alignments should be simultaneously satisfied for those LWA channels. A detailed
design flow regarding a generalized FB-enabled LWA array has been developed to facilitate a
practical implementation, on which a two-channel SLR-based microstrip combline LWA array has
been modeled, fabricated, and experimented for a direct proof-of-concept. Simulated and measured
results are in a reasonably good agreement and both demonstrate the stitched spectral and spatial
behaviors. The proposed LWA array-based scheme compared to the prevailing phased array
scheme is distinct: it is the angle resolution rather than the range resolution that is put into the first
priority for radar detection. As a consequence, the proposed one may be a potential candidate
solution to be deployed in current and future FMCW radars for some scenarios that need a good

angle resolution while moderate range resolution.
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CHAPTER 9 GENERAL DISCUSSION

As a good candidate for serving beam-scanning scenarios as required by high-performance radar
and/or modern communication systems, LWAS have received lots of interests among researchers
from all over the world and from the last century to the present, thanks to the fact that their unique
frequency-driven beam-scanning enable them to be a potential and low-cost and low-complexity
substitute for the costly and complicated phased array antennas. Moreover, they can also be
exploited for a wide variety of practical system applications that make use of their frequency-space
mapping characteristics as described in Chapter 2.3. The design and development of various kinds
of LWAs featuring multifarious functionalities/electrical characteristics and the exploration of
possible system-level applications prove to be of critical significance for current and future wireless
technologies (e.g., 6G and THz systems) that are demanded to provide ever-increasing high-quality
and diversified services to users. To this end, this thesis has proposed several leaky-wave concepts
and techniques for developing LWAs with elegant functionalities/electrical behaviors such as low
SLL and cross-polarization, stable radiation, rapid beam-scanning, and filtering characteristics.
More importantly, this thesis also furnishes a potential frontend antenna array technique enabling
LWAs to be used for wideband operation in radar sensing and/or communication systems. It is
necessary to note that those proposed design concepts and techniques are in a general manner and
they can be effectively translated to lower and higher frequencies depending on application
requirements. It is believed that most of readers and antenna designers can benefit more or less

from these works.

Specifically, when talking about low SLL and low cross-polarization radiation behaviors, the
proposed work in Chapter 3 tactfully combines the benefits of a TE2o mode SIW and a meandering
long slot LWA. The odd-symmetry of E-fields distribution of the TE2o mode SIW is artfully used
to design an LWA consisting of two evenly-symmetrical meandering long slots etched on the top
surface of the SIW to simultaneously realize both low side-lobe and low cross-polarization. The
beauty of symmetry has been vividly exhibited and used. Also note that the TE2o mode SIW has
several advantages compared to its TE1p mode counterpart, such as higher performance stability,
higher fabrication tolerance, lower fabrication cost, etc. Following this thread, other higher-order

SIWs can also be used to design such long-slot LWAs with such desired radiation behaviors. For
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example, we can use TEao, TEeo, and TEsgo to design such LWAs, if a narrower cross-sectional
radiation pattern and higher gain are required in addition to low cross-polarization and SLL
performances. However, another thing we should note is that in the proposed work in Chapter 3,
the phase constant along the slot aperture has not been compensated and it is not kept the same
along the slot aperture. This means that radiation from every point of the radiating line-sources is
not well-aligned, thereby resulting in a slightly deteriorated radiation pattern and SLL. This slight
drawback can be eliminated by a delicate control of the sidewall distance of the SIW along the slot
aperture direction. The rapid beam-scanning characteristic is another functionality we want to
realize for LWAs. To this end, the loading effects of RDs have been explored to increase the
dispersion or beam-scanning rate of LWAS, as described in Chapter 4. Although the demonstrated
example in this chapter is simply based on the use of a short period of unit-cells and a long
transverse slot with a sharp inductive reactance, the shunt capacitive susceptance can also be
exploited to increase the dispersion sensitivity and thus the beam-scanning rate of LWAs.
Meanwhile, to have a more rapid beam-scanning rate, slow-wave TLs in the form of meandering
lines can also be used, not to mention the traditional approach of using a large permittivity material
filling the host TLs. As a further development of LWAs which may provide more functionalities
in addition to the desirable rapid beam-scanning behavior, the concept of RBPF is proposed and
investigated in Chapter 5 for developing a class of multifunctional filtering LWAS which exhibit
simultaneous rapid beam-scanning and filtering characteristics. Meanwhile, using this concept both
filtering/dispersion and radiation tasks can be independently managed by different modules for this
class of multifunctional LWAs, thereby exhibiting a large degree of design freedom for LWAs and
enabling LWAs with the potential and feasibility of independently controlling the attenuation and
phase constants. In should be noted that the functionality of rapid beam-scanning is always
accompanied with a large loss due to the large GDD (group delay dispersion); this is the price that
has to be paid by this class of LWAs. Thus, to implement this class of LWAS, low-loss materials
should be employed. A significant contribution of this thesis is the work described in Chapter 6, in
which an interesting LWA technique based on the MMR concept is proposed to realize stable
radiation properties (i.e., stable radiation efficiency and gain) for LWAs. Compared with traditional
periodic LWAs characterized by SMR behaviors and suffered from monotonic changing radiation,
the proposed LWASs are comprised of MMR-based RDs and feature stable radiation properties over
the entire frequency band of operation. A distinct difference regarding applications of the MMR
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concept is observed from resonant antennas/filters with wide/multi-band performances to non-
resonant LWAs with radiation stability. Using this concept, a bridge can be constructed between
the resonant (standing-wave) and non-resonant (travelling-wave) antenna domains, and a deeper
understanding of LWAs may be obtained by general readers. As a further development of the MMR
design concept, a class of single-layered multifunctional LWAs with flexibly engineered radiation
and filtering characteristics are proposed and demonstrated in Chapter 7. RDs exhibiting MMR
performances while particularly possessing flexible model-control capability are exploited to
accomplish such design freedoms and multifunctionalities of LWAs. It should be noted that the
use of the MMR concept to design LWAs is largely generalized and more mature in this place.
However, note that the MMR-based RD should have coherent radiation behaviors when the
resonance status changes from one to the others over the frequency of leaky-wave operation.
Typically, since three consecutive resonances of the RD are simultaneously used for such a
development, all the three modes should share the same polarization directions and similar
radiation patterns. For example, the TMyo and TMo: mode of a rectangular patch antenna cannot
be part of these modes of the MMR-based RD for LWA developments since they have different
polarization status. Meanwhile, since the TM2o mode of a rectangular patch antenna has a conical
radiation pattern which is different from the broadside radiation possessed by the related TM1o
mode, the two modes are also not suitable for developing such an MMR-related RD. Also note that
the proposed MMR design rules mainly depend on the manipulation of resonance frequency
locations while without considering the Q-factor in each resonance. In practical cases, such two
bilateral modes in MMR-based RDs normally have different shapes and Q-values. Thus, slight
adjustment and tuning of modes’ frequencies is necessary and more common to ensure that the
related LWASs can eventually embrace stable radiation performances over the frequency of interest.
Interestingly, an MMR-based RD with the flexible mode-control capability can facilitate this
process. Although the above mentioned LWA s in this thesis work and most of other LWAS in the
open literature are capable of providing a wide impedance bandwidth, their radiation bandwidth is
comparatively rather narrow due to their natural frequency-scanned beams. Therefore, for possible
practical wideband system applications, a front-end array technique of LWAs on the basis of an
FB concept is proposed in Chapter 8. The proposed FB-enabled LWA array technique may be
potentially deployed in shifterless radar systems, as a complementary solution to the current phased
array architecture.
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CHAPTER 10 CONCLUSION AND RECOMMENDATIONS

10.1 Conclusion

As a special kind of structures that feature both wave radiation and wave guidance behaviors, the
LWA has been in the spotlight of our RF/microwave communities since its inception, and the
continuous research, exploration, and utilization of LWAs have prospered more than 80 years.
With the rapid development of wireless technologies and the persistent pursuit of exploring the
unknown, the LWA communities will continue to flourish through the efforts of numerous
researchers from all over the world. This Ph. D. thesis is mainly dedicated to the exploration of
planar functional LWAs in terms of novel leaky-wave concepts and techniques that enable LWASs
to furnish desirable functionalities and electrical behaviors. Meanwhile, towards some system
applications that need to use wideband signal waveforms, the role and virtues of LWAs are
compromised due to the unique spatially narrow-band filtering or frequency-driven beam-scanning
nature of LWASs. To this end, a promising LWA array technique based on the FB concept has been
proposed and investigated, especially for wideband shifterless radar sensing system applications.
Specific contribution of this Ph. D. thesis is described as follows.

In chapter 3, longitudinally slotted TE2o mode-driven SIW LWAs with low side-lobe and low
cross-polarization have been proposed and demonstrated for millimeter-wave applications. Two
types of LWAs differed by the meandering direction of the long slots have been developed and
demonstrated. The proposed antennas can combine the advantages of SIW higher-order modes and
long slot LWAs and they may be a good candidate to develop an array in millimeter-wave systems
for practical applications, e.g., a planar array with two-dimensional hybrid phase-frequency beam-

scanning (pencil beam) for FMCW radars.

In chapter 4, a quasi-uniform transversely slotted SIW LWA featuring rapid beam-scanning and its
hexagonal array have been proposed and investigated for millimeter-wave systems. General
approaches for improving LWA-based frequency beam-scanning rate have been discussed initially,
followed by the specific approaches that make use of loading effects of radiating discontinuities to
increase the frequency sensitivity of phase constant of LWAs. The proposed SIW LWA is simply
based on the use of a long transverse slot with a sharp inductive reactance and a short period of

unit cells. For practical system applications, the proposed LWA is tapered to have a low SLL, and
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a hexagonal array consisting of six proposed LWAs is developed to provide an omnidirectional
coverage in the azimuth plane while remaining the rapid frequency-driven beam-scanning in the
elevation plane. The proposed antenna will be a good candidate to be applied for prospective

millimeter-wave systems such as autonomous driving and flying.

In chapter 5, a class of quasi-uniform 1-D multifunctional LWAs simultaneously possessing both
rapid beam-scanning and frequency-selective characteristics based on the RBPF concept have been
proposed, studied, and demonstrated. Two kinds of susceptance-complementary non-radiative
discontinuities, namely the NRLSP and iris that can be easily realized in SIW technology, are
respectively exploited to construct EBG periodic structures exhibiting flexible bandpass and
dispersion behaviors, upon which radiative discontinuities (i.e., TSs) are deliberately introduced
for implementing LWAs with controllable radiation leakage. Guided-wave characteristics in terms
of dispersion and frequency-selectivity behaviors of the proposed periodic SIW bandpass filters
have been investigated by resorting to group delay, complex propagation constants and Bloch
impedance. Besides, the relationship between the GDD and beam-scanning properties of an LWA
is established, by which the filter theory can be borrowed for designing LWAs with flexible beam-
scanning behaviors. For demonstration purposes, two RBPF-based LWAs are developed with both
filtering and rapid beam-scanning characteristics confirmed by both simulated and measured
results, thereby validating the correctness and effectiveness of the RBPF concept in the design of
such a class of multifunctional LWAs. As a complementary implementation, the RBPF concept
with constant group delay may be potentially explored for LWAs possessing fixed beam with

frequency.

In chapter 6, a class of 1-D periodic LWAs based on the MMR concept have been proposed, studied
and demonstrated. Compared with traditional periodic LWAs characterized by SMR behaviors and
suffered from monotonic changing radiation, the proposed LWAs are comprised of MMR-based
unit cells and feature stable radiation properties over the entire frequency band of operation. A
distinct difference regarding applications of the MMR concept is observed from resonant
antennas/filters with wide/multi-band performances to non-resonant LWAs with radiation stability.
Two kinds of typical MMR-based radiator, MED and ACPA, are exploited to construct unit cells
for demonstration purposes. A detailed design procedure has been provided for this class of LWAS
to facilitate their practical implementation. It is interesting to mention that the proposed design
concept is simple and straightforward. Based on this, a large variety of wide/multi-band resonant
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antennas can be borrowed and implemented directly on various transmission line technologies (e.g.,
microstrip line, CPS, and CPW) for the design and development of periodic LWAS with stable

radiation.

In chapter 7, a class of single-layered multifunctional LWAs exhibiting flexibly engineered
radiation and filtering characteristics, with the aid of mode-control principle, have been
systematically explored and developed for microwave and millimeter-wave applications. It is
demonstrated that by properly controlling the modal behaviors of the RD, the related LWASs can
be freely tailored with respect to its attenuation constant while simultaneously maintaining
radiation stability and possessing filtering behaviors. Aimed for different system-integration
platforms, both microstrip and SIW transmission-line technologies are separately employed to
implement LWAs whose RDs possess flexible mode-control capabilities. In addition to those
desirable electrical performances as mentioned above, the proposed LWAs also have some merits
from the perspective of industrial practicability, e.g., good design flexibilities and versatilities,
single-layer, low-cost, easy fabrication/integration.

In chapter 8, an array technique of LWAs on the basis of the FB concept has been proposed and
investigated for potential radar applications. Different from those traditional fixed-beam-antennas-
based beam-scanning schemes including the mechanical beam-scanning, multi-beam,
passive/active phased array, and even full-digital phased array, the proposed scheme makes a
combined use of the natural frequency-based beam-scanning inherently owned by LWAs and the
FB concept to realize stitched frequency-space domain coverage for radar detections. Specifically,
an array of LWA channels should be deployed, where the FB-related magnitude and phase stitching
conditions in the form of the BSFs, beam-crossovers, and phase alignments should be
simultaneously satisfied for those LWA channels. A detailed design flow regarding a generalized
FB-enabled LWA array has been developed to facilitate a practical implementation, on which a
two-channel SLR-based microstrip combline LWA array has been modeled, fabricated, and
experimented for a direct proof-of-concept. Simulated and measured results are in a reasonably
good agreement and both demonstrate the stitched spectral and spatial behaviors. The proposed
LWA array-based scheme compared to the prevailing phased array scheme is distinct: it is the angle
resolution rather than the range resolution that is put into the first priority for radar detection. As a

consequence, the proposed one may be a potential candidate solution to be deployed in current and
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future FMCW radars for some scenarios that need a good angle resolution while moderate range

resolution.

10.2 Recommendation for Future Work

Although this Ph. D. thesis has attempted to realize some desirable functionalities and electrical
performances for LWAs with the aid of novel leaky-wave concepts and techniques, and some
efforts have to invested to tackle or relieve the dilemma that the natural frequency-scanning of
LWA:s is not suitable for some wideband system applications such as wideband radar sensing, more
researches and explorations are still required to enrich the LWA technical aspects, including the
proposal of new concept and techniques for the design of multifunctional LWAs and practical
system applications of LWAs. To this end, some future works will be dedicated to the following

aspects:

1). How to combine several functionalities together to design multifunctional LWAs? Although
this thesis has tried to combine the filtering capability and rapid beam-scanning into a single
LWA using the RBPF concept, more functionalities such as those mentioned in Chapter 2.2.4
can be integrated simultaneously into an LWA. For example, how to design a periodic LWA
with open-stopband suppression (i.e., continuous beam-scanning from backward to forward
through the broadside directions) while simultaneously providing stable radiation behaviors
and good filtering characteristics? In this case, we may use our developed MMR concept to
control the leakage rate for radiation stability, the two-port filtering antenna techniques
proposed in Chapter 5 for the desired filtering capability, and the open-stopband techniques
introduced in Chapter 2.2.4 for the continuous beam-scanning including the broadside radiation.
Although this would be more challenging, it is useful and practical for real-word system

applications.

2). Although the rapid beam-scanning property of LWAS has been investigated in this thesis, how
to systematically develop a class of LWAs without frequency beam-scanning (or called “beam-
squinting” that would be more proper in this place) would also be interesting. Thanks to the
travelling-wave nature, LWAs are generally characterized with wide impedance bandwidth.
However, their natural frequency beam-scanning renders them suffering from narrow radiation
bandwidth towards a specific direction. If special concepts and techniques can be exploited to

design LWAs with both wide impedance and radiation bandwidth, those narrow-band-natured
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conventional standing-wave array (e.g., series-fed patch array or slotted waveguide array) can
be substituted. In this case, wideband system applications such as communications and radars

can benefit from such truly wideband LWAs.

In addition to designing wideband LWAs without beam-scanning, one can also use those
frequency-scanning LWAs for wideband system applications if the FB array technique
proposed in Chapter 8 of this thesis can be considered. However, the content and demonstration
described in that chapter is just a direct proof-of-concept from the perspective of antenna front-
end without integrating the proposed LWA array technique into a practical radar sensing system.
Also, only two LWA channels are considered from the perspective of convenience of
demonstration. Therefore, to be more practical, a larger array will be developed and the system
setup together with radar signal processing architecture will be constructed and conducted to

further demonstrate this FB-based array technique.
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