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ABSTRACT

With the rapid development of telecommunication technology towards
the higher frequencies, the need for low-loss and low-cost
transmission media leads to a renewed interest for dielectric
waveguides. The higher the frequency, the more conventional metallic
transmission lines suffer from conductive losses. Various types of
dielectric waveguides have been investigated for very low
transmission loss, such as the dielectric rod line and strips, with
successful applications in optical frequency bands as a result. Inspired
by this success, we concentrate our effort on the design and analysis of
dielectric waveguides at microwave frequencies, and employing them
in antenna design to reach a better performance and more flexibility.

In the first part of the thesis, we focus on the investigation of the
rectangular dielectric waveguide, more specifid on the mode analysis
and coupling effect. Based on Marcatili’s approximation method, the
modal field distribution inside the rectangular dielectric waveguide is
analyzed and verified with simulations. A printed dipole connected
with microstrips is used to excite the mode inside the waveguide. The
coupling effect between the travelling wave and the printed metal
patch is also studied. With adequate design parameters, a high
coupling and radiating efficiency is obtained, matching the measured
results.

Then, we switch to the design of antennas based on the rectangular
dielectric waveguide for different application purposes. A
four-element non-uniform antenna array is proposed for in-house x
band radar and localization use with a bi-directional radiation pattern.
To further extend this antenna topology for WiFi applications, a metal
ground is added at the bottom side in consideration of the mounting
environment. The influence from the ground size and the distance
between the ground and the antenna is researched, and a single beam
radiation is obtained with significant improvement of the gain
performance as well.



In the second part of the thesis, we propose a new type of dielectric
transmission line combined with the dielectric image guide and EBG
units. The surface wave propagation band is overlapping the forbidden
band of the EBG units positioned aside the guiding channel. This can
help to reduce the leakage of surface waves at the waveguide edges.
The method on how to determine the bandgap of EBG structures is
explained in detail with the eigenmode analysis method. A feeding
structure is adopted for the modal excitation incorporating a transition
from CPW to SIW. With a careful design, this structure achieves a
high efficiency and a smooth mode conversion to the guiding channel.

Finally, the proposed waveguide is used in the design of a six-element
periodic leaky wave antenna array working in Ku band. The realized
design achieves a broadband working frequency range with a high
radiation efficiency and gain performance, as well as a 30 beam
scanning in the forward quadrant with increasing frequency.



SAMENVATTING

Met de snelle ontwikkeling van telecommunicatietechnologie naar
hogere frequenties toe, leidt de behoefte aan verliesarme en goedkope
transmissiemedia tot een hernieuwde belangstelling voor diéektrische
golfgeleiders. Hoe hoger de frequentie, hoe meer conventionele
metalen transmissielijnen te kampen hebben met geleidingsverliezen.
Er is veel onderzoek gedaan naar verschillende soorten di&ektrische
golfgeleiders met het oog op een zeer laag transmissieverlies, zoals de
diéektrische “rod” en strips, met als resultaat succesvolle
toepassingen in optische frequentiebanden. Genspireerd door dit
succes, concentreren we onze inspanningen op het ontwerp en de
analyse van didektrische golfgeleiders op microgolffrequenties, en
gebruiken ze voor het ontwerpen van een antenne om betere prestaties
en meer flexibiliteit te bereiken.

In het eerste deel van het proefschrift focussen we ons op het
onderzoek van de rechthoekige diéektrische golfgeleider, meer
specifiek op een analyse van de modi en het koppelingseffect.
Gebaseerd op de benaderingsmethode van Marcatili wordt de modale
veldverdeling binnen de rechthoekige didektrische golfgeleider
geanalyseerd en geverifieerd met simulaties. Een geprinte dipool
verbonden met microstrips wordt gebruikt om de mode binnen de
golfgeleider te activeren. Het koppelingseffect tussen de lopende golf
en de geprinte metalen patch wordt ook bestudeerd. Met adequate
ontwerpparameters wordt een hoge koppelings- en stralingsefficiéntie
verkregen, die overeenkomen met de gemeten resultaten.

Vervolgens schakelen we over naar het ontwerp van antennes
gebaseerd op de rechthoekige di&ektrische golfgeleider wvoor
verschillende toepassingsdoeleinden. Een vier-elementen
niet-uniforme antenne-array met een bi-directioneel stralingspatroon
wordt voorgesteld voor binnenshuis x-bandradar en lokalisatie. Om
deze antennetopologie te kunnen gebruiken voor WiFi-toepassingen
wordt een metalen ondergrond aan de onderkant toegevoegd met het
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0og op de montage. De invloed van de grond en de afstand tussen de
grond en de antenne wordt onderzocht, en een enkele stralende bundel
wordt verkregen.

In het tweede deel van het proefschrift stellen we een nieuw type
di@ektrische transmissielijn voor, gecombineerd met de di&ektrische
beeldgeleider en EBG-eenheden. De voortplantingsband van de
oppervlaktegolf overlapt met de verboden band van de EBG-eenheden die
naast het geleidingskanaal zijn gepositioneerd. Dit helpt om de lekkage van
oppervlaktegolven aan de randen van de golfgeleider te verminderen. De
methode om de bandgap van EBG-structuren te bepalen wordt in detail
uitgelegd met de eigenmode-analysemethode. Er wordt een
voedingsstructuur gebruikt voor de modale excitatie waarin een overgang
van CPW naar SIW is opgenomen. Met een zorgvuldig ontwerp bereikt deze
structuur een hoog rendement en een soepele modusomzetting in het
geleidingskanaal.

Tenslotte wordt de voorgestelde golfgeleider gebruikt bij het ontwerpen van
een uit zes elementen bestaande periodieke lekgolfantenne-array die in de
Ku-band werkt. Het gerealiseerde ontwerp bereikt een breedband
werkfrequentiebereik met een hoge stralingsefficiéntie en winst.
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CHAPTER 1 INTRODUCTION

1.1 Background and Motivation

Antenna is an important element in a communication system, which
enables transmitting and receiving of RF signals. They provide a
transition from a guided wave on a transmission line to free space
[1-1]. Therefore, information can be transferred between different
locations without any intervening structures. Nowadays, a large
variety of antennas have been developed, from simple structures like
monopoles and dipoles to complex structures such as phased arrays.
With different system requirements, different types of antennas are
selected for certain applications. Currently, they are involved in almost
all communication systems, radios, TVs, mobile phones, etc., and
even in navigation and wireless charging (Fig. 1.1).
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Fig. 1.1 Antenna applications

When discussing antenna design, several parameters will usually be
used for evaluation. Consider an antenna which is located in a
spherical coordinate system in Fig. 1.2.



Antenna
location

Fig. 1.2 An antenna in a spherical coordinate system

e Radiation pattern ¢(6,¢): Angular variation of radiation at a
fixed distance from an antenna.

e Directivity D: ratio of power density in the direction of the
pattern maximum to the average power density at the same
distance from the antenna.

e Radiation efficiency 7 : ratio of the radiated power to the
accepted power of an antenna.

e Gain G: Directivity reduced by the losses on the antenna

e Polarization: the figure traced out with time by the instaneous
electric field vector associated with the radiation from an antenna
when transmitting.

e Impedance Z: input impedance at the antenna terminal.

e Bandwidth: range of frequencies over which important
performance parameters are acceptable.

The first antenna experiment can be tracked back to 1888, when the
German physicist Heinrich Hertz proved the existence of
electromagnetic waves predicted by the theory of James Clerk
Maxwell [1-2, 3]. Hertz discovered that electrical disturbances could
be detected with a single loop of the proper dimensions for resonance
that contains an air gap for sparks to occur. In 1901, Guglielmo
Marconi built a transmitting antenna and achieved a transatlantic radio



communication for the first time. The antenna consisted of a 70 KHz
spark transmitter connected between the ground and a system of 50
wires. It was also the first antenna put into practical applications [1-4].

Then, with a host of stable, coherent microwave sources available
[1-5], the interest in using microwave and millimeter waves for
communication systems grew steadily as its advantages became more
apparent. When the frequency came into the Giga Hertz regime, small
antenna apertures were capable of producing a high gain performance
and a narrow bandwidth of the main lobe [1-6, 7]. In the late 1950s,
more and more institutions became involved in this field. Lots of
efforts were placed on planar antenna design and possibilities of new
transmission lines [1-8].

In the 1970s and 1980s, integrated antenna systems gained a great
popularity. As integrated circuit technology grew more sophisticated,
many groups were investigating and experimenting with
millimeter-wave communication links. A V-band dielectric rod
antenna was reported by Shiau in 1976 [1-9]. In 1987, Wiltse and
Black published their papers on Fresnel zone plates with emphasis on
the performance of the antenna at millimeter wavelengths [1-10].
After the year 2000, communication devices became more and more
compact and sophiscated. Antenna designs were also required to work
with a wide bandwidth, miniaturized shape, high efficiency and
performance. Recent developments of chip-to-chip communications
and system-on-chip solutions rely heavily on the design of
waveguides and antenna performance [1-11, 12].
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Fig. 1.3 spectral regions for various waveguides [1-13]

Reviewing the wave guiding structures over the whole
electromagnetic spectrum (see Fig. 1.3) shows that the spectrum
where dielectric waveguides are used spans from about 10° to 10*° Hz.
For frequencies below 30 GHz, up to now mostly metal-based
structures are used. In the beginning, the closed metal waveguide was
widely applied in centimeter frequency bands but it met difficulties to
be integrated with planar circuits. Later in the 1960s, microstrips and
striplines started to be the main tranmission medium for microwave
integrated technology applications [1-14]. However, in high frequency
applications, these transmission lines will meet some problems as the
wavelength becomes very small. First, the structure dimensions are



reduced a lot and require very tight tolerances. Second, the influences
from the skin effect and shrinking guiding cross sections can cause
high current densities and thus significant conductor losses [1-15].
Also, the surface roughness will start to affect the losses and the
transmission efficiency at high frequencies. Finally, the dispersion
effect and the high-order modes will affect the design performance
greatly with the frequency increase [1-16, 17].

In recent years, the substrate integrated waveguide has been proposed
as a class of efficient integrated transmission lines compatible with
planar structures and gained a great popularity with researchers [1-18].
SIW structures are usually fabricated by using two periodic rows of
metal vias connecting the top and bottom ground planes of a dielectric
substrate, as seen in Fig. 1.4. With a planar and metal-closed structure,
they retain the low loss property of the rectangular metal waveguide
and are widely used as interconnections in high speed circuits, filters,
directional couplers and antennas. One potential disadvantage for SIW
is that leakage losses can be substantial. This is related to how tight
the vias are spaced.

Metal vias

Ground plane
Dielectric substrate

Fig.1.4 Structure of substrate integrated waveguide

In contrast, dielectric waveguides have attracted a great interest for
microwave and millimeter-wave hybrid circuits due to the need for
low-loss and low-cost transmission media [1-19, 20]. In comparison,
there are some significant merits which can be listed as follows:



1. The sectional dimensions are in the order of the wavelength for a
dielectric waveguide with single mode transmission, while they
are in the order of one tenth of a wavelength for microstrips
[1-21]. Therefore, dielectric waveguides are more easily
fabricated than metal strip lines at high frequencies.

2. The transmission mechanism for the dielectric waveguide is based
on reflections at the interfaces instead of relying on the existence
of metallic lines [1-13]. In theory, there are thus no conductor
losses.

3. The losses in dielectric transmission lines mainly come from
dielectric losses and radiations. Hence, the transmission losses
can be reduced a lot by using the low-loss materials, as shown in
Fig. 1.5. Radiation is produced by the waveguide discontinuities
like bendings, rough surface, and joints [1-22, 23], which can be
used to generate radiation by adding some modulations to the
waveguide structures.

p2:TanD = 0001

05 ||p3:TanD=0002

p4:TanD = 0003
p5:TanD = 0004
p&:TanD = 0005

p7:TanD = 0006

Attenuation (dB/cm)

p8:TanD = 0007
p9:TanD = 0008

p10: TanD = 0.009

p11: TanD = 0.01

0 20 40 60 80 100 110
Frequency (GHz)

Fig. 1.5 Dielectric losses of dielectric materials with different loss tangent [1-24]

Therefore, when dielectric waveguides are used as substrate feeders in
an antenna or array design, conductor losses for example coming from
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a conventional complex feeding network can be avoided, which may
help to improve the efficiency and performance of the antenna design.

1.2 Review of Dielectric Waveguides

The concept of guiding electromagnetic waves along a dielectric rod
or slab has been known for a long time. Different from the closed
metal waveguide, the dielectric waveguide does not require EM waves
to be constrained inside the waveguide. It is a type of open or
semi-open structure with a surface transmission mode, and allows the
guiding wave to be distributed along the waveguide. The field at the
outside of the waveguide is evanescent and decays exponentially away
from the guiding structure [1-25].

In 1910, Hondros and Debye demonstrated analytically that it was
possible to propagate a TM wave along a lossless dielectric cylinder
[1-26]. Zahn in 1915 and his two students, Ruter and Schriever,
confirmed the existence of such TM waves experimentally [1-27].
Around 1936, the propagation properties of asymmetric waves on a
dielectric rod were obtained by Carson et al., who proved that the
fundamental mode was the hybrid mode called HE11 mode, which
possesses no cutoff frequency and can propagate at all frequencies
[1-28], while all other circularly symmetric or nonsymmetric modes
have cutoff frequencies. Later in 1936, Southworth described more
detailed experimental results on the phase velocity and attenuation of
the circularly symmetric TM wave in a circular dielectric guide [1-29].
Soon afterwards, in 1938, Schelkunoff wrote a paper on the coupled
transmission line representation of the waves and the impedance
concept, which became the foundation of the development of
microwave circuits [1-30].

In 1943, Mallach published his results on the use of the dielectric rod
as a directive radiator [1-31]. He showed experimentally that the
radiation pattern obtained by the use of the symmetric HE11 mode
produced only one lobe in the principal direction of radiation. Later,



Wegener presented a dissertation in which the asymmetric HE11 mode,
together with the lowest order circularly symmetric TE and TM modes,
were analyzed in detail [1-32]. Both the numerical results of the
propagation constants and the attenuation characteristics of these
waves were also obtained. In 1949, Chandler verified experimentally
the attenuation properties of the dominant HEi1 mode [1-33]. He
found that the guiding effect was kept even when the rod was only a
fraction of a wavelength in diameter. Little loss was observed since
the greater part of the guided energy was outside the dielectric rod. It
was also the first time that the cavity resonator technique for open
dielectric structures was used to measure the attenuation constant of
the HE11 mode. Yeh gave the correct expression for o and Q for the
hybrid mode in 1962 [1-34].

Wave propagation characteristics in periodic structures were
summarized in a book by Brillouin in the mid-1940s [1-35]. In 1951,
Sensiper studied a periodic structure of helical wire waveguides [1-36].
In 1954, Pierce also provided results on the interaction of an electron
beam with slow waves guided by a periodic structure [1-37]. The
fundamental theory on wave propagation in a periodic transmission
line was well founded by these works.

At the same time, with the increasing demand for high bandwidth and
low-loss transmission lines for transcontinental and long-distance
communications, lots of efforts were put in finding a new way to
transmit microwaves efficiently. King and Schlesinger investigated the
dielectric image line in 1954 [1-38], while Goubau experimented with
a conducting wire coated with a thin dielectric material [1-39]. The
further development of these methods was hampered by the high loss
and instability. During the 1950s, significant research on the excitation
of surface waves was carried out [1-40, 41]. These investigations
offered the basic understanding of how to excite a surface wave on a
dielectric structure.

Explorations of using optical fibers as a viable optical waveguide was
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first studied by Snitzer and Hicks in 1959 [1-42]. In 1964, Kao and
Hockham recognized that if the impurities in optical fibers could be
eliminated, the fiber could become a very low-loss transmission
waveguide for optical signals [1-43]. In 1970, Kapron successfully
made an optical fiber with optical transmission losses of
approximately 20 dB/km [1-44]. These progresses encouraged many
researchers to put efforts on exploring optical glass fibers. Because of
the superior dispersion property of the solid core single-mode fiber, it
is now worldwide used as the standard long-distance fiber. At that
time, researchers also started the persuit of an all-optical
communication system based on integrated optical circuits and planar
imbedded optical dielectric waveguides [1-45]. The H-guide
transmission line received substantial attention after it had been
proposed by Tischer. Tischer extensively studied properties of both
single and double slab variants of the H-guide at X-band and
millimeter-wave frequencies [1-46]. Since the 1980s, the emphasis of
the research community has been changed to finding new ways to
increase the bandwidth and to decrease the losses [1-47]. From the
1990s until now, we find an explosion of novel dielectric waveguides
due to the discovery of new materials [1-48]. Yeh and Shimabukuro in
2000 found that the configuration of a high dielectric constant
waveguide structure could greatly affect the loss behavior of the
dominant TM-like mode [1-49].

Recently, a substrate-integrated image guide (SI1G) has been proposed
for millimeter-wave applications [1-50]. The perforations of the
dielectric slab at both sides of the guiding channel lower the effective
permittivity and confine the power flow in a specified direction.
Moreover, a gap layer of low permittivity dielectric between the
ground-plane and the high permittivity electric slab creates an
insulated image guide structure [1-51]. This gap layer can greatly
reduce the transmission loss caused by the ground-plane conductivity.

Other modern application areas for dielectric waveguides include the
photonic crystal waveguide, basically an air or dielectric core
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surrounded by periodic dielectric structures [1-52]; the surface
plasmon polaritons guide, a type of Sommerfeld guide [1-53]; the
metamaterial waveguide, that is a dielectric waveguide whose core
region is made with artificial dielectrics with negative permittivity and
negative permeability [1-54, 55].

1.3 Dielectric waveguide antenna

As most of the dielectric waveguides are open guiding structures,
leakages of energy will occur when the uniformity of these
waveguides is perturbed. Although the leakage effect will influence
the transmission efficiency, it could be an advantage for antenna
designers. By introducing the perturbations to the waveguide structure,
radiation can be generated and controlled to satisfy specific
applications [1-56]. Benefiting from the low profile and simple
structure, these types of antennas usually can be easily integrated with
RF systems. In this section, several types of antennas based on
dielectric materials will be discussed.

1. Tapered dielectric rod antenna

The dielectric rod antenna was first proposed in the 1940s [1-57]. The
common structure of the dielectric rod antenna can be seen in Fig. 1.6.
According to the cross section, it can be divided into two types:
rectangular and spherical. For the rectangular antennas, the dielectric
rod can be tapered into one or two directions [1-58, 59]. In practical
applications, the travelling wave from the feeding structure will be
smoothly transmitted to the tapered part. With the decrease of the
sectional area to the end, the phase velocity of the travelling wave will
be gradually increased to light speed. Then the constrained power
along the dielectric rod can be radiated into free space. As this type of
antenna gradually leaks a guided mode into free space to form a large
effective aperture, a single tapered dielectric rod antenna can be
employed to achieve a high-gain [1-60].

10
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Fig. 1.6 Tapered dielectric rod antenna, (a) x taper, (b) x-y taper

2. Dielectric resonant antenna

With the fast development of wireless communications, more stringent
requirements of miniaturisation, broadband and low-loss are needed in
antenna design. Although various types of microstrip antennas have
been widely studied and applied because of the advantages of low
profile, small size and easy integration, these antennas typically suffer
from additional ohmic losses with the increase of the working
frequency. In comparison, dielectric resonant antennas (DRAS) are
promising candidates to replace the traditional radiation elements at
high frequencies as they do not rely on metal strips and are
characterized by a high radiation efficiency when excited properly
[1-61].

DRAs are based on dielectric resonators, devices that were previously
used for energy storage. By using a suitable excitation technique, they
can become radiators to transform guided waves into radiation. After
the first study on cylindrical DRAs by Long S. A in 1983 [1-62],
People started to focus on DRAs more and more. The most two
popular DRAs are the cylindrical and the rectangular ones (Fig. 1.7(a)
and (b)). The basic principles and design rules for radiating dielectric
resonators have been thoroughly discussed [1-63]. The main
advantages of DRAs are summarized as follows:

1) The size of DRAs is proportional to %/\E, with A, =c/ f,
11



being the free-space wavelength at the resonant frequency 4, and
g, denotes the relative permittivity of the material forming the
radiating structure [1-64]. When compared with traditional metallic
antennas whose size is proportional to A4, /2, DRAs are
characterized by a smaller form factor, especially when a material
with high dielectric constant is chosen for the design.

2) Due to the absence of conducting material, the inherent conductor
losses can be avoided. Therefore, DRASs are distinguished by a high
radiation efficiency when a low-loss dielectric material is chosen.
This characteristic makes them very suitable for applications at
very high frequencies[1-65], especially for millimeter wave
antennas where the loss in metal fabricated antennas can be quite
high.

3) DRAs can be characterized by a large impedance bandwidth if the
dimensions of the resonator and the material dielectric constant are
chosen properly [1-66].

4) DRAs can be excited using various feeding techniques which is
helpful in different applications and for array integration [1-67].
Different types of the feeding mechanism are presented in Fig. 1.7.
In Fig. 1.7(a), the dielectric resonator is directly disposed on the
ground plane and excited by a coaxial probe through the substrate.
In Fig. 1.7(b), the dielectric resonator is placed on a microstrip
transmission line which is printed on a PCB substrate. The coplanar
excitation was first introduced in [1-68], where a CPW
circular-loop network that feeds a cylindrical DRA is presented.
The similar feeding structure is used in Fig. 1.7(c) to feed a
rectangular DRA. Fig. 1.7(d) is the most popular feeding technique
for DRAs coupled through a slot in the ground plane. This
excitation method is known as aperture coupling. The guided wave
propagating along the transmission line is coupled, through the
slots, to the resonant modes of the dielectric resonators.
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5) The gain, bandwidth, and polarization characteristics of a DRA can
be easily controlled with different techniques. The most direct way
to increase the gain performance of a DRA is to array the individual
DRAs [1-69]. Besides, integration with additional structures can be
also an efficient way for gain improvement. One example of such
design approach (Fig. 1.8) can be the surface mounted short horn
DRA [1-70]. The impedance bandwidth of DRAs can be broadened
by combining different dielectric resonators and shaping the
dielectric resonators [1-71, 72]. Also, different feeding
configurations can be wused to achieve linear or circular
polarizations of DRAs [1-73].

Ground plane

Substrate
L Microstrip
Cylindrical r f transmission line
DRA Probe feed
7 Ground plane
(@) (b)
DRA

,,,,,,,,,,,,,,,,,,,,,,,

i

Slot coupling

Ground plane

Ground plane

CPW

/'
transmission line /! .’\
74 - 7
Substrate Substrate Microstrip line

Fig. 1.7 Two types of DRAs and the different feeding mechanism, (a) cylindrical
DRA fed by probe, (b) rectangular DRA fed by microstrip transmission line, (c)
rectangular DRA fed by CPW transmission line, (d) slot aperture-coupled DRA

13



Surface mounted Support material
short horn I
(SMSH)

Slot

Ground
plane —

Microstrip
feed line

Fig. 1.8 Surface mounted short horn for gain improvement
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Fig. 1.9 Periodic dielectric antenna, (a) periodic dielectric gratings, (b) periodic
metal strips

3. Periodic dielectric antennas

As discussed, the leakage effect of DWs can be employed in the
design of antennas. By introducing perturbations along the waveguide,
they can radiate in a controlled fashion. Dielectric grating antennas,
see Fig. 1.9, consist of a uniform dielectric waveguide with periodic
surface perturbations and belong to the class of radiating structures
[1-74].

The waveguide is mainly excited with the fundamental mode and its
width is usually chosen smaller than a wavelength to avoid the
excitation of higher order modes [1-75]. The surface perturbations can
be in the form of dielectric gratings or metal strips, see Fig. 1.9(a) and
(b), respectively. These gratings will transform the guiding mode into
a leaky wave and generate the radiation [1-76]. Dependent on the
frequency, the main beam direction can be scanned from backfire
through broadside and into the forward quadrant, even reaching an
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endfire situation, if the parameters are chosen appropriately [1-77].
Note that these periodic antennas usually do not radiate in the exact
broadside direction, since an internal resonance inhibits radiation there
[1-78, 79]. This associated “stopband” effect is narrow for typical
antennas and is only noticed when scanning near the broadside
direction.

4. Uniform waveguide leaky-wave antennas

o

(©) (d)
Fig. 1.10 uniform dielectric antennas, (a) and (b) groove guide, (b) and (d) NRD
guide

Similar to periodic dielectric antennas, Fig. 1.10 shows a group of
DW-based antennas which are basically operated as leaky-wave line
sources that scan with frequency. Instead of periodic gratings, these
antennas use uniform open waveguides that have been partially
opened to allow radiation to occur. The guided wave on the structure
is a fast wave, and thus radiates as it propagates. The theory and

15



design rules of these antennas have been systematically studied by
Oliner et al [1-80, 81].

These antennas are based on two types of dielectric waveguide, more
specifically the non-radiative dielectric (NRD) guide and the groove
guide. In Fig. 1.10(a), the NRD guide is made of a dielectirc slab and
two metal plates. The spacing between the metal plates is designed
less than 4,/2 to maintain the structure symmetry. When the
metallic paltes are sufficiently extended, the dominant mode field will
be exponentially decayed and bound inside. However, if the upper
waveguide arms are foreshortened, a travelling wave field then can
exist at the upper end and radiate away. Another way to generate
radiation from the groove guide is the structure asymmetry as shown
in Fig. 1.10(b). An air gap is introduced to the dielectric region and a
certain amount of electric field is created horizontally, which
propagates at an angle between the parallel plates until it reaches the
open end and leaks away.

The groove guide shown in Fig. 1.10(c) and (d) is somewhat similar to
the NRD guide. The dielectric central region is replaced by air. The
field also decays exponentially in the regions of narrower width above
and below. The leaky radiation can be obtained through shortening the
arms or bisecting the groove guide horizontally.

The radiation direction for both the NRD antenna and the groove
guide antenna varies with frequency. Because of the uniformity in the
longitudinal direction, the scan range is confined to the forward
quadrant. Compared with periodic antennas, these antennas have the
benefit of greater structural simplicity.

1.4 Objectives and Contents
1.4.1 Objectives

Aiming at the development of RF systems towards higher frequencies
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and the emerging problem of conductive losses from traditional metal
feeding networks for antenna design, this doctoral work contributes to
two main objectives: 1. The exploration of dielectric transmission
media to satisfy the low loss communication requirement at high
frequencies. 2. The design and analysis of DW-based antennas for
different applications.To direct the research towards these goals, we
are mainly studying the three major research questions as below:

e Research question 1: how to generate radiation from the
rectangular dielectric waveguide with mounted metal patch at
microwave frequencies?

e Research question 2: how to improve the radiation performance of
antennas fed by a dielectric substrate?

e Research question 3: how to improve the mode conversion
efficiency to the waveguide substrate from the mode excitation
structures?

Based on the research methodology of exploration-analysis-
-validation-application flow, we make the following key contributions
in this thesis to these research questions.

Contibution 1: Design of a patch antenna fed by a rectangular
dielectric waveguide for the first time at X band frequencies on the
basis of the coupling effect between the patch and the travelling wave
inside the rectangular dielectric waveguide. Previous studies have
given some approximation analysis of the transmission mode inside a
rectangular dielectric waveguide and the applications are focusing on
using RDW as planar optical waveguides. As dielectric waveguides
are always regarded as low-loss transmission media, we consider to
use them as the substrate feeder for antenna design, and therefore to
avoid the conductive losses from metal feeding networks. Through the
design of the patch antenna, we verified this idea and proved the
possibility of employing the dielectric waveguide in antenna design at

17



microwave frequencies.

Contribution 2: Design of a four-element array with nonuniform
topology to avoid the stopband effect in the broadside direction. Based
on the design of the dielectric waveguide antenna, a four-element
array is proposed for specific applications with an improvement of the
far field radiation. To obtain a directive radiation in the normal
direction, the elements are designed with different dimensions to
eliminate the stopband effect from periodic structures.

Contribution 3: Adoption of electromagnetic bandgap (EBG) units to
create the guiding channel for a planar dielectric waveguide design.
EBG structures are widely used to control the wave propagation in
specific bands. In our work, we propose a new type of transmission
line in combination with the dielectric image guide. The
mushroom-like EBG untis at the edges of the wave guide yield a
transmission efficiency that is almost the same as in the case of a real
dielectric waveguide. This new dielectric waveguide is used in the
design of a periodic leaky wave antenna array and offers a good
radiation efficiency and gain performance.

Contribution 4: Design of different feeding structures to excite the
propagation mode inside the dielectric waveguide. There are different
propagation modes with corresponding field distribution for the
different dielectric waveguides. Therefore, we also design different
feeding structures to excite the transmission mode inside the dielectric
waveguides. A printed dipole is used to exicite the dominant Ej
mode inside the RDW, while a transition from coplanar waveguide
(CPW) to substrate integrated waveguide (SIW) is applied as the
feeding structure to achieve a smooth mode conversion to the guiding
channel of the EBG-based waveguide.

1.4.2 Contents

In the first part of Chapter 2, the working mechanism and the
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transmission mode inside the rectangular dielectric waveguide will be
studied. Influences from the design parameters of the dielectric
waveguide on the guided mode are analyzed. After that, the coupling
effect between the travelling wave and a metal patch will be discussed.
A sensitivity analysis on the radiation efficiency in terms of different
parameters, i.e. the width and length of the metal patch, is given. In
the fabricated prototype, the fundamental mode inside the RDW is
excited by a printed dipole, and a high coupling and radiating
efficiency is obtained with a metal patch. However, it is difficult to
achieve a directive beam normal to the waveguide with a single unit.

Next, in chapter 3, in order to achieve a directive radiation, a
non-uniform antenna array with elements with different design
parameters is proposed. These elements extract a certain power of the
travelling wave inside the waveguide and radiate into space. An
optimization of the design in terms of far field pattern and gain
performance is conducted. A four-elements array is obtained with a
bi-directional radiation, which can be used for in-house x band radar
and localization purposes. To further improve the gain performance, a
ground plane is added to the antenna topology for WiFi applications
from about 5.60 GHz to 5.75 GHz. The influence from different
ground sizes on the radiation efficiency is analyzed, and a single
direction radiation is obtained with a significant improvement of the
gain performance. The main features of these two designs are the low
profile, low cost and easy fabrication and integration.

In the second part of this thesis, we propose a new type of dielectric
transmission medium, which is the dielectric image guide combined
with EBG units, and a periodic leaky-wave antenna. The design
details of this new waveguide are given in Chapter 4. The idea is to
eliminate the side leakages from surface waves propagated in the DIG
by aligning two rows of EBG units along the guiding channel. While
the specific frequency band allows a single mode transmission inside
the waveguide, it is also designed as the “stop band” for the EBG units.
To achieve this target, a transmission mode analysis inside the DIG
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and an eigenmode analysis for the mushroom-like EBG unit are
conducted. Meanwhile, a wideband feeding structure, a tapered CPW
to SIW transition with a V slot, is employed to excite and convert the
transmission mode inside the DIG efficiently and smoothly.

In Chapter 5, based on this new dielectric transmission medium, a
leaky wave antenna array is proposed for Ku band applications. From
the measured results of the fabricated antenna prototype, a high gain
and radiation efficiency as well as a wide working band, are achieved
by this antenna. At the same time, more than 30 degrees of beam scan
can be reached with a working frequency increase from 12 GHz to
12.8 GHz.

Finally, the main findings of the doctoral work are summarized and a
view of possible future research is outlined.
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CHAPTER 2 PATCH WITHIN RECTANGULAR
DIELECTRIC WAVEGUIDE

Inspired by the success of dielectric waveguides in optical
communications, a RDW-based antenna is proposed for X-band
applications. The coupling effect between the travelling wave inside
the substrate guide and the middle patch is verified by simulations
from the standalone waveguide to the complete structure within CST
MWS. The influence on the coupling efficiency of the dimensional
parameters of the metal patch is analyzed. The analysis is also
validated with measured results from fabricated samples. To the
knowledge of the authors, this is the first design of a rectangular
dielectric waveguide based antenna for X-band.

This chapter is based on the following publication:
[1] Linghui Kong, Xuezhi Zheng, Sen Yan, Guy A. E. Vandenbosch.

“Design of a dielectric waveguide antenna at microwave frequencies.”
EuCAP 2017, Paris, France, pp: 2017 — 2019.
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2.1 Introduction

The rectangular dielectric waveguide has been commonly used in
integrated optics, especially in semiconductor diode lasers. Demands
for new applications such as high-speed data backplanes, waveguide
filters, multiplexors and switches are driving technology toward better
materials and processing techniques for planar waveguide structures
[2-1]. The infinite slab and circular waveguides have been studied a
lot but are not practical for use on a substrate: the slab waveguide has
no lateral confinement, and the circular fiber is not compatible with
planar technology being used to make planar integrated circuits [2-2].
Compared with them, the rectangular waveguide is the natural
structure.

In this chapter we will first investigate the methods for analyzing the
transmission mode inside the RDW, and then verify with the
simulation results in CST. After that, the fundamental mode will be
excited by a feeding structure and be coupled with a middle patch.
Prototypes will be fabricated and measured to compare with the
obtained simulation results.

2.2 Mode analysis of RDW

2.2.1 Marecatili’s approximation method

A metal waveguide is a hollow structure with closed boundaries in
which waves can propagate without any distortion or attenuation
along the direction of the guide. Such waves are generally dispersive
and the dispersive relationship can be obtained by solving the
self-adjoint eigenvalue problem [2-3]. However, for open dielectric
waveguides, there is no exact analytical solution for the case of wave
propagation along a dielectric waveguide of rectangular shape.
Eigen-modes have to be calculated either numerically or using an
approximate method.
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Pioneering work was conducted by Marcatili with a wave analysis on
the eigenmodes of rectangular structures [2-4]. In this method, there is
a prior assumption for a well guided mode in a dielectric waveguide
with cross section like in Fig. 2.1., that is, most of its guided power is
constrained within the core region of the guide. Very little power of
that mode stays in the adjacent region of the guide. So, if the boundary
conditions are satisfied by most of the assumed fields that carry most
of the guided power, then, the assumed fields can be used to
approximate the solutions of the eigenmodes. In the shaded corners,
very little power is contained in these regions of the guide. Marcatili
created an approximate approach to this problem by ignoring the
matching of fields along the edges of the shaded areas.

¥
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2b Y " x
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EZ Region 5
(25, uo)

Fig. 2.1 Cross-sectional geometry of RDW for Marcatili’s approximate method

There are mainly two mdependent families of modes, the E) modes
(E j WX and H, ,) and the E; modes (E EZ, Hy and
H , ), on this rectangular dielectric wavegmde, which have most of the
electric field polarized in the y and x directions, respectively [2-5].
The subscripts m and n individually represent the number of extrema
that the field components for this mode have along the y and x

directions.
In Marcatili’s approach, he first gives the five groups of wave
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equations for the core region and the closed four sides along the
longitudinal direction (see Eq. 2.1) with the assumption that the factor
el is attached to all the field components and suppressed. These
equations can be solved with the method of the separation of variables.
Then, the eigenvalue equations can be obtained when the tangential
electric and magnetic fields at the boundaries are matched. Finally, the
propagation constant of the modes can be calculated. The wave
equations can be written as below.

VZEi+(k*-p*)E, =0  i=1,234,5 21)
VHa £ (K2 - )H, =0  ifi=1,itis+ '

where k’ =’ ug; =k} +k; + 2. Now we can consider the example
with ¢, =¢,=¢, =¢, <¢,. The electric field distribution of the E;
and E]; modes, in the regions shown in Fig. 2.1, can be expressed as:

Eo cos(k,,x) cos(k,,Y) X <a, |y|]<b

. . |Eocos(k..a)cos(k.,y)e ke x|>a, |y|<b
E ’ E _ 0 ( x1 ) ( yly) | | |y| (22)

Eocos(k,,a) cos(kyly)e‘k”(‘y“a) x|<a, |y|>b

0 x|>a, |y|>b

Then, the degenerate fundamental modes of E;; and E) are shown
in Fig. 2.2.

v b
.lLEx » E}'
;,__":\_ . Cos(ly1v)
Cos(kx1 x) d
'd
Coskyiae Wk E
SR .
T ! U
-a a " Cos(kyib)e MoK:

Fig. 2.2 Electric field distribution along x and y direction for E; and E;} modes
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2.2.2 Launch of E;; mode

As the design is targeted towards substrates with very low losses, for
example alumina or glass, therefore, in a first approximation, the
material is assumed to be lossless, with zero loss tangent and no losses
in the metals. In practice, the waveguide takes the form of a thin
dielectric strip (Fig. 2.3) made of substrate with a dielectric constant
of 10.2. A higher permittivity can lead to an increased field
concentration within the waveguide core [2-6].

Fig. 2.3 Rectangular dielectric waveguide (L = 80, W = 15, t = 1.27, unit: mm)

As the field distribution is determined by the permittivity and the
waveguide dimensions, we choose the design parameters for this
waveguide as shown in Fig. 2.3 and conduct the transmission analysis
in CST MWS at the target design frequency of 10 GHz. Waveguide
ports are defined at both sides to mimic the mode transition to the
waveguide.

9.67
8.79
7.91
7.03
615
g.27
4.39
352
2,64
1.76
0.879

z == X

(a) (b)
Fig. 2.4 Port mode at 10 GHz, (a) electric field, (b) magnetic field
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Fig. 2.4 presents the polarization of the dominant mode propagating
inside the waveguide. Compared with the approximate analysis in

Macartili’s method, it is matched with the field distribution of the E|
mode. In order to excite this mode exactly, a printed dipole connected
with microstrips (Fig. 2.5) is employed as the feeding structure [2-7].
The two branches followed by the 3 dB power divider are designed to
achieve the 180 degrees of phase shift by the difference in length
W, -W, =4, /4, with 2, the guided wavelength in the microstrip at
the center of working band, i.e. 10 GHz. The propagation of the
excited E;; mode inside the waveguide is shown in Fig. 2.6, and the

design parameters for this feeding structure are listed in Table 2.1.

La I Dipole arms
|
b Le ‘.{
- ,T, |
‘ W3 ‘
w2 Wi Is
| /
f 5
DR
L1 | La
Microstrip 4
w1 |
| | —
— |
[ — = = | wa'
L2 L3

Slot lines

Fig. 2.5 Top view of the feeding structure to excite the E); mode

Fig. 2.6 Propagation of the excited mode inside the waveguide
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Table 2.1 Dimensions of the feeding structure (unit: mm)

Parameter | L1 | L2 | L3 | W1 | W2 | W3 | W4 | W5 |La|Wa|Lb|Lg|s

Value 2 25|14 (11122 4 |65|15 |5 |15]12 |11 |1

2.3 Coupling effect with patch
2.3.1 Simulation analysis

1) Simulations for the waveguide

Simulations are conducted with CST. First a stand-alone waveguide is
considered (Fig. 2.3). The simulated results of the S parameters are
depicted in Fig. 2.7. From the simulated results, we can find that
almost all of the power (about 99.28%) can be transmitted inside the

waveguide in this ideal situation.
S Parameter

0

S11
-10F —S21

20 f
-30
-40 t
-50
-60 f
70t
-80

S parameters /dB

6 7 8 9 10 11 12 13 14 15

Freq. /GHz
Fig. 2.7 S parameters of the waveguide (at 10 GHz, Sy = -0.001 dB, S1; = -76.03
dB)

2) Simulations with feeding structure

Then, we consider the case where a feeding structure is added on one
side of the waveguide port (Fig. 2.8), while the other side is still
defined as a pure waveguide port. Although some radiation losses are
inevitable for this semi-open structure, it is seen that this feeding
structure still can work in the frequency band of 9.0 to 11.0 GHz.
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1

Fig. 2.8 Waveguide with feeding structure

S Parameters

A '
o o

S parameters /dB
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'25M 1 ——s21
gplteld | | | L |----s

5 6 7 8 9 10 11 12 13 14 15

Freq. /GHz
Fig. 2.9 S parameters with feeding structure (at 10 GHz, S» = -1.62 dB, S1; = -16.54
dB)

In order to verify the coupling effect of the transmitted mode with
metal elements and in order to generate the radiation, a patch scatterer
is placed in the middle part of the waveguide (Fig. 2.10). An
optimization of the design parameters was conducted to persue a high
radiation efficiency. The resulting S parameters for several values of
the length and width at the target frequency are listed in Table 2.2. It is
observed that the length can influence the results much more than the
width. As a best compromise, the optimized values for the length and
width are chosen as 6 mm and 4 mm, respectively.
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Fig. 2.10 Waveguide with feeding structure and the scatterer

Table. 2.2. S parameters for several lengths and widths of the patch (mm)

Dimension al (bl=4mm) bl (al= 6mm)

3 4 5 6 1 2 3 4

S11/dB -24.69 | -24.59 | -14.42 | -11.39 | -9.14 | -9.69 | -10.43 | -11.39

S21/dB -2.15 | -3.09 | -6.15 | -10.30 | -10.74 | -10.90 | -10.76 | -10.30

S Parameters

S parameters /dB

5 6 7 8 9 10 11 12 13 14 15
Freq. /GHz
Fig. 2.11 S parameters with scattere (at 10 GHz, S» = -10.44 dB, S1; = -11.40 dB)

The simulated S parameters of the patch with the optimized values are
shown in Fig. 2.11. Both S»1 and Sy are decreased below — 10 dB. This
proves that the transmitted wave inside the RDW can be efficiently
coupled with the middle patch and radiated into space.

3) Simulations with feeding and absorbing structure

In order to realize a structure that can be manufactured, the same
feeding structure is used at the other side of the waveguide too (Fig.
2.12). One port emits the guided wave and the other one absorbs the
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guided wave.

i b K 1 B

(@) (b)

Fig. 2.12 (a) waveguide with feeding and absorbing parts, (b) the complete structure

The simulated S parameters are presented in Fig. 2.13 and 2.14 for the
waveguide and the patch scatterer. Although the transmission
coefficient has decreased from -1.62 dB to -4.49 dB when the ideal
waveguide port is replaced by the absorbing structure (see Fig. 2.9 up
to 2.13), there is no significant change in the results of the patch
structure (see Fig. 2.10 and 2.14). This means that radiation from the
absorbing structure is suppressed while the patch is put in the middle
of the waveguide. Based on these simulated results, the power balance

is calculated and given in Table 2.3.
S Parameters

0
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S parameters /dB

-30

-40 NAAan L . L L
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Freq. /GHz
Fig. 2.13 S parameters with feeding and absorbing parts (at 10 GHz, Sy = -4.49 dB,
S11=-11.39 dB)
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Fig. 2.14 S parameters of the complete structure (at 10 GHz, Sy; =-12.05 dB, Su1 =
-12.12 dB)
Table. 2.3 Percentage of each power components at 10 GHz
Waveguide WG + WG + WG + Complete
(WG) feeding | feeding + feeding + structure
patch absorbing
Return loss 0.02% 2.2% 7.3% 7.3% 6.1%
Transmitted | g9 780 68.9% 9.0% 35.5% 6.3%
power
Radiated 0.70% 28.9% | 83.7% 57.2% 87.6%
power

In this table, we can clearly see that most of the power (68.9%) can be
fed into the waveguide by the selected feeding topology. When this
topology is also put on the other side as the absorbing port, the
radiated power almost doubles while the transmitted power declines to
35.5%. For the structure with feeding topology and patch, and the
complete structure, the percentages are quite similar with a significant
increase of radiation (83.7% and 87.6%, respectively) and a great
decrease of the transmitted power (less than 10%), which means that
most of the power is coupled to the middle patch and radiated into
space. The radiation from the absorbing port is suppressed. The return
loss always remains at a low level below 8% for all these structures.
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2.3.2 Measured results and comparisons

On the basis of the previous designs, we manufactured two prototypes
and measured them carefully, see Fig. 2.15 and 16. The measurement
of the transmission and reflection of the prototypes was conducted in
our lab with the vector network analyzer (VNA) HP8510. Before the
measurement, the short-load-open-thru (SLOT) calibration method was
used to eliminate the system errors. An absorbing material was put
besides the the prototypes to reduce the environmental influences.

Fig. 2.15 Sample of waveguide and measurement setup

e

Fig. 2.16 Sample of patch scatterer and measurement setup

Comparisons of the measured and simulated results (S21) are plotted in
Fig. 2.17 and 18 for these two samples, respectively. Considering the
changes on the given permittivity values of the substrate material, there
is a frequency deviation (about 0.5 GHz) in the results. But the
tendency matches well, and it is confirmed by the experimental results
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that the guided wave is coupled with the patch and radiated into free
space.
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Fig. 2.18 Comparison of measured and simulated results for scatterer sample

-60

2.4 Conclusion

In this chapter we have investigated in detail the wave propagation
characteristics in a rectangular dielectric waveguide in the presence of
a top-mounted patch scatterer. The scatterer couples to the propagating
EM wave and, if properly designed, is able to generate radiation, just
as an antenna element. First, this idea was verified by simulations in
CST. Then, we designed a feeding structure in order to be able to

4



fabricate a real prototype. This prototype was measured and used to
validate the concept of this type of antenna. As far as we know, this is
the first antenna of this type realized in X band.
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CHAPTER 3 NONUNIFORM ANTENNA ARRAY

In this chapter, two types of planar antenna array fed by RDW are
proposed for X-band and WiFi applications, respectively. Based on the
coupling effect between the travelling wave inside the waveguide and
printed metal elements, the non-uniform antenna elements are placed
in series along the waveguide to achieve a directive radiation and
avoid the ‘stop band’ effect of the 1-D periodic leaky waveguide
antenna array. Prototypes are manufactured and measured to prove the
concept. A very reasonable performance is achieved with a simple
planar structure without feeding network, which is easily
manufactured with mass-production Printed Circuit Board (PCB)
technology.

This chapter is based on the following publications:

[1] Linghui Kong, Sen Yan, Vladimir \Volski and Guy A. E.
Vandenbosch, “Linear non-uniform antenna array of planar elements
fed by a dielectric waveguide,” Microwave and Optical Technology
Letters (MIOTL), Vol 60, iss. 4, Apr., 2018, pp: 849 - 854.

[1] Linghui Kong, Sen Yan and Guy A. E. Vandenbosch, “Directive
planar antenna array fed by dielectric waveguide for WiFi
applications,” Microwave and Optical Technology Letters (MIOTL),
Vol 60, iss. 8, Jun., 2018, pp: 1963 - 1967.

45



3.1 Introduction

In the first part, we aimed at designing a cheap, low loss, medium
sized array topology that meets the antenna requirements for radar and
localization purposes, operating in corridors and elongated rooms in X
band.

The X-band frequency range (8 — 12 GHz) plays an important role in
applications related to localization and positioning. This includes
surveillance, logistics, drive support, monitoring of vehicular
movements, entertainment, etc. [3-1, 2]. Among the technologies used
for radio localization and positioning, we distinguish between outdoor
scenarios and indoor environments. Considering the former one,
commonly used techniques are based on satellite systems, WiFi access
points, and celluar networks [3-3, 4]. For indoor localization, wireless
sensor networks offer an innovative solution to achieve a high
accuracy. Such a system could consist of hundreds of sensor nodes,
each node integrated with an antenna for signal transferring [3-5].

Inspired by the advantages of the low-loss dielectric waveguide, the
single dielectric strip as a substrate waveguide is chosen to feed four
planar elements of a linear non-uniform array in X band. The
non-uniformity of the elements is absolutely crucial in order to reach
the proper power distribution over the elements. Although the antenna
uses a very generic form of series feeding, its operating