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RESUME

Diverses applications ont ééfaites diverses exigences aux antennes. Une antenne composite a
plusieurs radiateurs int&ré dans une antenne, et est une bonne solution pour répondre aces
exigences. La motivation de la these est d'explorer les antennes composites planaires baséss sur
des guides d'ondes intéyré au substrat (SIW), en particulier les antennes composites planaires &
polarisation circulaire (CP) end-fire sur des substrats minces agains éevés, ce qui est suppos€ére
difficile &concevoir. Etant donnégu'un SIW est éalement une structure p&iodique, les formules
de calcul des paramétres associés aux structures pé&iodiques sont développéss, et les
caracté&istiques d'impélance, de réflexion et de rayonnement des structures pé&iodiques ont &é

examinees. Les principales contributions de la thése peuvent &re ré&sumeéss comme suit:

® Proposer et faire la dénonstration de trois antennes composites CP again éevébasés sur
SIW entiéement planes: klaxon-ALTSA, slot-ALTSA et UDR-ALTSA. Les trois antennes
composites sont en fait trois types de ré&seaux lin&ires hé&é&ogenes adeux ééments, s'éendant
respectivement dans les trois dimensions d'espace orthogonales. La corne-ALTSA est
constitué de cornes SIW et d'une fente antipodale linéire conique (ALTSA) sur un substrat,
s'é&endant transversalement sur le plan du substrat. 1l comprend €galement un réseau
d'alimentation plan compact avec des configurations flexibles de phase et d'amplitude, et il
pourrait &jalement &re utilisépour former un grand réseau. La fente-ALTSA est constitués de
fentes sur les larges parois et d'un ALTSA, s'éendant longitudinalement sur le plan du substrat.
La fente-ALTSA est également un ré&seau hé&é&ogene d'un faisceau de balayage de fréguence
et d'un faisceau fixe en bout, et il est censéére difficile aconcevoir. En outre, le slot-ALTSA
démontre éyalement une application du rayonnement aondes lentes dans un SIW afente.
L'UDR-ALTSA se compose d'un UDR et d'un ALTSA, s'é&endant le long de la direction
normale au plan du substrat. L'UDR-ALTSA a non seulement une large impé&lance et des
largeurs de bande AR, mais aussi une tres petite taille avec un substrat d'alimentation tres
mince de 0,05\, et ces caract&istiques font de I'antenne un bon candidat pour les antennes
déémentaires d'un grand réeau. Les trois ré&seaux lin&ires pourraient &re intégrés les uns aux
autres pour former divers réseaux planaires, mé&ne un réeau tridimensionnel, et fournir
diverses solutions flexibles aux antennes planes CP End-fire &gain devé De plus, 'UDR-

ALTSA comprend un UDR intelligent, alimentépar une nouvelle structure d'alimentation,



pour am@&iorer uniquement le rayonnement VP plut@ que HP d'ALTSA. La nouvelle
am@ioration séective de polarisation pourrait &re appliqué ad'autres antennes CP.

Proposer des formules complées de forme fermé de paramékres caract&istiques dans une
structure pé&iodique (FPPS). Le FPPS peut &re utilisépour séarer les ondes avant et arriere
de l'onde totale en tout point al'int&ieur d'une structure pratique, et pour calculer les
coefficients de réflexion, les impédances d'onde, les constantes de phase, les constantes
d'attéuation, ainsi que le nombre et les amplitudes du Bloch / Floquet modes. Comparéala
méhode de ré&eau éjuivalente et ala mé&hode Eigenmode Solver, le FPPS peut calculer plus
de types de paramétres et peut &re appliquéades structures uniformes et pé&iodiques, de
transmission et de rayonnement, ades structures 1-D et multidimensionnelles, et pas seulement

al'dectromagnéique mais aussi al'acoustique et ala physique des solides.

Explorer et examiner, thériquement et al'aide du FPPS, les caracté&istiques de I'impédance et
de la réflexion des ondes dans une structure p&iodique. Diffé&ente d'une impé&lance d'onde
uniforme re&lle dans une ligne de transmission uniforme, I'impélance d'onde dans une ligne
de transmission p&iodique est complexe et inhomogéne, de sorte qu'il y a de I'éergie stocké
et des ondes réfleehies dans la région int&ieure de la ligne de transmission. La réflexion interne
al'inté&ieur d'une structure pé&iodique est diffé&ente de la réflexion du port, et la réflexion
interne peut &re importante mé&ne si la rélexion du port est faible. La réflexion interne est
inhomogeéne et déendante de la polarisation, et elle doit &re caract&isee par un coefficient de

réflexion tenseur.

Vé&ifier, avec des simulations et des expéiences, qu'il existe un rayonnement produit par une
onde lente dans une antenne non pé&iodique, pour I'appliquer al'antenne afente ALTSA
proposés. En outre, pour interpréer le diagramme de rayonnement d'une antenne aondes de
fuite p&iodique (PLWA) avec son mode fondamental mé&ne si le mode fondamental est une
onde lente, et pour clarifier que si un mode dans une structure pé&iodique produit des
rayonnements ou non, il peut ' t &re identifi€uniquement sur la base de ses nombres d'onde
longitudinaux. A la suite de cette &ude, il pourrait ne plus &re une opinion inacceptable que
c'est le mode fondamental dans une PLWA qui produit un rayonnement méme si le mode
fondamental est une onde lente. Les travaux permettront également de comprendre les

phénomenes de rayonnement dans une ligne de transmission p&iodique telle que SIW, ligne



Vi

de transmission composite mains droite et gauche (CRLH) et spoof surface plasmon polariton
(SSPP).

® Proposer et éudier des antennes composites planaires: UDR-SIW alimentépar un SIW mince
de 0,05X0, un slot-horn. L'UDR-SIW applique la théorie de Fabry-perot pour obtenir un
rayonnement unidirectionnel, a une taille compacte, un gain éevé un grand FTBR et un motif
symérique, et pourrait &re un remplacement raisonnable pour un pavillon SIW H-plan. Le
cornet afente présente un motif omnidirectionnel sur le plan E et une bonne performance de
filtre.

Le travail de la thése fournirait une base conceptuelle solide et une mé&hode complée pour les
recherches et les applications relatives aux structures p&iodiques, et dargirait les antennes basées
sur les SIW adiverses antennes composites planaires aincandescence.
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ABSTRACT

Diverse applications have been made various requirements to antennas. A composite antenna has
multiple radiators integrated in an antenna, and is a good solution to match these requirements. The
motivation of the thesis is to develop antennas and to explore radiation properties through periodic
and end-fire composite structures based on substrate integrated waveguide (SIW). The principal

contributions of the thesis can be summarized as follows

® To propose and demonstrate three fully planar SIW-based high gain end-fire circularly
polarized (CP) composite antennas: horn-ALTSA, slot-ALTSA, and UDR-ALTSA. The three
composite antennas are actually three kinds of two-element heterogeneous linear arrays,
stretching in the three orthogonal space dimensions respectively. The horn-ALTSA consists
of SIW horns and antipodal linearly tapered slot (ALTSA) on a substrate, stretching
transversely on the substrate plane. It also includes a compact planar feeding network with
flexible configurations of phase and magnitude, and it could be also used to form a big array.
The slot-ALTSA consists of slots on the broad walls and an ALTSA, stretching longitudinally
on the substrate plane. The slot-ALTSA is also a heterogeneous array of a frequency-scanning
beam and an end-fire fixed beam, and it supposed to be difficult to design. Besides, the slot-
ALTSA also demonstrates an application of slow wave radiation in a slotted SIW. The UDR-
ALTSA consists of UDR and an ALTSA, stretching along the direction normal to the substrate
plane. The UDR-ALTSA has not only wide impedance and axial ratio bandwidths but also a

very small size with a very thin feeding substrate of 0.05)\o0, and these features make the antenna

to be a good candidate for element antennas of a big array. The three linear arrays could be
integrated with each other to form various planar arrays, even a three-dimensional array, and
provide diverse flexible solutions to high gain end-fire CP planar antennas. Moreover, the
UDR-ALTSA includes a smart UDR, fed by a novel feeding structure, to enhance only
vertically polarized (VP) rather than horizontally polarized (HP) radiation of ALTSA. The

novel polarization-selective enhancement could be applied to other CP antennas.

® To propose and investigate planar composite antennas: UDR-SIW VP antenna fed by a thin

SIW of 0.05\o, a slot-horn omnidirectional antenna. The UDR-SIW antenna applies

generalized Fabry-perot principle to achieve a unidirectional radiation, has compact size, a
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high gain, a large FTBR and a symmetric pattern, and could be a competitive replacement for
an SIW H-plane horn. The slot-horn exhibits an omnidirectional pattern on E-plane and a good

filter performance.

To propose comprehensive closed-form formulas of characteristic parameters in a periodic
structure (FPPS). The FPPS can be used to separate the forward waves and backward waves
from the total wave at any point inside a practical structure, and to calculate reflection
coefficients, wave impedances, phase constants, attenuation constants, and the number and
amplitudes of the Bloch/Floquet modes. Compared to the equivalent network method and the
Eigenmode Solver method, the FPPS can calculate more various kinds of parameters, and can
be applied to uniform and periodic, transmission and radiation structure, 1-D and multi-
dimensional structures, and not only to electromagnetics but also to acoustics and solid physics.

To explore and examine, theoretically and/or using the FPPS, the characteristics of wave
impedance and reflection in a periodic structure. Different from a real uniform wave
impedance in a uniform transmission line, the wave impedance in a periodic transmission line
is complex and inhomogeneous, so that there is stored energy and reflected waves at inner
region of the transmission line. The inner reflection inside a periodic structure is different from
the port reflection, and the inner reflection could be large even the port reflection is little. The
inner reflection is inhomogeneous and polarization dependant, and it should be characterized

with a tensor reflection coefficient.

To verify, with simulations and experiments, that there is a radiation produced by a slow wave
in a non-periodic antenna, to apply it to the proposed slot-ALTSA antenna. In addition, to
interpret the radiation pattern of a periodic leakage wave antenna (PLWA) with its fundamental
mode even if the fundamental mode is a slow wave, and to clarify that whether a mode in a
periodic structure produces radiates or not, it can’t be identified based on only its longitudinal
wavenumbers. As a result of this study, it might no longer be an unacceptable opinion that it is
the fundamental mode in a PLWA that produces radiation even if the fundamental mode is a
slow wave. The work will also help to understand the radiation phenomena in a periodic
transmission line such as SIW, composite right and left hands transmission line (CRLH) and

spoof surface plasmon polariton (SSPP).



The work of the thesis would provide a solid conceptual foundation and a comprehensive method
for the researches and applications relative to periodic structures, and expand SIW-based antennas

to diverse end-fire planar composite antennas.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

Substrate integrated waveguide (SIW) is a solution to the planar integration of the bulky and heavy
three-dimensional metallic waveguide [1]-[5]. SIWs inherit the merits of the metallic waveguide,
such as low loss, and have also advantages of planar circuits, such as low cost and easy integration
with an RF and microwave component. These merits and advantages match well with the rising
requirements for modern wireless application systems, such as multifunction, all-integration,
miniaturization, low cost, high speed, and wide bandwidth. After nearly two decades of
developments, SIW technologies have widely been applied to diverse wireless related fields,
including antennas, passive components, active devices, functional module and all-functional
systems [6]-[21]. For future diverse applications of SIW technologies, however, certain
explorements of radiation properties and antenna developments through periodic and end-fire

composite structures are still required.

Diverse fully planar high-gain end-fire circularly polarized (CP) antennas, especially easily-
integrated with RF circuits, are highly desired in wireless systems due to the requirements of
miniaturization and low cost. CP antennas are well known for their usefulness in satellite and
mobile communications, indoor positioning and sensing systems, and they have certain obvious
advantages over linearly polarized (LP) antennas, such as being less sensitive to antenna axial
rotation and multipath, and having a less delay spread. For broadside radiation, when a substrate is
regarded as the reference plane, a planar antenna has a large area to accommodate various radiators
with enough equivalent radiation areas. Therefore, the main beam for most of planar CP antennas
presented to date is broadside, and this could be an obstacle in the implementation of substrate-
integrated circuits (SICs) and interstellar telecommunications that generally require end-fire

antennas (Figure 1.1).

Compared to LP antenna, a planar end-fire CP antenna, when its substrate is regarded as a reference
plane, is much more difficult to realize. A CP radiation must include two orthogonally polarized
radiation components, namely horizontally polarized (HP) and vertically polarized (VP)
(perpendicular to substrate) radiation components. Because there is not enough space to arrange

two metal plates with a large spacing in its vertical dimension of a planar antenna when the



substrate is thin, it is more difficult to produce VP radiation than HP one. To have a reasonable VP
radiation, a planar end-fire CP antenna usually uses a dielectric resonator fed by a cable probe
mounted vertically on a substrate, or a thick substrate. The former is not a fully planar structure

and would bring certain difficulties for integration with RF circuits. The latter would also bring

certain difficulties for integration.

Figure 1.1: End-fire planar CP antennas in satellite could be attached on its side faces to avoid

conflicts with other antennas
(Picture from China Aerospace Science and Technology Corporation)

To be integrated with a mingled multilayer RF circuit easily, a planar antenna should be fabricated
on a thin single-layer substrate, or on a multilayer substrate with a thin feeding layer. To suppress
high-order modes and surface wave modes in RF circuits, the RF layer of a multilayer substrate
must be thin compared to operating wavelength. The thickness of the RF layer usually should be

less than 0.05\0 in millimeter wave, which is roughly 0.508 mm at 30 GHz, and 0.254 mm or 0.127

mm at 77 GHz. Consequently, to integrate a planar multilayer substrate antenna with an RF circuit,
the feeding layer of the antenna should be also as thin as the RF layer of a multilayer substrate.
Besides, when the feeding layer is thick compared to wavelength, the transition from an antenna to
an RF circuit is easy to cause a parasitic radiation, which would degrade the performances of the
antenna. Therefore, a fully planar mingled multilayer antenna with a thin feeding substrate is highly

desired in diverse wireless systems.

A heterogeneous composite array is an effective solution to a high gain CP antenna. A planar
composite antenna, which combines various antenna elements or radiators into one antenna, could



be highly expected to meet the diverse requirements, such as CP radiation. Various SIW-based
planar antennas and arrays have also been developed, and almost all the antennas imitate
conventional rectangle waveguides [9], [19], [21]-[32]. When diverse requirements of antennas are
appearing, and the developments of SIW technology would be beyond simple duplications of the
classic three-dimensional waveguide. Different from the antenna element in an array, the radiators
in a composite antenna usually have different structures and radiation patterns. An end-fire CP
radiation must be composed of two end-fire orthogonally polarized radiations, so that it is

reasonable to use two orthogonally polarized radiators in a composite antenna.

An SIW is a good candidate structure for diverse planar end-fire composite antennas, but only the
open aperture of an SIW has been used in current end-fire CP planar composite antennas. An SIW
includes two broad walls, two side walls, one input aperture and one open aperture. A classic
solution for CP planar antenna uses the open aperture of an SIW [30]-[32]. On the other hand, in
these SIW-based antennas, the broad walls of the SIW have not been used to form radiators. In
traditional designs, a slotted SIW and an SIW horn are regarded as two different antennas, and will
not be integrated into one antenna. A slotted SIW has slots on its broad walls, and produces a
broadside or scanning beam. An SIW horn has an end-fire beam [33]-[36]. One would wonder if
the slots on broad walls and the open aperture of SIW could be deployed to form an SIW-based

end-fire composite antenna.

Radiation characteristics produced by a slow wave in a slotted width-tapered SIW have been not
fully investigated. When an SIW is filled with a dielectric, it can support either a fast or slow wave,
depending on operating frequency. People tends to believe that a slow wave in slotted SIW does
not produce radiation. For example, a periodic SIW leaky wave antenna can support the existence
of a fundamental mode and many space harmonic modes simultaneously. The modes related to fast
waves can radiate leaky waves, but the fundamental mode cannot radiate if it is a slow wave [36]-
[37]. A width-tapered slotted SIW, however, is not a periodic structure so that there is no any space
harmonics in it. Consequently, if the width-tapered slotted SIW produces radiations, it must work
with its fundamental mode. In this case, due to a well-known thought that a slow wave does not
produce radiations [36]-[38], whether the fundamental mode in the width-tapered slotted SIW must

be a fast wave or not? What will happen in a width-tapered slotted SIW when the fundamental



mode is a slow wave? The answer to the above questions is crucial to understand the radiation

mechanism of an SIW-based CP composite antenna with slots on the SIW.

Furthermore, the radiation from a slow wave should be fully investigated in a broader view. If a
slow wave in a width-tapered slotted SIW can produce leaky wave radiation, why a slow wave in
a width-uniform slotted SIW cannot produce leaky wave radiation? A width-uniform slotted SIW
is periodic rather tha uniform. The propagation constant of a mode in a periodic structure is a
parameter characterized only in an average sense [39]. The propagation constant can be used to
determine whether a mode is a slow wave or not. However, it cannot be used to determine all the
propagation characteristics. Accordingly, it is not rigorous to identify the possibility of slow wave
radiation stemmed from a periodic structure only based on its propagation constant, and a full

investigation on slow wave radiation is interesting and necessary.

Moreover, the effects of periodicity in SIW-based antennas or associated SIW transmission lines
should be explored when operating frequency is high, let’s say, with referece to electrical length.
When the periodicity length in an SIW is much smaller than the wavelength in the SIW, the effects
of periodicity can be ignored [5], the SIW can be totally equivalent to a dielectric-filled waveguide
(DFW). When the diameter of a via is less than 0.3 mm, its metallization is difficult, and a 0.2 mm
minimum spacing between two vias is generally required in practice for a conventional print circuit
board (PCB). Therefore, the available minimum periodicity of via arrays in an SIW made with
PCB technology is roughly 0.5 mm. If an SIW is fabricated on a substrate with a relative
permittivity of 4, when operating frequency is 75 GHz, the guided wavelength in the SIW can be
close to 2.5 mm. The periodicity length in the SIW is comparable to the operating wavelength, and

the effects of periodicity must be taken into account.

Both the propagation constant and the wave impedance in a periodic transmission line have certain
characteristics different from that in a uniform transmission line, and these characteristics are

important to understand the physics of a periodic transmission line.

Methods to calculate the characteristic parameters of a periodic transmission line should be also
developed, to explore what happens in a practical transmission line. Conventional simulation tool
packages, such as CST STUDIO and Ansoft HFSS, are powerful but not omnipotent. When a
periodic transmission line is lossless, its propagation constant can be calculated by an Eigenmode



Solver in CST or HFSS. However, these Eigenmode Solvers are not applicable to a periodic
structure involving radiation, such as slotted SIW antenna. Moreover, both the eigenmode solver
methods and the equivalent network methods [39]-[40] involve only a unit cell in a periodic
structure and are independent of exciting signals. These methods cannot obtain the number and
amplitudes of the Bloch/Floquet modes, and cannot be applied to the calculation of wave
reflections in a practical finitely-numbered periodic structure. Usually, both the forward waves and
backward waves exist in such a practical periodic structure simultaneously, and the total wave at
an arbitrary point inside the periodic structure is the sum or superposition of the forward waves and
the backward waves. To extract the forward waves or backward waves from the total wave is
critical for calculating the reflection coefficients or space harmonics in a practical periodic structure.
Conventional electromagnetic full-wave simulation tools, such as CTS or HFSS, also don’t have

such a capability of separating the forward waves and backward waves.
Accordingly, the research work of this thesis is concentrated on following aspects.

1) To devise SIW-based fully planar composite antennas to achieve diverse performances,
addressing end-fire CP radiation problems with high gain. The composite antenna is made of
various radiators integrated with an SIW, and should be a kind of fully planar structures,
including its feeding structure. They should be fabricated on a single-layer substrate, or on a
mingled multilayer substrate with a very thin feeding layer. The composite antenna had better
could work with a slow wave mode so that operating frequency would be as wide as possible.
It should actually provide a general solution of SIW-based planar composite antenna,
applicable to a large array, to well satisfy various requirements of antennas and antenna
applications.

2) To find a comprehensive calculation method of characteristic parameters in a practical periodic
structure, such as an SIW, with excited signals. The method should be used to calculate the
propagation constants and amplitudes of the Bloch/Floquet modes in a practical periodic
structure, to separate the forward waves and backward waves from the total wave at any point
in the structure and to calculate the reflection coefficients and characteristic wave impedances.
The method should be applicable to uniform and periodic, transmission and radiation structures.

3) To explore propagation, radiation, impedance and reflection characteristics in a periodic

structure such as an SIW. Whether the wave impedance of a mode in a periodic transmission



line is still real or complex? Is the wave impedance still uniform or inhomogeneous? Is the
reflection coefficient at an inner point inside a periodic structure equal to the port reflection
coefficient? Is it homogeneous and independent of polarization? Does a slow wave in non-
periodic antenna produce a radiation? Is it reasonable to interpret the radiation in a periodic
leaky wave antenna (PLWA) with its fundamental mode when the mode is a slow wave? Is it
possible to judge whether a mode in a periodic structure produces radiation only based on the

longitudinal propagation constant of the mode?

1.2 State-of-the-Art and Present Trend

1.2.1 Planar End-fire CP Composite Antennas

An end-fire planar antenna has both planar structure and end-fire radiation pattern. In this thesis,
the term “planar antenna” is referred as to not only its structure shape but also the process through
which the antenna is manufactured. Therefore, a planar antenna should be manufactured on
substrates through planar manufacturing processes such as printed circuit board (PCB) processes
and LTCC techniques. A planar antenna was also defined as one structure manufactured on a thin
substrate, and the thickness of this substrate should be less than one-tenth wavelength. On the other
hand, such thin-structured antennas are often called as low profile antennas. To avoid potential
confusions, we would identify whether an antenna is planar or not based on only its manufacturing

processes rather than its thickness of substrate.

The planar end-fire CP antennas in literatures are relatively limited in number, especially the fully
planar end-fire CP antennas with high gains. A CP antenna should generate two orthogonally
polarized radiations, and they should feature the fundamental characteristics of equal-amplitude
and quadrature-phase. To produce such CP radiation, a CP antenna makes use of one radiator or
more. A helical antenna has a radiator which becomes an end-fire CP antenna when the

circumference of the helix is approximately equal to one guided wavelength [41].
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Figure 1.2: Modal of a CP antenna

A simple model, as shown in Figure 1.2, can be used to demonstrate how the configuration of a CP
antenna influences the performance of its axial ratio (AR). In the model, the CP antenna consists
of a VP radiator and a HP radiator, which produce two corresponding radiations in space. Without
loss of generality, the phase center of the VP radiator is placed at the origin, and the phase center
of the HP radiator is at (x,y,z). In the far zone, the phase difference between the two orthogonally

polarized electric fields is as follows
Ap=k,d + @, (1.1)
d =xsin6cos¢+ ysinOsind+ zcosO (1.2)

where ko is wave-number in the free space, kod is space phase delay, and ¢, is feeding phase delay

of the two orthogonally polarized radiators. Substituting (1.2) into (1.1), one has
A =K, (xsinBcosh+ ysinBsind+zcos0) + @, (1.3)

Realizing CP radiation, it should have
A(p=n-n+g,(n ~0,41,42,-) (14)

When the phase centers of the two orthogonally polarized radiators coincides with each other, the

d =0, and Apbecomes independent of space angles. In this case, the CP antenna is expected to

have a wide AR beamwidth. If its feeding phase delay ¢, is not sensitive to frequency, the CP



antenna is also expected to have a wide AR bandwidth in all the space angles. Therefore, when a
CP antenna utilizes a radiator to produce two orthogonally polarized radiations simultaneously, it

means that d =0 so that the antenna has a wide AR beam width and bandwidth.

When a CP antenna is composed of two orthogonally polarized radiators with two separate phase

centers, d>0, and A¢ depends on both the space angles and operating frequency. As a result, it

would narrow down both the AR beamwidth and AR bandwidth. The farther the distance between
the two phase centers is, the narrower the AR beamwidth and the AR bandwidth of the CP antenna

become.

On the other hand, when frequency changes, the phase center of a radiator is usually located over
a region rather than at a fixed point. Besides, the phase center of a radiator also depends on its
radiation direction. A stable phase center would be beneficial for the CP performance of a CP

antenna.

In most of CP antennas, feeding phase delay ¢, also depends on operating frequency. When the
feeding phase delay ¢, can offset the space phase delay kod, the CP antenna is expected to have a

wide AR bandwidth. However, it is a challenging task.

For achieving good radiation performances, the two orthogonally polarized radiation of an end-fire
CP antenna should be of end-fire and have the same beam width. As a result, the AR beam width
of the end-fire CP antenna could be almost the same as its beam width, and the feature would
certainly benefit its applications.

To have a high gain or a complex radiation pattern, an array architecture would be a preferred
option. Therefore, one could also evaluate the structure of an end-fire CP antenna based on the

array viewpoint.

From the historical perspectives, it has taken a long time for a three-dimensional non-planar end-
fire CP antenna to evolve into its planar form. Among end-fire CP antennas, a helical antenna is
the earliest one that was proposed in 1948. As late as 2015, however, an end-fire CP planar helical
antenna was proposed in [42]. Since then, diversified end-fire CP planar antennas have been
proposed and studied [30] [43]-[46].



Most of end-fire CP planar antennas are of composite antennas with multiple radiators, and could
be categorized based on different criteria. With reference to the number of radiators, they can be
classified into single-radiator or multi-radiator. Based on the mechanism of radiators, they can be
divided into resonate or traveling-wave types. Based on the feeding structures, they may be
organized into planar feeding or nonplanar types. Bnased on the structure of radiators, they can be
arranged into helical antennas, dielectric resonator antennas, SIW horns, antipodal linearly tapered
slot antennas (ALTSA), dipole antennas, or loop antennas. For an easy presentation in the thesis,
end-fire CP planar antennas are classified into four groups, namely end-fire CP planar helical
antennas, end-fire CP planar composite antennas fed by microstrip line, planar electric and
magnetic dipole-based end-fire CP composite antenna, and SIW horn-based planar end-fire CP

composite antenna.
1.2.2.1 End-fire CP Planar Helical Antenna

The helical antenna is the oldest end-fire CP antenna [41], and has wide impedance and AR
bandwidths. Yet, no planar end-fire CP helical antenna was proposed until 2015 [42]. A helical CP
antenna has only a radiator. When the circumference of a helix is approximately equal to one guided
wavelength, which is necessary for end-fire radiation, the VP radiation is much weaker than its
horizontal counterpart due to the thin substrate. Therefore, it is rather challenging to devise a planar
end-fire CP helical antenna in a relatively low frequency band. For example, a 2.54-mm thick

substrate is still regarded as a thin substrate at 10 GHz because it is less than 0.10.

(@) (b)

Figure 1.3: (a) Planar helical antenna [42] and (b) planar plasma helical antenna with
reconfigurable bandwidth [47]
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The end-fire CP planar helical antenna in [42] is composed of strips and metallic vias as shown in
Figure 1.3 (a). The strips are formed on the two plates of the substrate and are connected through
the metallic vias to form an axial helix. The strips contribute to HP radiation, whereas the vias
contribute to VP radiation. The ground plane is supposed to help maintain the equality of the VP
and HP radiation. An SMA connector mounted vertically on the substrate connects to a grounded
coplanar waveguide, and this coplanar waveguide then feeds the helix. The open aperture of the

grounded coplanar waveguide could also contribute to the VP radiation. Consequently, the CP

antenna can achieve an 8-dBi gain at the center frequency on a thin substrate of only 0.11A0.

The structure of an end-fire CP planar plasma helical antenna with a reconfigurable bandwidth
reported in [47] is similar to that described in [42], and its gain is 8.5 dBi. In the antenna, as shown
in Figure 1.3 (b), a set of tubes containing ionized noble gases (such as argon, neon, or xenon) are
used to replace conventional copper to form a multi-turn plasma helical (red in Figure 1.3 (b)),
which make its bandwidth reconfigurable.

1.2.2.2 End-fire CP planar composite antenna fed by microstrip

When an end-fire CP planar antenna is fed by a microstrip line, producing VP radiation is a critical
for the generation of CP radiation. In [46], an end-fire CP planar loop antenna fed by a microstrip
line is proposed, as shown in Figure 1.4 (a). The antenna uses a printed quadrangle loop which is
composed of four strips on the top and bottom layer of a substrate and connected by three metallic
via holes. To improve bandwidth, two stubs are loaded onto two strips, and the edge of the ground
is modified with sawtooths. The antenna shows very good performances, however, certain

important parameters, such as thickness, are missing in [46].

B top layer substrate
hottom layer « metallic via e e —— /

(@) (b)
Figure 1.4: (a) Planar loop antenna fed by a microstrip line [46] and (b) dual CP planar antenna
[51]
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A Yagi array [48] and its planar forms [49] [50] are classical end-fire antennas. They are used as
HP radiators to achieve CP antennas. In [51] a Yagi end-fire dual CP planar antenna uses a
magnetic dipole Yagi element and an electric dipole Yagi element on a substrate with a thickness

of 0.022,, as shown in Figure 1.4 (b). The magnetic dipole Yagi element is composed of two one-

edge-shorted rectangular patches separated by a spacing. The electric dipole Yagi element is a strip
half-wave dipole and a strip director. The antenna is fed by a hybrid network composed of

microstrip lines and parallel strip lines to achieve dual CP radiation with a 5.3 dBi gain.
1.2.2.3 Planar electric and magnetic dipole-based end-fire CP composite antenna

Q. X. Chu and W. J. Lu et al devised a type of low-profile end-fire CP planar antennas [30][53]-
[71]. The conceptual three-dimensional prototype of these antennas can be found in [72]-[73].
Figure 1.5 describes the conceptual configuration of a planar electric and magnetic dipole-based
end-fire CP composite antenna [60]. In the antenna, a planar magnetic dipole produces VP radiation,
and a planar electric dipole produces HP radiation. Therefore, the type of antennas is referred to as
electric and magnetic dipole-based end-fire CP antennas. The magnetic dipole associated with VP
radiation also feeds the HP radiator, either directly [58]-[59] [62][64][69] or by a phase shift line
of a quarter [30] [54]-[57] [61] [63][65]-[68] [70]-[71] or three eighth wavelength[53], which are
used to achieve a quadrature-phase of the two orthogonal modes for the CP generation. A practical
complete electric and magnetic dipole-based end-fire CP antenna usually includes four functional
parts: VP radiator, HP radiator, phase-shifting component and feeding connector. W. J. Lu et al

have given a detailed review of this type of end-fire CP planar antennas in [60].

e\ lagnetic dipole

e Elcctric dipole

s Phase shift line

Figure 1.5: Conceptual configuration of planar electric and magnetic dipoles based end-fire CP

composite antenna [60]
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A low-profile planar magnetic dipole can produce a large VP radiation, and it is a significant benefit,
especially for low frequency CP antenna. The planar magnetic dipole in these antennas is actually
a dielectric resonator antenna (DRA) rather than a horn antenna or another traveling-wave radiator
because it works in a resonant mode rather than in a propagating mode. The planar magnetic dipoles
include two types of structures: a rectangle dielectric resonator radiator as shown in Figure 1.6 (a)
and (b), and a semicircular dielectric resonator radiator, as shown in Figure 1.6 (c). Both rectangle
and semicircular dielectric resonator radiators are covered with conducting layers on their top and

bottom surfaces.

(a) (b) (©)

Figure 1.6: The planar magnetic dipoles

(a) Rectangle dielectric resonator radiator with three shorting edges [60], (b) rectangle dielectric
resonator radiator with one shorting edge [70], and (b) semicircular dielectric resonator radiator
[60]

The one (Figure 1.6 (b)) or three (Figure 1.6 (a)) of four rectangle dielectric edges are shorted by
metallic via arrays or walls, and at least one edge is an open aperture for radiation [30] [53] [56]
[58] [61]-[62] [66]-[71] [74]. These CP antennas usually have unidirectional end-fire patterns on
the plane of the substrate. Similarly, the straight edge of the semicircular dielectric is shorted by
metallic via arrays or walls, as shown in Figure 1.6 (c), and its circular edge is open [54]-[55] [57]
[59].

Due to theirs feature, these magnetic dipole structure could be treated as various dielectric
resonators, and operating frequencies and the field distributions can then be determined and studied
using the theory on DRA.
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In aforementioned antennas, the basic structures in the diverse types of the HP radiators, which are
also called electric dipoles, are generally dipoles and loops. Figure 1.7 displays various shapes of
dipoles, which each have diverse characteristics. The single straight dipoles in Figure 1.7 (a) (m)
(n) have an omnidirectional pattern on the pitch plane and a low gain, and such as the end-fire CP
antennas also exhibit a relatively low gain about 3 dB [53] [69]-[70]. The various annular dipoles
in Figure 1.7 (b) (c) and (f) can provide a wide beam of HP radiation on the azimuth plane to
achieve a wide AR beam width on the azimuth plane [54]-[55] [59]. The inverted V-shape dipoles,
as shown in Figure 1.7 (d), have a similar shape and AR radiation pattern to annular dipoles [56]-
[57]. Because the straight, annular and inverted VV-shape dipoles have not end-fire radiation patterns,
the gains of the end-fire CP antennas associated with these dipoles are also relatively low.
Compared to straight diploes, the VV-shape dipoles in Figure 1.7 (e) (h) (I) have an end-fire pattern
and a relatively high gain, and are applied to high gain end-fire CP antennas [58] [62] [68]. When
a higher gain is desired, magnetic and electric diploe arrays are preferred. Figure 1.7 (e) (g) (h) (j)
(k) (1) (o) (p) show diverse end-fire CP antenna array [58] [61]-[62] [65]-[66] [68] [71] [74].

A meandered dipole shown in Figure 1.7 (i) is used to facilitate the assembly of p-i-n diodes, reduce
the lateral dimension, and enable switchable polarized radiation between left-hand circular
polarization and right-hand circular polarization [64]. Stubs in Figure 1.7 (c) is loaded to dipoles

to achieve a wide bandwidth [55].
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Figure 1.7: Various shapes of dipoles

(a) dipole [53], (b) annular dipole [54], (c) stub loaded annular dipole [55], (d) VV-shape dipole [56],
(e) V-shape dipole Yagi array [58], (f) annular dipole loaded with parasitic annular strip [59], (g)
Yagi array of dipoles with parasitic strips [61], (h) two different V-shape dipoles [62], (i)
meandered monopole array[64], (j) dipole Yagi array [65], (k) dipole-cavity Yagi array [66] (I) V-
shape dipole loaded with parasitic helix [68], (m) monopole array [69] (n) dipole with slot coupling
[70], (o) dipole Yagi array [71], and (p) extended strip Yagi array on top or bottom layer with two
coupling patches [74]

Compared to the aforementioned dipoles which produce HP radiation with an omnidirectional
pattern on the pitch plane, the squared loop in [30], as shown in Figure 1.8 (a), and square loop fed
by a coupling dipole in [63], as shown in Figure 1.8 (b), are also magnetic dipoles which produce

HP radiation but have omnidirectional pattern on the azimuth plane.
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Figure 1.8: The squared loop

(@) Square loop [30], and (b) square loop fed by a coupling dipole [63]

Beside unidirectional operation, an end-fire CP planar antenna can be designed to generate
bidirectional or omnidirectional patterns. Figure 1.9 (a) presents a single-layer single-fed
bidirectional end-fire CP planar antenna [45], which could be viewed as a combination of two back-
to-back unidirectional end-fire CP planar antennas sharing a common port. The two back-to-back
dielectric resonating radiators produce VP radiation and two strip dipoles produce HP radiation.
The two back-to-back dielectric resonating radiators share a common metallic via array with a
window where an SMA connector is located with its inner conductor attached to the upper layer
and its outer conductor soldered to the lower layer. The dielectric resonating radiators feed the
electric dipoles using double-sided slot-coupled lines and meandered double-sided parallel strip
lines. The double-sided parallel strip lines provide a phase compensation for CP radiation. The
length of the double-sided parallel strip line and the distance from the dielectric resonating radiator
to the dipole have a strong effect on the phase difference between the VP and HP radiation. Figure
1.9 (b) describes a bidirectional end-fire CP surface wave antenna fed by an SMA connector [75].
The planar antenna is composed of a microstrip radiator for the VP radiation and two hook-shaped
strips on the ground plane for HP radiation. The two bidirectional end-fire CP planar antennas have
a very low profile of 0.02910, which is important to the application in the band of 5.8-GHz ISM or

lower frequency.
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Figure 1.9: End-fire CP planar antenna

(a) Single-fed bidirectional end-fire CP planar antenna [45], and (b) CP surface wave antenna

composed of a microstrip radiator and two hook-shaped strips [75]

These planar end-fire CP antennas are all the composite antennas composed of vertically and HP radiators.
The two orthogonally polarized radiations should exhibit a quadrature-phase, and strip lines between the
two radiators are used to achieve this required quadrature-phase. On the other hand, the phase centers of the
VP and the HP radiators in these antennas do not coincide with each other. Therefore, the strip lines might
be meandered ones, as shown in Figure 1.7 (j) (k) and (n). The connection between the strip lines and the
VP radiator and the HP radiator could be a direct connection or be achieved by the coupling of slots or strips.
The coupling of slots or strips would introduce a phase shift, and thus the quadrature-phase can be achieved

without an extra strip line [62] [64], as shown in Figure 1.7 (h) and (i).

Table 1.1 is a brief comparison of the key performances of these planar electric and magnetic
dipole-based end-fire CP composite antennas.

Table 1.1: Comparison of electric and magnetic dipole-based end-fire cp composite antennas

References Bandwidth AI-? Band- AI-? Beam- width Gai-n Size/ha Fre. 1P radiator
(%) width(%6) Pitch/Azimuth (dBi) (GH2z)
[30] 2.4 9.2 104/92 2.6 0.6*0.71*0.04 5.8 Loop
[53] 1.9 145 110/80 2.3 |0.65*0.73*0.04 5.8 Dipole
[54] 6.5 14.4 92/67 49 ]0.83*0.59*0.033 | 2.45 Dipole
[55] 25 19 N.A. 3.0 [0.88*0.59*0.033 | 2.45 Dipole
[56] 22 8 250/240 15 |0.53*0.74*0.04 | 2.45 Dipole
[57] 11 11 180/115 25 |0.61*0.64*0.05 | 2.45 Dipole
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[58] 5 25 92/29 6.1 [1.17*1.48*0.034 | 2.5 Yagi array
[59] 13.7 2 50/65 041 | 0.54*0.66*0.04 | 25 Dipoles
[61] 13.1 10.5 N.A. 8 1.09*1.14*0.05 5.0 Yagi array
[62] 55.4 48.2 N.A. 7.28 | 0.72*1.15*0.07 2.4 |Dipole array
[63]* 5 14 N.A. 3 0.44*0.73*0.04 | 5.8 Loop
[64] 2.1 9 N.A. 1.58 |0.16*1.19*0.026 | 2.4 Manopole

array
[65]* 2.1 4.3 179/164 4.1 0.35*0.6*0.029 5.8 Yagi array
[66]* 1 15 N.A. 7.23 |1.05*0.65*0.026 | 10 Yagi array
[67]* 2 8.2 N.A. NA 2 *7 *0.016 | 2.45 Dipole
[68]* 3.82 13 N.A. 7.1 |2.64*1.29*0.034 | 2.45 | Yagiarray
[69] 4.3 4.3 360/36 3.3 ]0.31*1.32*0.039 | 5.8 Manopole

array
[70] 35 43 168/85 4 0.32*0.60*0.029 | 5.8 Dipole
[71]* 3.0 12 N.A. 4.18 [ 0.6*0.77*0.047 7 Yagi array
[74] 5.2 5 N.A. 7.8 0.97*1.74*0.04 5.8 Yagi array
*: Only simulated results available.

The electric and magnetic dipoles-based end-fire CP antennas in Table 1.1 are generally working
at low frequencies. Because the gain of a single straight electric dipole for HP radiation is low
compared to magnetic dipoles, the gains of the planar electric and magnetic dipole-based end-fire
CP composite antennas are relatively low, about 2 dBi. To achieve a high gain, a Yagi architecture
is preferred [58] [61] [66] [68] [71] [74]. Directors in [58] [68] [71] are used to enhance the gains
of electric dipoles. In [61] [66] [74], both reflectors and directors are used. The former is to enhance
the gain of VP radiation, and the latter is to enhance the gain of HP radiation. In [62] [64],

transverse two-element dipole arrays are used to enhance the gain of HP radiation.

Because the HP radiator is fed by the VP radiator in aforementioned CP antennas, a reflector can
be added to the VP radiator to increase its gain. It is difficult to add directors to the VP radiator.
Therefore, the gain of the VP radiator and in turn the gain of a single electric and magnetic dipoles-

based end-fire CP antenna would not be very high, e.g. over 8 dBi.
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The structure of a dielectric resonating radiator can produce strong enough VP radiation for a CP
antenna with very thin substrates, but it is difficult to feed a dielectric resonating radiator with a
planar structure. All the antennas in Table 1.1 are fed with SMA connectors perpendicularly
mounted on the bottom face of substrate. Therefore, this type of feeding structure is not fully planar.

It would bring up difficulties when forming an end-fire CP antenna array, which is necessary in

most cases to achieve a high gain beam or a scanning beam.
1.2.2.4 SIW horn-based planar end-fire CP composite antenna

To the knowledge of the author, the oldest end-fire CP planar antenna based on SIW technology
was derived from the ALTSA fed by an SIW in 2007 [43]. As shown in Figure 1.10, the two flaring
wings of the ALTSA have not overlapping at the SIW aperture. The open aperture of the SIW
produces VP radiation. Its source is the transverse electric field of the TE10 mode in the SIW. The
ALTSA produces HP radiation, and its source is mainly from the longitudinally magnetic field of
the TE10 mode in the SIW. The transverse electric field and the longitudinally magnetic field of
the TE10 mode in an SIW are quadrature-phase in natrue. The phase centers of the VP and the HP
radiations, however, do not coincide with each other. As such, the quadrature-phase of the
transverse electric field and the longitudinally magnetic field do not naturally ensure the phase
condition of CP radiation. To resolve this issue, a polystyrene rod, which is supposed to be in favor
of the quadrature-phase, surrounded by the edge of the flaring wings is used to increase the AR
bandwidth.

Polystyrene Rod Feeding STW
(12.5mm diameter) waveguide

CPW to STW "
transition
>

TSA part

Figure 1.10: Earliest ALTSAnN end-fire CP planar antenna fed by an SIW in 2007 [43]

Although the ALTSA in [43] is not a totally planar antenna due to the loading dielectric rod, it has
paved the way for a totally planar antenna. Still, it was a long time before an end-fire CP planar
ALTSA fed by an SIW, as shown in Figure 1.11 (a), wss proposed in 2017 [76]. The ALTSA
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without a loading dielectric rod has a wide AR bandwidth, and its flaring wings are overlapped at
the open aperture of the SIW. Since the two flaring wings are over different faces of the substrate,
the ALTSA does also produces a little of VP radiation. [77] made use of two antipodal notches
etched at the edges of the two broad walls of an open-ended SIW, as shown in Figure 1.11 (b), to
produce CP radiation. To further increase the gain and front-to-back ratio (FTBR) of the antenna,
a thick tapered three-layer dielectric rod is placed in front of the antenna. The substrate of the CP
antenna in [43][76]-[77] must also be thick enough to ensure the equally-amplitude of two

orthogonally polarized radiations.

CP antenna

.‘\-\\L': ‘ | ‘\1

WR-10 to SIW transition

(a) (b)
Figure 1.11: Planar ALTSA fed by SIW

(a) without loaded dielectric [76] and (b) with loaded dielectrics [77]

Y. Cai and Z. Qian proposed a septum polarizer based SIW end-fire dual CP antenna, as shown in
Figure 1.12 (a), in 2016 [44]. It is entirely an SIW horn without any other radiator. The antenna
uses two layer of thick substrates and has two input/output SIWs for LHCP and RHCP. In its
transition section, a sloping open slot etched on the common broad wall between the two SIWSs, is
tasked to transform the TE10 mode into two orthogonal modes, namely TE10 and TEOL, at the
common open ends of the two SIWSs. In the flaring section, the two SIW parts also form a common
rectangle horn with different widths to achieve the quadrature-phase for CP radiation. To radiate
two orthogonal modes in a common horn, the antenna must use two thick substrates. The total

thickness is about 0.61,. The antenna is fed by a WR-42 waveguide due to the thick substrates.
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Figure 1.12: Septum polarizer based End-fire dual CP SIW horn antenna [44]

Before the reporting of such an end-fire CP antenna in [76], Sara S. Hesari and J. Bornemann
proposed an SIW end-fire dual CP antenna, as shown in Figure 1.13. It consists of an antipodal
Vivaldi antenna and an SIW H-plane horn [79]. Both the antipodal Vivaldi antenna and the SIW
horn are fed by an SIW 3-dB coupler to achieve the equally-amplitude and quadrature-phase. The

phase centers of the two radiators are obviously separated.

Figure 1.13: SIW end-fire dual CP antenna [79]

Table 1.2 presents a performance comparison among the SIW horn-based end-fire CP composite
antennas. Different from the electric and magnetic dipole-based CP planar antennas, the SIW horn-
based end-fire CP planar composite antennas are traveling-wave type of antennas. These antennas
feature fully planar feeding structures, and the feature makes the SIW-based end-fire CP easily to

be integrated with its associated RF circuit. Consequently, the structure of the SIW-based planar

end-fire CP antennas is competitive in the development of systems at millimeter-wave frequencies

or above.



22

Table 1.2: Comparison of siw horn-based end-fire cp planar composite antennas

Reference | Bandwidth(%) AI-? band- Gai-n Size/ia Fre. [Structure features
width(%b) (dBi) (GH2) /Connector

[43](NP) 29 14 55 ?7*7*0.106 10 Non-planar/WR
[44] 25.6 11.8 9 4.6*2.3*0.58 20 Two-layers/ WR
[76] 31.5 34.7 7.9 3.5*1.5*0.25 95 Single Layer /WR
[771* 52.9 41 12.9 ]5.88*0.71*0.15/0.45 30 Three-layer/WR
[79] 16 9.0 8.4 7.2%5.4*0.13 25 Single Layer/MS
[32] 5 5 6.2 2.22*3.23*0.13 12 Single Layer/CPW

1.2.2.5 End-fire CP planar antenna array

To achieve flexible and diverse performances with potential reconfigurable and tunable features,
researchers and engineers have significantly focused on the development of antenna arrays. Based
on the structures and topologies of building elements, these end-fire CP planar antenna arrays can
be divided into two groups, namely, dipole-based element antennas [52] [80]-[81] and septum
polarizer element antennas [78] [82]-[84].

(a) (b) (©
Figure 1.14: (a) Beam-scanning end-fire CP planar antenna array [52], (b) multi-beam [80], and
(c) fixed-beam [81]

Figure 1.14(a) presents a beam-scanning planar end-fire CP antenna array, which was reported in
[52]. The antenna consists of 8 tapered dipoles that produces a HP radiation, and each dipole is
loaded with parasite strips. The array is fed by a leaky wave antenna made of periodic microstrip

line, which produces a VP radiation. The antenna has a main beam scanning from -5<to +37<in a
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lateral plane, and demonstrates a wide bandwidth due to leaky wave radiation mechanism. The V-
band end-fire CP antenna array, as shown in Figure 1.14(b), uses notched dipoles as constituent
element CP antennas [80]. These dipoles are fed by an SIW Butler matrix, and a multi-beam with
wide beam coverage is achieved. The antenna in Figure 1.14(c) describes an 8-element
complementary dipoles array. The antenna array uses two metal blacks as reflector, and it

demonstrates a high peak gain of 15.3 dBic.

-Antennas

(©) (d)
Figure 1.15: Septum polarized-based end-fire CP antenna arrays

(a) multi-beam array with loaded dielectrics [78], (b) multi-beam array [82], (c) fixed-beam with
loaded dielectrics [83], and (d) fixed-beam [84]

Q. Wu and H. Wang et al. developed and extended an end-fire dual CP SIW horn [6] into a multi-
beam array, as shown in Figure 1.15(a) for 5G millimeter-wave applications [78]. The antenna in
[78] also uses two thick substrates of 0.75x,, in which four dielectrics are loaded in front of the
open apertures of SIWSs to enhance a peak gain of 12.9 dBic. X. Cheng and X. Chen et al. studied
and developed a compact end-fire CP septum antenna array, as shown in Figure 1.15(b), and it also
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use an SIW-based Butler matrix to achieve a multi-beam with peak gain of 11.0 dBic [84]. K. Al-
Amoodi et al. also devised and demonstrated end-fire CP septum-based antennas array, as shown
in Figure 1.15(c) and (d). The array in [81] has a fixed-beam with peak gain of 10.5 dBic, and the
array in [83] can achieve a steering beam through different parameters of passive shifters in its

feeding network.

Table 1.3 presents a comparison of various planar end-fire CP antenna arrays in terms of

performance, size and structures of element antennas.

Table 1.3: Comparison of Different Planar End-Fire CP Antenna Arrays

References |IM BW(%) | AR BW(%) Peak Gain Size/L0 Fre. Element Antenna
(dBic) (GHz)

[52] 31 15 9.5 0.8*(0.68*8)*0.13 15 Complementary Dipole
[80] 24.6 28.5 10.4 7*(0.53*4)*0.20 60 Complementary Dipole
[81] 26 23.8 15.3 7*(0.53*8)*1.45 64 Complementary Dipole
[78] 29 23 12.8 20*(0.75*4)*0.38 38 Septum Polarizer
[82] 7.8 ? 11 2%(0.66%4)*0.72 | 60 Septum Polarizer
[83] 7.9 45 10 2%(0.53*4)*0.35 | 29 Septum Polarizer
[84] 11.4 3.7 10.5 2.9%(0.7%4)*0.36 | 28 Septum Polarizer

?: no available information

Feeding networks in the aforementioned end-fire CP antenna arrays feature large sizes and their
losses are also generally high, which limit the usefulness in a number of millimeter-wave
applications. Moreover, although the beam-width on elevation plane in the array becomes narrow,
the beam-width on azimuth plane is still wide, since the element antennas in an array are
transversely stretched over the plane of substrate. In 5G and B5G applications, the beam-width on

azimuth plane should be also narrowed down for high energy efficiency.

1.2.2.6 Short summary

Although diverse end-fire CP planar antennas have been proposed and demonstrated, fully planar

high gain end-fire CP antennas are highly desired.
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The radiating structures of these electric and magnetic dipole-based end-fire CP antennas are planar
and can use very thin substrates. It is a significant benefit to applications. These antennas, however,
are usually fed with cable probes perpendicularly mounted on the bottom face of the substrate.
Therefore, this type of feeding is not supposed to be fully planar structure. It would bring
difficulties to form an end-fire CP antenna array, which is necessary to achieve a high gain beam
or a scanning beam. Moreover, most of these antennas have low gains. Helical based end-fire CP
planar antennas [42] [47], and Yagi-like end-fire CP planar antennas [61] [66] [74] could have high
gains, but they are also fed by vertically mounted probes, so that are supposed not to be fully planar

structures.

The high gain VP radiator is crucial to a fully planar high gain end-fire CP antenna, especially to
the antenna on thin substrates. To be CP radiation, the equivalent isotropically radiated powers
(EIRPs) of the HP and VP radiators should be equal. When the powers distributed to the HP radiator
and VP radiator are equal, the gains of the two radiators should also be equal. When a high gain,
for example above 8.0 dBi, fully planar end-fire CP antenna is desired, both the VP and HP
radiators should have high gains.

An SIW-based end-fire CP antenna could be a fully planar structure and have high gain [44]. There
are some end-fire CP planar antennas fed by waveguides [76]-[78], which could be replaced with

SIWs. These antennas, hovever, use thick substrates compared to wavelength.

The ways to enhance the VP gain in a CP antenna include using thick substrates or forming arrays.
In [44][79] SIW schemes use two thick substrates of more than 0.58)\ to ensure high VP gains. In
[76], an ALTSA fed by a waveguide also uses a thick substrate of 0.25).. In [77], an ALTSA, also
fed by a waveguide, on a substrate of 0.152) is used, and a piece of dielectric with a thickness of

0.456) is placed in front of the ALTSA to enhance the whole CP gain rather than only VP gain.

An ALTSA or antipodal Vivaldi antenna is often used as a HP radiator in a high gain end-fire CP
planar antenna due to its high gain [76][77][79]. In fact, an ALTSA fed by an SIW can produce
both HP and VP radiation. When only a thin substrate is available in a high gain ALTSA, however,
the VP radiation of the ALTSA is much weaker than HP radiation. To match the high HP gain of

the ALTSA, it is necessary to introduce extra VP radiators to form a high gain VP array.
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The end-fire dual CP antenna fed by an SIW 3-dB coupler in [79] consists of an antipodal Vivaldi
antenna and an SIW H-plane horn, and the latter is used to produce VP radiation. The configuration
in [79] leads to a large spacing between the two phase centers of HP and HP radiators, which would
degrade the AR beamwidth.

1.2.2 Characteristics of Periodic Structure and Its Calculation Method

SIWs can be used as part of either transmission lines or antennas. Transmission lines could be
divided into two types: uniform and non-uniform transmission lines. A periodic transmission line,
such as an SIW, is one kind of the non-uniform transmission lines. An SIW planar horn antenna
actually is a width-tapered SIW transmission line with an open end, and so that it is a non-uniform

transmission line but not a periodic transmission line.

The theory and analytical method of uniform transmission lines are well known [39], [38]. In a
uniform transmission line, both the propagation constant and the wave impedance of an eigenmode
only depend on the geometer of its cross section and medium with which the transmission line is
filled. As a result, the field and associated characteristic parameters of an eigenmode in a uniform
transmission line can be obtained by solving a two-dimensional wave equation on its arbitrary cross
section. Again, both the propagation constant and the wave impedance of an eigenmode are

uniform and independent of positions.

The theory and analytical method of periodic transmission lines [38], [85]-[97] are also well-
developed, but the characteristics of fundamental mode or space harmonics in a periodic
transmission line are not well known compared to eigenmodes in a uniform transmission line.
Periodic transmission lines were originally used in vacuum tubes, filters, accelerators, and then in
antennas in 1953 [98]. A well known difference between uniform and periodic transmission lines
is that there are fundamental mode and space harmonics in a periodic transmission line. A space
harmonic is also called as a Floquet mode. Different from a uniform transmission line, the
fundamental mode and associated characteristic parameters in a periodic transmission line are
obtained by solving a three-dimensional wave equation for a unit cell. The wave equation can be
written as a set of differential equations having non-constant coefficients because the shape of
transverse section of the periodic transmission line varies along the line. Besides, any individual

space harmonics do not satisfy the boundary conditions of a periodic transmission line individually,
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and cannot exist alone, which will make it actually is impossible to have a relationship, as simple
as the Pythagorean theorem, among the propagation constants and transverse wave-numbers of a
Floquet mode or the fundamental mode. The fundamental mode or a Floquet mode, however, might
be treated wrongly as a type of fields in a uniform transmission line, and then it is in turn expanded

wrongly with eigenmodes. This is the fundamental concept of partial waves.

On the other hand, the investigation on the radiation of a slow wave in a non-uniform structure is
quite limited, mostly due to a well-known but exorbitantly simplified concept or speculation in that
a slow wave does not produce radiation. As a matter of fact, in reference [99], there are certain
results that have implied the existence of radiation produced by a slow wave in a non-uniform
slotted leaky wave antenna. The antenna in [99] is not a periodic structure, however, the authors
still suggested that the radiation be produced by space harmonics in the structure. In fact, there are
no space harmonics due to the non-uniform slots in the structure. The radiation from slow waves
also happens in certain so-called doubly-periodic leaky wave antennas [100], in which there are
usually a long spatial periodicity and a short spatial periodicity. The periodicity of a doubly-
periodic structure is the least common multiple of the long periodicity and the short periodicity.
Consequently, there are no any space harmonics associated with the short periodicity, and therefore
it is unreasonable to explain the radiation with the space harmonics of the short periodicity. If
possible, it is certainly more reasonable to explain the radiation with the fundamental mode, even

the fundamental mode is a slow wave.

So far, we have not found a rigorous proof that a slow wave in non-uniform structure does not
produce radiation. On the other hand, no matter its fundamental mode is a fast or slow wave, the
radiation characteristics of a PLWA can well be interpreted based on its fundamental mode as well
as its space harmonics. The feeding phase delay of the fundamental mode between adjacent
elements is different from that of a space harmonic. However, the difference of the two phase
delays is 2nz . Based on an antenna array theory [101], when the feeding phase delay between two
radiating elements is changed from its initial phase delay by 2nx, it does not bring any effect on
its radiation pattern. It means one cannot find an evidence based on the antenna array theory to
support the concept that a slow wave in periodic structure does not produce radiation. Accordingly,
it is necessary to fully investigate the radiation by a slow wave, in order to understand the physics

of radiation.
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To explore propagation, radiation, reflection and impedance characteristics of a periodic structure,
a comprehensive calculation method is necessary. Both the eigenmode solver method and the
equivalent network method can be used to calculate phase constants in a periodic structure. The
eigenmode solver method is convenient to calculate the phase constants. Although the eigenmode
solver method can account for the loss from dielectric, it cannot calculate attenuation constants.
When there exists conductor loss or radiation loss, the eigenmode solver method is no longer
available. An equivalent network method in [39] is only suitable for a periodic transmission line
whose unit cells have lumped or weak discontinuities. A multi-mode equivalent network method
in [40] overcomes the above issues. The equivalent network methods use full-wave simulation
tools to calculate scattering parameters and the associated transmission matrix parameters of a unit
cell and find the complex roots of an eigenvalue equation by using numerical methods. The
equivalent network method is applicable to the calculation of characteristic parameters, including
propagation constants and normalized impedances [39]-[40], [88], [90]. The method has widely
been used in recent research and developments of leakage wave antennas and microwave wave
components associated with spoof surface plasmon polariton (SSPP). These methods suffer from

certain challenges in the following cases:

1) Both the eigenmode solver method and the equivalent network method cannot be applied to
the modeling of dielectric transmission lines such as dielectric waveguide.

2) When the loss, especially the radiation loss, in a unit cell is large, the method becomes
inaccurate. By the way, the eigenmode solvers in most of electromagnetic field simulation
tools, such as CST and HFSS, are not able to deal with a unit cell of an open and radiative
structure.

3) The impedance in the equivalent network method is a kind of normalized impedance at one
port, also called as Bloch impedance. To determine an actual impedance from its normalized
value, one must know the value of a standard impedance. Because the wave impedance of a
periodic transmission line is no longer uniform on its transverse cross section, how to define
an applicable standard impedance is still unknown.

4) The above-mentioned methods cannot separate the backward and forward waves in a
practical periodic structure, and they cannot be used to calculate reflections and wave

impedances inside the structure.
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To acquire the information about reflection, an approach is to approximate the total fields with the
forward and backward modes, and then to determine the weighting coefficients of these modes
with an arduous optimization process [33]. It is not an easy task, especially in a practical periodic
structure because usually there are no available known mode functions to express the fields in the

periodic structure. Moreover, if the reflections in the periodic structure are inhomogeneous, it is

much more complex to extract the forward and backward waves by using a numerical method with
an exponential approximation as in [33]. More importantly, an exponential approximation is a
nonlinear mathematic problem and there is no robust high-efficient calculation method.
Consequently, an appropriatemethod is not always available in reality. A robust direct method to
determine the characteristic parameters associated with the modes in a transmission line is highly

desired.

1.3 Outline of Thesis

This thesis presents three types of end-fire CP antennas, two LP antennas, and the characteristics

and calculation formulas of periodic structures. The thesis is organized as follows.

Chapter 2 proposes two types of fully planar SIW-based high-gain end-fire CP composite antennas
on single-layer substrates and a slot-horn composite antenna with omnidirectional pattern on E-
plane. Section 2.1 is brief introductions to SIW horn and ALTSA which have been used in
following composite antennas. Section 2.2 demonstrates an SIW horn-ALTSA end-fire CP antenna
[102], which has a multiple sub-horns VP radiator array and a feeding network embedded the SIW
horn. The antenna is actually a heterogeneous linear array transversely stretching on the substrate.
Section 2.3 demonstrates an SIW slot-ALTSA end-fire CP antenna. The antenna uses a slot array
etched on the broad walls of the SIW to form an extra VP radiator, and the mode in the SIW could
be a slow wave and would produce VP radiation to enhance VP gain. The antenna is actually a
heterogeneous linear array longitudinally stretching on the substrate. Section 2.4 explores a slot-

horn composite antenna.

Chapter 3 demonstrates two types of SIW composite antennas relative to unidirectional dielectric
radiators (UDR) with simulations and experiments. These UDR antennas are fed by an SIW on

very thin feeding substrates of 0.05\o, and could be fabricated with mingled multilayer PCB
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technology. Section 3.1 explores and investigates a UDR-SIW VP antenna fed by slots on a
shorting SIW. The UDR-SIW has an end-fire pattern along the SIW, and a polarization normal to
the broad walls of the SIW. These features of the UDR-SIW will certainly benefit its applications
to planar high gain end-fire antennas. Section 3.2 explores and investigates a fully planar high gain
UDR-ALTSA end-fire CP antenna. The UDR-ALTSA uses a UDR to enhance the VP gain, and
the UDR is placed normal to the substrate of the ALTSA and the SIW. Accordingly, the UDR-
ALTSA is actually a heterogeneous linear array stretching along the direction normal to the

substrate.

Chapter 4 concentrates on the characteristic parameters and calculation methods related to periodic
structures such as SIWs. First in Section 4.1 and Section 4.2, the propagation and impedance
characteristics of SIW are introduced. The periodic characteristics of SIW lead to the differences
between SIW and the uniform transmission. Then, Section 4.3 demonstrates that wave impedances
in an SIW is not uniform. Section 4.4 proposes comprehensive closed-form formulas of
characteristic parameters in a periodic structure (FPPS), and examines its performances in diverse
structures. The FPPS has been used not only to explore the reflection characteristics inside a

periodic structure, but also to verify the mechanism of the UDR-SIW antenna.

Chapter 5 examines the radiations produced by diverse slots, addressing that a slow wave could
produce radiation, in both non-periodic and periodic structures. In the thesis, diverse slots have
been used to enhance VP radiation, or modify radiation patterns. Section 5.1 examines the radiation
characteristics of a slot on the wide side of an SIW, addressing that the radiation is produced by a
slow wave. Section 5.2 examines the radiation characteristics of two slots on the wide side of a
width-uniform and a width-tapered SIW, addressing radiation from a slow wave. Section 5.3
clarifies that the radiation pattern of a PLWA can be interpreted well with its fundamental mode
even if the mode is a slow wave, and demonstrate that the interpretation does not contradict physical

and mathematical rules.

The contents and the correlation among them in the thesis is shown in Figure 1.16.
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CHAPTER 2 PLANAR SINGLE-LAYER SUBSTRATE SIW-
BASED END-FIRE CP COMPOSITE ANTENNAS

A high gain VP radiator is crucial to a high gain end-fire CP antenna. Dipole-like antennas are used
as HP radiators in a low gain CP antenna [30]-[32][53]-[57][103], and the gains of the HP radiators
are relatively low, about 2 dB. The gains of VP radiators are also low, and the open aperture of an
SIW horn is available to such low gain. To achieve a high gain CP antenna, a high gain HP radiator,
such as ALTSA, is usually used. Consequently, the high gain fully planar end-fire VVP radiator is
highly desired.

Among SIW-based end-fire CP planar composite antenna, the open aperture or horn of an SIW is
usually used as a VP radiator. To be a high gain, the SIW usually uses a thick substrate. A thick
SIW is not always available due to high cost, low efficiency, or high-order mode. Is there any

other way to enhance gain of a VP radiator?

Using an array of multiple VP radiators would be an effective way to enhance VP gain in a high
gain CP planar antenna. The multiple VP radiators could be the same or different types. This
Chapter will use two types of VP radiator array on single-layer substrates. The first is a
homogeneous array of SIW horns, and the second is a heterogeneous array of SIW horn and slots
etched on the broad walls of the SIW.

The radiation characteristics of an SIW horn and a ALTSA are crucial to the implemental of the
composite antennas in this thesis, and will be examined briefly in Section 2.1, Section 2.2 proposes
and demonstrates an SIW horn-ALTSA end-fire CP composite antenna, which has a multiple sub-
horn VP radiator array and a feeding network embedded the SIW horn. The antenna is actually a
homogeneous linear array transversely stretching on the substrate. Section 2.3 proposes and
demonstrates a slot-ALTSA end-fire CP composite antenna. The antenna uses a slot array etched
on the broad walls of the SIW to form an extra VP radiator to enhance VP gain, which is actually
a heterogeneous linear array longitudinally stretching on the substrate. The heterogeneous array
achieves an end-fire beam synthesis of a scanning beam and an end-fire beam. Moreover, the slot-
ALTSA composite antenna can still work when it is fed with a slow wave mode, which was

regarded as impossible.
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The radiation of a slot array on the broad walls could be also synthesized with the radiation of a
horn to generate diverse radiation patterns. Section 2.4 proposes and investigates a single-layer
substrate slotted SIW horn, namely slot-horn composite antenna, consisting of an SIW horn and a
slot array etched on the broad walls of the SIW. The slot-horn composite antenna could exhibit an

omnidirectional pattern and a filtering response simultaneously.

2.1 SIW H-plane Horn and Antipodal Linearly Tapered Slot Antenna Fed by
SIwW

2.1.1 SIW H-plane Antenna

Horn or open waveguide is one of the oldest wave radiating structures, in not only electromagnetic
but also acoustics spectrum. Horn antennas or open waveguides can be used not only as end-fire
radiators but also as feeding structures to feed other antennas or array [101]. Horns have different
flare angles in the E-field and H-field directions, leading to pyramidal horns, E-plane horns, and
the H-plane horns. Among the above three types of horn antenna, H-plane configuration has a low
profile structure and is widely used in combination with the planar circuits. An SIW technology [1]
offers a promising approach to realize planar H-plane horn antennas by using the PCB process or
other fabrication techniques that can provide the possibility of designing and implementing large-
scale SICs in planar form [104]-[105]. The most common and well-demonstrated SIW antenna
solutions for these SICs-related applications are to use H-plane SIW horns [24]-[28], [106]-[111].

h iﬁ»z &
!

€0

Figure 2.1: Open-end SIW

(h=0.508 mm, L=22 mm, Ws=6 mm, &=2.2)
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An open-end SIW open aperture, as shown Figure 2.1, has a radiation pattern similar to an SIW
horn, and its radiation performance is crucial to end-fire CP composite antennas. In a composite
antenna, when an SIW is used to feed radiators, and its open aperture would also produce a VP
radiation. The VP radiation performances and impedance bandwidth of both the SIW horns and
open-end SIW is highly related to the thickness of the substrate. When a parameter changes during
following simulations, the other parameters will keep the same as in the caption of Figure 2.1.
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Figure 2.2: (a) Normalized VP radiation and (b) reflection coefficient of open-end SIW

Figure 2.2 (a) is the simulated normalized VP radiation of an open-end SIW at a monitoring point
with different thicknesses. The monitoring point in the far zone is 200 mm away from the SIW. To

remove reflection effect, the VP electric field is normalized by a factor of (1-|s,[). Figure 2.2 (a)

shows that the thinner the substrate is, the weaker the VP radiation of the open-end SIW is.

Moreover, the degrading rate becomes fast when the substrate becomes thinner.

Weak radiation means a small radiating resistor and a high factor of quality, and it will lead to a
poor matching. Figure 2.2 (b) is the simulated reflection coefficients of an open-end SIW. As the

substrate becomes thinner, the reflection becomes larger.

Consequently, when SIW horn or open-end SIW is used as a VP radiator in an end-fire CP

composite antenna, it is much more difficult to design a high gain CP antenna with thin substrates.

Figure 2.3 is the reflection coefficients of open-end SIWs with different dielectrics, and it shows
that the larger the permittivity of the filled dielectric is, the strong the reflection of the SIW is.

When the permittivity is very large, the open-end SIW actually acts as a resonator with a high Q.
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Figure 2.3: Reflection of open-end SIW with different dielectrics

2.1.2 Antipodal Linearly Tapered Slot Antenna

An ALTSA, evolving from a tapered slot antenna (TSA), is often used as a HP radiator in a high

gain end-fire CP composite antenna.

A TSA is well known for the features of planar structure, low weight, easy to fabricate, broadband,
and suitable for microwave integrated circuits. Different tapered profiles, such as the initially
proposed exponential [112] and linear [113]-[115] profiles combined with the subsequently
emerged Fermi [103], hyperbolic [116], elliptic [117], and Gaussian [118] profiles, have been
utilized to design TSAs. Among these tapered profiles, due to the simplicity along with attractive
features such as narrow beam width, wide bandwidth and small element space in antenna arrays
[113]-[114][119]-[121], the linearly tapered slot antenna (LTSA) has been applied widely.

Because of the high impedance of a slotline, the TSAs suffer from a mismatching problem and
operating bandwidth is degraded due to the feeding structure. Therefore, antipodal linearly tapered
slot antenna (ALTSA) is proposed with an improved bandwidth [113], and an ALTSA fed by SIW
is developed [114]. Compared with other feeding technologies, SIW-based feeding structure is able
to avoid the radiation from the feedline [114]. The ALTSA, however, is much wider than the SIW
in previous ALTSA fed by SIW [114], and its structure is not suit for certain application, such as
the following horn-ALTSA and slot-ALTSA composite antennas.

Figure 2.4 shows the configuration of an ALTSA with metallic side walls, which is fed by an SIW.
The ALTSA consists of two linearly flaring conductor claddings on opposite sides of a dielectric
substrate. The open aperture of the flaring SIW is as wide as the ALTSA. For a HP radiated field,
a linear tapered section is utilized to vary the polarization of the electric field as well as the radiator.
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Different from the conventional ALTSA, two metalized side walls are also implemented at two
side surfaces of the flaring wings in the radiation section.
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Figure 2.4: Structure of ALTSA
(L1=5.72 mm, La=10.1 mm, WS=7.4 mm, Wg=1.3 mm, h=0.508 mm, £r=2.2)

Since there are not explicit formulas of radiation pattern and gain for an ALTSA, a full wave
simulation software would be adopted to investigate the performance of an ALTSA. The simulation
tool is CST Microwave Studio 2015. When a parameter changes, the other parameters will keep

the same as in the caption of Figure 2.4.
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Figure 2.5: Normalized HP radiation of ALTSA
(a) with metalized side walls and (b) without metalized side walls

Figure 2.5 is the normalized HP radiation of an ALTSA fed by an SIW at the monitoring point with
different thicknesses. The SIW is the same as that in Section 2.1.1. Figure 2.5 shows that the HP
radiation of the ALTSA is strong, and much stronger than VP radiation in Figure 2.2 (a). The HP
radiation differences among ALTSAs with different thick substrates are also smaller than that of
the open-end SIWSs. It means that the thickness is not crucial to HP radiation of an ALTSA. Figure
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2.5 also shows that the HP radiation of an ALTSA with metalized side walls is smoother than
without metalized side walls. Therefore, one would prefer to an ALTSA with metalized side walls
for a wide bandwidth.
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Figure 2.6: Reflection of ALTSA

Because of a strong HP radiation, An ALTSA fed by an SIW is easy to match even using thin

substrates, and has a wide impedance bandwidth, as shown in Figure 2.6.
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Figure 2.7: Normalize VP radiation of ALTSA
(a) with metalized side walls and (b) without metalized side walls

Because of both the open aperture of the feeding SIW and the two flaring wing plate on the two
opposite surfaces of a substrate, an ALTSA will also produces both HP and VP radiations
simultaneously. Figure 2.7 is the normalized VP radiation of an ALTSA at the monitoring point,
and it shows that the VP radiation of an ALTSA is smaller by about 8 dB than that of its associated
SIW, as shown in Figure 2.2 (a). Therefore, an ALTSA would weaken the original VP radiation of
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its feeding SIW. The weakening degree will decrease when the substrate becomes thick. Figure 2.7
also shows that the VP radiation of an ALTSA with metalized side walls is smoother than without

metalized side walls.
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Figure 2.8: Magnitude ratio of HP to VP radiations vs frequency

A single ALTSA fed by an SIW would not be a CP antenna unless it uses a very thick substrate.
Although an ALTSA will produces both HP and VP radiations, its VP radiation is usually smaller
than HP. Figure 2.8 shows that the ratio of HP to VP radiation is over 10 dB. On the other hand,
an ALTSA could have a high gain, compact size, wide bandwidth, and be fed by an SIW easily.
Consequently, an ALTSA is usually used as a HP radiator in a high gain end-fire CP antenna, but

an enhanced VP radiation is still crucial to a CP radiation.

The main parameters affecting the performances of an ALTSA are the open width of the ALTSA,
the length and staring width of its two wings. The open width of the ALTSA is actually the width
of the feeding SIW. The open of ALTSA should be at least half a wavelength to ensure a sufficient
radiation, and it usually is determined based on operating band. Usually the wing length should be
larger than two wavelengths to ensure a good unidirectional radiation, and the starting width should
be a little wider than half a width of the open aperture of the SIW to ensure a good matching. To
investigate how the shape and size of the two wings affect the directivity of an ALTSA, we simulate

the directivity with different open widths and lengths of two wings

To providing a general impression of the radiation characteristics, the 3D radiation pattern of an
ALTSA at 28 GHz is also presented, and is showing in Figure 2.9.
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Figure 2.9: 3D radiation pattern of an ALTSA at 28 GHz

The structure, gain, and radiation pattern of the ALTSA are all proper for being used as a radiator
of the ALTSA-horn CP composite antenna.

2.2 Single-Layered SIW-based End-fire CP Horn-ALTSA Composite Antenna

2.2.1 Mechanism of CP Radiation

P

e
_ —sub-horn1 | | e
\NT * | s 7
—p a, & sub-horn 2 ~ ]9

P

v

Figure 2.10: Schematic view of the proposed CP SIW horn antenna

The SIW horn-ALTSA end-fire CP planar composite antenna uses a single-layered substrate, and
is composed of an SIW horn and a number of modified ALTSA units connected to it. The SIW
horn is divided into several sub horn units, as shown in Figure 2.10, with arrays of metallic vias
inside the horn. Two of these sub horns radiate VP waves while the polarization of the other sub
horn is horizontal. The amplitude and phase of the VP and HP waves can be controlled by the

metallic via arrays so that a CP wave is generated.
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A schematic view of the proposed SIW horn-ALTSA composite CP antenna to explain its
mechanism is depicted in Figure 2.10. Metallic walls/vias in the substrate are used to form a
microstrip-fed SIW horn antenna. At the same time, these metallic walls divide the horn into three
sub-horns. The sub-horn in the middle of the main horn feeds an ALTSA that radiates HP waves
while the other two sub-horns exhibit a VP radiation. The final radiated wave is in fact a sum or
superposition of three different waves from the three sub-horns that effectively involves both HP
and VP radiation. This is in fact a geometrical wave synthesis through a number of wavelets in

space.

The only mode that exists in the aforementioned sub-horns is the quasi-TEmo mode with a
propagation constant that depends mainly on the width of the sub-horn. Accordingly, it is possible
to design the propagation constants of sub-horns by choosing a proper position of the metallic
walls/vias placed inside the SIW horn. The flexible technique was introduced in [28] to control the
phase distribution on the aperture of the horn, so that to improve the design of the horn feed and
also enhance the gain. The technique is also used in the design of the CP SIW horn antenna, to feed
two orthogonally polarized radiating elements with a quadrature phase. In addition, the position of
metallic walls/vias inside the horn is related to the power ratio of the central to lateral sub-horns.
The wider the mouth of a sub-horn is, the higher power it receives and radiates. In general, the
amplitude and phase of the vertical and horizontal waves can be controlled by these metallic walls
so that a CP wave generation is expected.

When the main horn is fed, the corresponding electromagnetic wave will be divided into three parts
and each part goes into one of the three sub-horns. The central sub-horn 2 has HP radiation whereas
the lateral sub-horns 1 and 3 are seen with VP radiation. In fact, two VP sub horns forms a two-
horn array to enhance the gain of VP radiation, and the metallic via arrays can adjust the power
ratio of VP radiated to HP radiated. Therefore, EIRP of VP could be reasonable for a CP radiation
even if the substrate is relatively thin. It is important to mention that this work also provides a

solution to an end-fire CP SIW antenna array in a substrate with multiple elements.

One can devise a relationship between the input power of the sub-horn 2 and the other sub-horns 1

and 3. For a dominant mode TEuio, the receiving power Po of an SIW is expressed as

p, _ Eiha, (2.1)
47
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where h and ao are the height and width of the SIW at the begin of horn, Eo is the maximum value
of electric field, and Z is the wave impedance which is defined in (4.30). When the SIW is divided
into the central sub-horn 2 and two symmetrical lateral sub-horns 1 and 3, the input power P of

the central sub-horn 2 is as follow

b EZha, [3on 4 gjn 2on ] (2.2)
" 4zx " a, a,

where aon is the entrance width of the central sub-horn 2. The input power Py of the lateral sub-horn
1is

Pv — PO_Ph (23)
2
and from (2.1) and (2.2), one has
_Ehayr w0 oy Lgn (2.4)
=7 [2a0 (8 — ) — 5 sin a, 1

Let Sh to be the density of power flux for the HP radiated wave in the far-field zone from the sub-

horn 2, and Shis expressed as follow

PhG,; £ (2.5)

S —
" 4nr

where Gn is the power gain of the horizontally radiating antenna, f,(0) is the normalized directivity

of the antenna, and 0 is spatial angle. The sub-horn 1 and 3 radiate VP wave and can be simply
regarded as a two-element antenna array. Let Svto be the density of power flux for the VP radiated

wave in the far-field zone, and Svis deduced as follows [101]

s, = 2P 5052 (0.5k(a, +a,)sin ) 1, (0) (2.6)
Azxr

v

where Gy is the power gain of the sub-horn 1 antenna, f,(0) is the normalized directivity of the
antenna element, k is wave number in free space, ah is the aperture width of the sub-horn 2, and av
is the aperture width of the lateral sub-horn 1 and 3.

Because both the central and the lateral sub-horns reach the maximum radiation in end-fire
direction, both the f,(6) and the f,(6) are 1 when9=0. To achieve a CP wave, Sh and Sv should be

the same when6=0, and it gives
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P.G,=4PG, (2.7),
Combining (2.2) and (2.4) into (2.7), we obtain

(280 4 gin 201G, =p[r(1— 2on) —gin 220G, (2.8)
2 3

Equation (2.8) shows a constraint among the gains and the entrance width of the central sub-horn

2. When the gain of the VP radiating element becomes higher, the entrance width must be narrower,
namely the power into sub-horn 2 must decreases. Therefore, we can adjust the entrance width to

achieve a better AR.

In order to achieve a CP wave over a wide range of spatial angle 6, Sn and Sv should be kept as
same as possible for different 6 value in a main lobe. Accordingly, an objective function is defined
for the design of the CP horn antenna, which is Min|Sp-Syv|. From equations (2.5) to (2.7), the

objective function can be expressed as

Min| f, (6) —cos®(0.5k(a, +a,)sin &) ,(6) (2.9)

The above objective function concerns the span of the spatial angles on both XZ and YZ planes.
Both sub-horns 1 and 3 have wider beams on the YZ plane compared to the XZ plane, and they
effectively form a two-element array to narrow the beam on the XZ plane. The phase centers of the
central sub-horn and the array of two sub-horns have the same x-coordinate, which would bring
benefit to a wide AR beamwidth.

In addition to the equality for the amplitude of the VP and VP components, a phase difference of
90-degree should be considered and achieved over the operating frequency range. The difference
of phase delay along the length of sub-horns 1 and 2 can be written as follows

o=pBL - Bl (2.10)

where lv and In are the lengths that the wave travels through along the sub-horns 1 and 2 with the
propagation constants of Svand Sh respectively. For a CP wave, the phase difference between the
VP and HP components should be 90°, and it means

B, — B, =nx i% (2.11)
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On the other hand, for a wide AR bandwidth, the variation speed of the phase difference should
keep as small as possible while the operating frequency changes. Since there are expressions

27 A ?
I P 2.12
p= (zavj (212)
and
2r A ?
- _| A 2.13
Py 2 1 [Zah) (213)

One can formulate

1 A 14

(0 / /
12 \ 2av 2 /12 “ 2ah 2 4a?
a 2ah

From (2.11) and (2.14), we can write

292 @H];;J('Vﬁw_'h%hj (2.15)

dA 2)" 2l @ &

Because the widths of these sub-horns are non-uniform, in equation (2.15) Agv and Agh should be the
average guided wavelength, and an and av should be the average aperture width in the sub-horns 1
and 2 respectively. In practice, the second term on the right side of equation (2.15) is smaller than
the first term if n is large. Therefore, it can be deduced that n should be as small as possible in order
to keep the variation speed of the phase difference slow enough and also preserve the 90-degree

phase difference to meet the requirement of CP radiation. When n=0, (2.15) changes into

P S 7 TR (2.16)
d 2 2 & &

The parameters, |, , 1, Agvand Agn, are all relative to the positions of the metallic via arrays in the

horn, so that the positions of metallic walls/via arrays are crucial to the performances of CP

radiation.
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2.2.2 Design Rules

Because there are not explicit formulas of Gn and fn(6) for an ALTSA, it is difficult to conclude a

set of closed-form, approximate formulas that can be used to directly determine all the physical

parameters of the antenna as explained in [114]. However, based on equations (2.8), (2.9) and

(2.15), one can design the CP SIW horn antenna using commercial fully-wave simulation software

packages, such as CST or HFSS, in a step-by-step guide as follows:

(1) SIW horn antenna. The SIW horn antenna consists of four sections: the feed section, the input

@)

section, the flaring section and finally the output section. The feed section usually is a short
microstrip line connected with a connector, such as SMA. If the feed structure is a probe fed
vertically into the SIW from its broad wall, the non-planar feed section could be merged with

the input section.

The input section is an SIW straight structure, and its width should be large enough to support
the transmission of a single TEio mode. The open aperture width of the horn antenna should be
large enough to accommodate several sub-horns, and the aperture width of each sub-horn
should larger than 0.5A. The metallic walls or via arrays that help to form the sub-horns are

stretched from the flaring section to the output section.

As already mentioned, a 90° phase difference between the lateral and central sub-horns is
required for a CP radiation. The metallic walls or via arrays can be used to tune the phase
difference based on both the aperture efficiency and the requirement of CP radiation. The
output section is used to keep transmission wave in-phase at the output aperture of sub-horn
and also to accommodate an ALTSA.

Number of sub-horns and layout. The proposed solution to SIW CP antennas is in fact an array
solution, and each sub-horn is an element antenna of the array. If a higher gain is desired, the
element number should be large. In the array, there are two different sorts of elements/sub-
horns encountered in our design: The ones that have VP radiations and the other with HP
radiations. In order to radiate a CP wave, the phase centers of these two should be concerned.
To achieve this, the total element number should be odd and the sub-horns for vertical and
horizontal waves should be placed alternately. Thus, the difference between the element

numbers of the sub-horns for vertical and horizontal waves should be one.
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The proposed antenna has three sub-horns: one is the central sub-horn responsible for the HP
radiation and two lateral sub-horns for the VP radiation. Their radiation patterns should be as

same as possible, especially in their main lobes.

(3) Position of Metallic Walls or Via Arrays. . he metallic walls or via arrays inside the main horn
correspond to the shape of the sub-horns, and also they are related to the phase and amplitude
of the horizontal and vertical wave components. The exact shape and position of these walls
should be determined to keep the radiation pattern of the central and lateral sub-horns as similar
as possible. This can be done by using a commercial or a customized software package. In this
work, CST Microwave Studio optimization tool based on the equations (2.8), (2.9) and (2.15)
is deployed to conduct this task.

When the aperture widths of both central and lateral sub-horns are initially defined, designers
can calculate the gains and radiation patterns of the two sub-horns by CST independently, and
then calculate the objective function at certain spatial angles in the range of main lobe based
on formula (2.9). In this way, designers can tune or optimize the widths of the two sub-horns
to achieve a wide CP beamwidth. After the widths and gains of the two sub-horns have been

determined, designers can use equation (2.8) to calculate the ratio of aOh and a0.

(4) Polarization Rotation Direction. The sense of the circular polarization can be changed by
exchanging the positions where the two flaring wines of the linearly tapered slot are connected
to the central sub horn.

2.2.3 Prototype and Measurement

To verify the design rules and simulated results, a prototype of the SIW end-fire CP horn-ALTSA
has been fabricated as shown in Figure 2.11. This antenna is fabricated by using a low-cost standard
PCB technology on a single-layer substrate with a thickness of 0.122)0 at the center frequency for
24 GHz applications. The presented structure is comprised of two SIW sub-horn antennas and an
ALTSA fed by a center sub-horn, with a fully integrated phase control and power divider structure

inside the whole horn antenna.
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Figure 2.11: (a) Fabricated prototype of horn-ALTSA and (b) structure diagram
(L=93, W=50, ML=5, PL=7.4, SL=14.8, FL=22.8, AL=40.6, HL=19, SHL=13.8, MW=1,
MW1=3, PW=6.4, SW=6, AW=5, FW=5.4, HW=17, SHW=15.4 unit: mm.)
The reflection coefficient of the antenna is measured through an Agilent N5247A Network
Analyzer using a 2.92mm type end-launch connector and the experimental results are plotted in

Figure 2.12. According to the results, there is a good matching over the frequency range from

23.7GHz to 24.9 GHz with a bandwidth for which the AR is below 3dB and VSWR is below 2.
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Figure 2.12: Simulated and measured reflection coefficients of the prototyped antenna over the

frequency range of interest

To better investigate the phase and polarization characteristics of the sub-horns, the wave
propagation in the antenna at different frequencies are simulated. Figure 2.13 depicts the wave

propagation in the whole structure at 24.5GHz.
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Figure 2.13: Wave propagation in the antenna structure

According to this figure, we can only see the dominant TE1o mode in the input section. Within each
sub-horn, there is only the dominant mode that is necessary to radiate efficiently. As shown in
Figure 2.13, there are sixteen and a half ellipses in the lateral sub-horns and fifteen ellipses in the
central sub-horn. Each ellipse in Figure 2.13 stands for half a wavelength, or in other words a 180°
phase shift. Therefore, it can be concluded that the VP and HP components from the sub-horns 1
and 2 are in quadrature phase, which coincides with equation (2.11) and parameter n in the
proposed antenna is one. Figure 2.13 also shows the energy leakage in the feed section that would
affect the antenna gain in an undesired way. The reason for this loss is that there should be a number
of slots between the metal walls to keep the whole structure mechanically connected and robust.

The antenna gain is determined by using a comparative method that involves measuring the signals
received from the reference antenna and the antenna under test, and then calculating the relative
difference. The loss of the 2.92 mm end-launch connector is extracted from the connector datasheet
and it is included in the measured reflection coefficient. This loss was also taken into account in

the gain measurement. The antenna gain versus frequency is plotted in Figure 2.14.
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Figure 2.14: Simulated and measured gains of the antenna

As seen in Figure 2.14, the antenna simulated gain is almost flat and around 9 dBi up to 24 GHz.
However, due to the input matching issues and energy leakage, it decreases to 7.5 dBi at 25 GHz.
The discrepancies between the measurement and simulation can be easily attributed to our

fabrication inaccuracies and tolerances.

The prototype antenna radiates LHCP wave, its measured and simulated normalized radiation
patterns at 24.5GHz in both YZ and XZ planes are plotted in Figure 2.15.
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Figure 2.15: Normalized simulated and measured radiation patterns at 24.5GHz
(@) y-z plane. (b) x-z plane

It is difficult to measure a radiation pattern of cross-polarization for the prototype antenna in our

laboratory. However, the cross-polarization of a CP antenna can be evaluated by using co-
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polarization and axial AR as explained in reference [122]. The method is based on the formula
(2.17) as follow,

1-e
AR =20lo — .
910[1%} (2.17)

where e=10""®"*and P(dB)is the ratio of cross-polarization power.

The antenna AR versus frequency, pitch angle and azimuth angle are plotted in Figure 2.16.
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Figure 2.16: Simulated and measured AR of the antenna

(a) vs frequency and (b) vs pitch and azimuth angles

According to the results in Figure 2.16, the measured AR of the proposed antenna is under 3 dB
between -10° to 10° in both pitch and azimuth angles, it also reveals the cross-polarization pattern
is quite small in the same spatial angles. The proposed antenna shows a good circular polarization
in the frequency range of 23.7 GHz to 25.15 GHz. Comparing this result to the results of Figure
2.12, one can observe that over the same frequency range the reflection coefficient is almost below
-10 dB and therefore the antenna is well matched.

2.3 Single-Layered End-fire CP Slot-ALTSA fed by Slotted Width-tapered
SIW

In Section 2.2 the horn-ALTSA uses same type of multiple sub-horns to compose a homogeneous

VP array to match the gain of the ALTSA, and achieves a fully planar high gain end-fire CP antenna.
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The sub-horns stretch transversely on the plane of a substrate, so that the area of the substrate is
large. On the other hand, the beam width on azimuth plane is much narrower than on pitch plane
when the number of sub-horns is large. When a pencil-shape pattern, or a narrower pitch pattern is

preferable, VP radiators with a narrower pitch pattern is desired.

The SIW in the previously developed ALTSA schemes usually acts as only a feeder instead of a
radiator. In fact, when an SIW feeds an ALTSA, there is certain VP radiation, though relatively
small and generally ignored in the analysis. The VP radiation originates from the open aperture of
the SIW rather than the ALTSA, whereas it is weakened by the ALTSA. Its source is the transverse
electric field in the SIW. On the other hand, the radiation from the ALTSA is HP, and its source is
mainly from the longitudinally magnetic field in the SIW. The transverse electric field and the
longitudinally magnetic field are phase quadrature, which naturally satisfies the phase condition of
CP radiation. When the substrate is thin, the VP radiation is usually much smaller than HP radiation.
Therefore, to create a high gain CP antenna, an ALTSA fed by an SIW should have an enhanced
VP radiation.

The broad walls of the SIW in such ALTSA structuree, however, are still spare and have not been
utilized. Transverse slots on the broad walls of the SIW would able to produce VP radiation. If the
radiation from the slots has an end-fire pattern, it can be used to enhance the VP radiation of the
ALTSA. The antenna is a kind of CP ALTSA fed by a slotted SIW, and is also called as slot-
ALTSA.

In this Section, an innovative single-layered end-fire CP slot-ALTSA composite antenna,
consisting of a slotted width-tapered SIW and an ALTSA fed by the slotted SIW is proposed and
investigated by simulations and experiments. The width-tapered slotted SIW has also an end-fire
radiation pattern which would enhance VP radiation of the slot-ALTSA. Compared to the existing

planar SIW antennas, the proposed CP composite antenna has three novel features as follows:

(1) A slotted width-tapered SIW and an ALTSA are integrated into a slot-ALTSA antenna to produce
CP radiation. The slots etched on the two broad walls of the slotted SIW act as a slot array radiator,
and the open aperture of the slotted SIW serves as both a feeder to excite the ALTSA and a horn

to produce the VP radiation. The proposed antenna is in fact an organic combination of a leaky-
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wave antenna and an ALTSA. This kind of combination is novel and is supposed to be difficult to
design because of a potential frequency-scanning beam of the leaky-wave antenna.

(2) A novel way to enhance VP radiation is introduced. The slot array uses the spare space of a feeding
SIW, and form an array, longitudinally stretching, to narrow beam on pitch plane. The slot radiators

could have diverse configurations to achieve various radiation patterns.

(3) The novel slotted width-tapered SIW is not a periodic leaky-wave antenna even if the slots have
uniform spacing, and there are no space harmonics occurring in the SIW structure. When the
operating frequency is high, the driving mode TE10 in the width-tapered SIW would be a slow
wave; thus, its radiation must be excited by a slow wave. The slow wave radiation mechanism is

not reported on as much, and its application is interesting to explore.

2.3.1 Mechanism of CP Radiation and Design Proceeding

Figure 2.17: Structure of the propose composite antenna

(Ls=40.8, Ws=14.4, 1a=22.8, Ih=3.57, Wa=4.8, We=0.684, Wd=0.684, Lc=0.46, Ld=11.4,
Whb=2.28, Wc=3.5, p=1.14, le=2.16, 1f=1.315, 19g=0.866, In=8.13, Wg=0.6, Wf=2.5, d=0.3. unit:

mm)

The proposed composite antenna, as shown in Figure 2.17, use RO4003 substrates with the relative
permittivity of 3.55 and loss tangent of 0.0012, and the substrate is 1.524 mm thick. The proposed
composite antenna consists of a slotted width-tapered SIW and an ALTSA fed by the SIW. Eight
transverse slots are symmetrically etched on the two broad walls of the SIW to form a slotted width-

tapered SIW, and act as a slot array to produce an end-fire VP radiation. The open aperture of
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slotted SIW also produces an end-fire VP radiation and feeds the ALTSA to produce an end-fire
HP radiation. When CP radiation is required, the EIRPs of the two orthogonally-polarized

radiations should be equal in the far zone, which can be written as follow.

PG, +P.G, =PG, (2.18)

where Psv and Pav are the VP radiated powers from the slot array and the aperture of the SIW
respectively, and Gsv and Gav are their respective gains. The Pn is HP radiated power from the
ALTSA, and Gn is its gain. Because the ALTSA are fed by the open aperture of the SIW and the
slot array is on the broad walls of the SIW, the slot array and the ALTSA are in a series connection;
the slot array is closer to the input port of the composite antenna. The input power is fed first to the
slotted array then to the ALTSA, the more power is radiated by the slotted array, the less power is
radiated by the ALTSA. In this way, the condition in (2.18) could be satisfied.

With an appropriate design, the orthogonally-polarized radiation can be made with a difference of
quadrature phase. Since the whole open aperture of the SIW is used to feed the ALTSA, the phase
difference of the VP radiation from the open aperture and the HP radiation from the ALTSA depend
on the thickness of the substrate, and on the shape and size of the ALTSA. On the other hand, the
phase difference of the radiations from the slot array and ALTSA depends on the distance between

the two phase centers of the slot array and the ALTSA
To investigate the phase center, the slots could be treated as a linear array with uniform spacing.
When the slot array has an end-fire beam, its phase center is located among the slots, and the phase

center, Z_,, can be written as

pv -

2., =In+05(N -1) p(K -1) (2.19)

K= (2.20)

7\—|p|

0

S

where N is the number of the slots, p is the spacing of the slot array, B, is the average phase constant

in the slot region of the SIW, and K, is the wave number in the free space.

The droving mode in the SWI is TE1o. As the SIW has a tapered width, one can deduce its average

phase constant in the slot region through
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The average phase constant depends mainly on the width of the SIW in the slot region, the
permittivity of the substrate and the operating frequency. Based on the formulas (2.19)-(2.21),
when the operating frequency increases and/or the width increases, the average phase constant and

K would increase, and the phase center of the slot array would move toward the open aperture of

the SIW. As such Z;, would increase. One can also use CST to locate the phase centers of the slot

array and compare its result to that by formula (2.21). We use parameters list in the caption of
Figure 2.17 to calculate the results, which are shown in Figure 2.18.
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Figure 2.18: Phase centers of the slot array of the SIW vs frequency

Figure 2.18 shows that results obtained by CST and formula (2.19) agree very well with each other
from 27.0 GHz to 28.4 GHz. When frequency increases from 28.4 GHz, the results calculated by
CST shows that the phase center moves toward the open aperture of the SIW. The deviation
between the CST and formula (2.19) beyond 28.4 GHz, however, is still relatively small. This
deviation could be explained by the limitations of the formula (2.19) as it is only based on the end-
fire radiation pattern of an array and does not take into account the radiation of the slot element.
When frequency exceeds 28.4 GHz, the whole radiation pattern is no longer a simple end-fire beam,
which would make the results calculated by the CST larger. In any case, the results generated in

both suggest that the phase center of the slot array is stable from 27 GHz to 28.5 GHz.

There is no available analytical formula for the phase center of an ALTSA. So, we must use a

simulation tool to locate the phase centers and investigate its frequency stability.
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Figure 2.19: Phase centers of ALTSA fed by SIW vs frequency

Based on the parameters list in the caption of Figure 2.17, we use CST to calculate the phase center
of the ALTSA fed by the SIW free of any slots on it when operating frequency scans from 27 GHz
to 29 GHz. The results are presented in Figure 2.19, which shows that the phase center of the
ALTSA is not related to a particular point but to a region even though the frequency is fixed. The
span length of the region indicates the magnitude of the uncertainty of the phase center. In this case,
this uncertainty can be explained by the open aperture of the SIW in the ALTSA which also
produces VP radiation. On the other hand, when frequency increases, the phase center first moves
toward its feeding aperture, which is opposite to movement direction of the phase center of the slot
array. When the frequency exceeds to around 28 GHz, however, the phase center of the ALTSA

becomes relatively stable.

The phase difference between the VP radiation from the slot array and HP radiation of ALTSA is

expressed by

0~ (B-ko)(zp-2,), (2.22)
where Z, is the position of the phase center of HP radiation of ALTSA. Therefore, B is the

average phase constant of the width-tapered SIW in the region from the phase center of the slot

array to the phase center of HP radiation of ALTSA, which is

~ 1 .2nm A Y
= el P 2.23
P Zh— 12, -[zpv [xo o (ZVV(Z)] Id (2.23)
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When operating frequency increases or the width increases, the p would increase, and it could
compensate the increase of Z,, and the decrease of Z, in the same cases. This feature would be
useful in the design of a wide bandwidth of the AR in a composite CP antenna.

To create CP radiation, the phase difference, Ao, between the VP radiation and HP radiation
should be

A(p:g+n1t, (N=0,1,2-") (2.24)

It can be designed based on formulas (2.19) to (2.23).

We can move the slot array on the broad wall of the SIW to achieve the condition (2.24). To check
and validate it, when the slot array moves toward the open aperture of the SIW, we use CST to
simulation the phase difference of the two orthogonally polarized radiations at 28 GHz at the point

z=200 mm where is in the far zone. We also calculate the Z,, and Zg, in the same case. These

ph
results are plotted in Figure 2.20.
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Figure 2.20: Phase centers of the slot array and ALTSA vs the position of the slot array

The results in Figure 2.20 show that the phase center of the slot array move as the slot array moves,
which consists with the expectation. As the slot array moves, however, the phase center of the

ALTSA changes significantly, which makes the design more complicated.

Based on the structure of the proposed composite antenna and its CP radiation mechanism, a

general simulation tool-based design procedure can be summarized as follows:
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Step 1: To choose a substrate with a proper thickness. A small permittivity, e.g. ¢, =2.2, would

benefit radiation but is adverse to the transition from a connector to the SIW. The thickness should
exceed one tenth of the wavelength in free space because the antenna performance usually degrades
when the substrate thickness becomes much smaller than the wavelength. On the other hand, this
thickness cannot be increased beyond than a certain limit because the metallization of the vias may
be difficult to implement with a larger thickness. A thick substrate would also trigger a large

radiation loss over the transition.

Step 2: To design an end-fire transverse slotted width-tapered SIW leaky-wave antenna with the
open aperture loaded with a matching port. The slotted width-tapered SIW is closer to input port
of the composite antenna than ALTSA. After the radiation by the slot array, the rest of the input
power will go through the aperture and be fed into ALTSA to radiate away.

Step 3: To design an ALTSA fed by the width-tapered SIW without slots. The ALTSA should have

nearly 100% radiation efficiency.

Step 4: To combine the slotted width-tapered SIW and the ALTAS into a composite antenna. Based
on formulas from (2.19) to (2.24), one can determine the distance from the slotted array to the

aperture of the SIW to achieve a quadrature phase of the two orthogonally polarized radiations.

Step 5: To optimize structure parameters to achieve a good performance. When the slotted width-
tapered SIW and the ALTAS are combined to form a composite antenna, the performances of both
the two radiators are certainly different from when the two radiators exist individually. The position
of the slot array is also different from that in step 2. Therefore, one must optimize structure
parameters, marked in Figure 2.15, with the help of a simulation tool. During the optimization, we
would set a field probe in the simulation tool at a point in the far zone in the end-fire direction. We
would check the amplitudes and phases of the two orthogonally polarized components of the E-
field, and it should have the same amplitudes and a quadrature phase difference. Consequently, the

field probe can guide the optimization process.

The orientation of the circular polarization is affected by the phase difference of the two
orthogonally polarized radiation, namely by the n in formula (2.24). It can also be altered by
exchanging the positions where the two flaring wings of the slot-ALTSA are connected to the
slotted width-tapered SIW.
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2.3.2 Radiation Pattern of Transverse Slotted Width-tapered SIW

This section will introduce the design of the transverse slotted width-tapered SIW in step 2 in
Section 2.3.1 in detail. First, we will determine the array parameters, namely the number and
spacing of the slots. Second, we will introduce the equivalent circuit of a transverse slot on the
broad wall of a width-tapered SIW, and address the difference from the width-uniform SIW. Finally,

we will investigate the effect of the size of the slots on its radiation efficiency of these solts.

The slotted width-tapered SIW is a VP leaky-wave antenna, and it has a frequency-scanning beam.
As one of the two orthogonally polarized radiators of a CP composite antenna, the slotted width-
tapered SIW is desired to have an end-fire radiation pattern with a wide bandwidth. Since both top
and bottom broad walls have the same slots, the radiation pattern of the slotted width-tapered SIW
is the superposition of the two beams attributed to the top and the bottom slots. The pattern of the
slot on the top wall has a main lobe over the broadside, and its radiation is relatively weak at the
end-fire and very weak below the top wall. The top slots act like a linear array with uniform spacing.
If the array has an end-fire pattern, the radiation of the top slot array occurs mainly above the top
wall, generally exhibiting a frequency-scanning forward main lobe. Similarly, the radiation of the
bottom slot array happens mainly below the bottom wall, and also presents a frequency-scanning
forward main lobe. Consequently, the total radiation pattern of the slotted width-tapered SIW could

have an end-fire main lobe.

Both the top and the bottom slots act like a linearly array with uniform spacing of p, and the array

pattern is

F= sin(0.5Nu)
sin(0.5u)

(2.25)

Where u=pk,(K-cosb) and 6 is the angle with reference to the end-fire direction. The droving mode

TE10 along the width-tapered SIW is a slow wave because the operating wavelength satisfies the

following condition
Ao S2W e, -1 (2.26)

where Wnin is the smallest width. Therefore, K>1 holds in this case. The array has a frequency-

scanning pattern. To enable the array to exhibit an end-fire pattern over a wide bandwidth, there
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will be a constraint on the number and spacing of the array slots. When 0.5Nu=rt, the array pattern

reaches its first null point. Therefore, if K>1 and

there is only one lobe in whole forward direction of 6<0.57t, and the main lobe of the array is at
end-fire direction even if the operating frequency changes. It should be noted that the equation
(2.27) is a sufficient condition for the end-fire but not a necessary condition. When pk,K=2n/N
the backward lobe might not be null or even large, and we should decrease the spacing further in

this case. The backward lobe can be null when

pky(K+D)=2n/N (2.28)

Once the condition (2.28) is satisfied, the forward end-fire lobe is larger than when pk,K=2n/N , so

we can use the condition (2.28) to determine the number and the spacing of the slot array. Based

on formula (2.21), we have

(2.29)

where W is the average width of the SIW in the slot region. When (2.29) is substituted into (2.28),

one has

Ay
p=
(e, +IN (2.30)

With the help of formula (2.30), one can expect that a large N or a substrate of high permittivity
would lead to a very small spacing of slots, which in turn would degrade the radiation efficiency.
For example, when we use the RO4003 substrate with a relative permittivity of 3.55 and set N=4,

the spacing of the slots should satisfy the following condition

Formula (2.28) ensures an end-fire beam and null backward radiation. Nevertheless, it is not a

necessary condition for realizing an end-fire beam. The spacing of the slots also has influences on
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the gain and matching conditions of the slotted width-tapered SIW so we would modify p during
subsequent simulations.

In this example, we attempt to simulate the radiation patterns of the above-described slot array with
different spacing at 28 GHz. The rest of the parameters of the slotted width-tapered SIW are all
listed in the Figure 2.17 caption. Figure 2.21 shows the simulated E-plane patterns.
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Figure 2.21: E-plane pattern of slot array of width-tapered SWI vs the spacing of the slots

When frequency is set at 28 GHz, A\o=10.7 mm and p=1 mm. The results in Figure 2.19 show that

the backward radiation still exists even though condition (2.18) is satisfied. This condition is based
on the consideration of an array in which every element has the same radiation pattern and feeding
amplitude. The slot array is fed by a traveling wave; the number of the slots in the array is small;

and each slot is fed with different amplitude. Moreover, the spacing is much smaller than the

wavelength of interest, and the coupling between adjacent slots is so strong that the radiation
patterns of every single slot are different from one another. Therefore, the simulated patterns do
not agree well with the prediction of the well-conditioned array theory. Nonetheless, the slot array
preserves the end-fire patterns when the spacing p changes from 0.7 mm to 1.3 mm. This outcome
also means that if p=1 mm, the slot array would keep the end-fire patterns in a bandwidth of about
60%. If the operating frequency changes from 27 GHz to 29 GHz, the slot array would still keep
the end-fire patterns when the spacing is selected between 0.75 mm to 1.25 mm. It is a constraint

on the spacing of the slots when we attempt to optimize the performances of this composite antenna.

Although the backward radiation is weak, the forward lobe is very wide, over 180°, which does not
match the pattern of the ALTSA when the spacing is less than 1 mm. Therefore, we would use
slightly larger spacing than in formula (2.31), e.g. 1.14 mm.
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Since the SIW width in the composite antenna is not uniform, a transverse slot on the broad wall
of this width-tapered SIW does not act totally in the same way as in a width-uniform SIW. A
transverse slot on the width-tapered SIW actually has the equivalent effects of both transverse slot
and longitudinal slot on a width-uniform SIW. Therefore, it acts as a compound slot in a width-
uniform SIW [123]. A transverse slot on the broad wall of a width-uniform SIW makes the
longitudinal currents on the broad wall go around the slot which introduces a longitudinal electric
field across the slot and forms a jumping voltage across the slot. Therefore, the transverse slot acts
as a series impedance [124], including both reactance and resistance, in the equivalent circuit of an
SIW. A longitudinal slot on the broad wall of a width-uniform SIW makes the transverse currents
on the broad wall go around the slot which would alter the longitudinal currents. Therefore, the
longitudinal slot acts as a shunt admittance [125], including both susceptance and conductance, in
the equivalent circuit of an SIW. Consequently, the equivalent circuit of a transverse slot on the

broad wall of a width-tapered SIW is described in Figure 2.22.

0+ib * r+jx

Figure 2.22: Equivalent circuit of a transverse slot on the broad wall of a width-tapered SIW

The resistance and conductance represent the contributions of a radiated energy by the slot, and the
reactance are related to the stored energy of the high-order modes due to the slot. The resonant
length of the slot is much shorter than half a wavelength in free space, which is the case in an air
waveguide [126]. When the slot is at resonance, both reactance and susceptance would vanish
[123]-[125], and only the resistance and the conductance are left in the equivalent circuit. If there
is only a series resistance without a shunt conductance as in the case of a transverse resonant slot
in a width-uniform SIW, the total normalized resistance is always larger than 1 when the SIW has
a matching load. As such, the reflection from the transverse resonant slot is inevitable along a
width-uniform SIW.

In the width-tapered SIW, however, there is a shunt admittance due to the non-uniform width of
the SIW. The shunt admittance would be in parallel with the matching load and thus form an

equivalent resistance whose normalized value is smaller than 1. The total normalized resistance of
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the equivalent and series resistance could be 1, so that a transverse resonant slot with a perfect
matching could be available in a slotted width-tapered SIW.

We have discussed and given the design rules of the number and spacing of the slots. The area of
a slot on the broad wall is in relation to its radiation strength; the area has a relatively strong effect
on its radiation strength [124]. The larger the slot area is, the stronger the radiation of the slot
becomes, and the higher the radiation efficiency of the slot is. Therefore, the radiation efficiency

of the transverse slotted SIW depends on both the slot size and the number of the slots.

We could use a simple model of only two transverse slots on the top and bottom broad walls of a
lossless width-tapered SIW to investigate the effect of the length and width of the slots on radiation
efficiency. The radiation efficiency of a lossless slotted SIW is ((1-]S,[* - |S,/*)/(1=[S,,)) , which can
be used to navigate design of the slot.

The reflection and radiation efficiency of two slots is simulated with different lengths and widths,

which are listed in Table 2.1, and the parameter of the width-tapered SIW is listed in the Figure

2.17 caption. These results are shown in Figure 2.23.

Table 2.1: Widths and lengths of slots in width-tapered SIW

Slot Number | 1 2 3 4 5 6 7 8 9
Wb (mm) | 2.00 2.00  2.00 2.28 228|228 256 256  2.56
Lc (mm) 0.36 | 0.46 | 0.56 | 0.36 | 0.46 | 0.56 A 0.36 | 0.46 | 0.56
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Figure 2.23: Reflection and radiation efficiency of two transverse slots on the broad walls of a
width-tapered SIW
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Based on the results in Figure 2.23, we can determine the length and width of the two slots under
the conditions of a specific radiation efficiency and lowest reflection. The results suggest that the

larger the size of the slots is, the stronger the radiation of the slots is.

The above formulas provide the design rules of the slot array on the slotted width-tapered SIW.
The rest of the parameters are actually concerned with an SIW horn. They can be designed based

on a guide found in reference [28].

So far, all the parameters of a slot array have been determined. Since the spacing of the slot array
iIs much smaller than in conventional arrays, the coupling between adjacent slots is strong, which
in turn has an effect on the performance of the slot array. Therefore, we can use a simulation tool
to modify these parameters. All the parameters of a prototype of the slotted width-tapered SIW is
listed in the caption of Figure 2.17. Figure 2.24 is a simulated pattern of the vertically polarized
radiation at 28 GHz. The simulation tool used in this work is CST Studio Suite. During the
simulation, the two ends of the SIW are set to be wave ports so that the radiation in Fig. 8 is

produced only by the slots on the SIW.

Figure 2.24: Simulated VP radiation pattern of slotted width-tapered SIW

The result in Figure 2.24 shows that the slotted width-tapered SIW has an end-fire VP radiation
with a directivity of 8.24 dBi.

It has been believed that a slow wave in a periodic leaky wave antenna does not produce radiation.
When the fundamental mode is a slow wave along the periodic leaky wave antenna, the radiation
is produced only by space harmonics related to fast waves. In the slotted width-tapered SIW,

however, there are no space harmonics. It is an only the slow wave responsible for the generation
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of radiation as shown in Figure 2.22. The slow wave radiation is an interesting phenomenon, and

little is known or documented at this time.

2.3.3 Design of ALTSA Fed by Width-tapered SIW

The ALTSA in the composite antenna is fed by a flaring open aperture of the slotted width-tapered
SIW. Different from the conventional ALTSA, the two metalized walls in this case are
implemented at the two side surfaces of the flaring wings, as such the variation for the gain of the
ALTSA is relatively small during operating frequency changing, and it is favorable for the circular

polarization design.

There are no explicit formulas of radiation pattern and gain for the ALTSA, and a full wave
simulation software becomes necessary for its design. The main parameters affecting the
performance of an ALTSA are its open width and the length and staring width of its two wings.
The open width is actually the width of the SIW open aperture. The opening of the ALTSA should
be at least half a wavelength to ensure sufficient radiation. Usually, the wing length should be
larger than two wavelengths to ensure good unidirectional radiation, and the starting width should
be slightly wider than half the width of the open aperture of the SIW to ensure a good matching.
To investigate how the shape and size of the two wings affect the directivity of the ALTSA, we
simulate the directivity with different open widths and lengths of the two wings, which are listed

in Table 2.2. The other parameters are listed in the Figure 2.17 caption.

Table 2.2: Sizes of ALTSAs fed by SIW

ALTSA Number | 1 2 3 4 5

Ws (mm) 144 (144 (1441105 | 20.0

La (mm) 16.0 | 22.28 | 32.6 | 22.8 | 22.8

The ALTSA 1 and 5, and ALTSA 4 and 3 have the same geometry but different size. Figure 2.25
is the simulated directivity when frequency changes from 27 GHz to 29 GHz. Once the geometry
of the ALTSA remains the same, the larger the ALTSA is and the higher its directivity is. On the
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other hand, when the length of the wing remains unchanged, the wider the opening of the ALTSA
is and the higher its directivity is.

13

La=22.8 mm, Ws=20.0 mm ‘—A— La=22.8 mm, Ws=14.4 mm‘
—~— La=32.6 mm, Ws=14.4 mm|[—O— La=22.8 mm, Ws=10.5 mm|
== La=16.0 mm, Ws=14.4 mm

1lf
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9

: ]
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12

Directivity (dBi)

6 1 1 1
27.0 27.5 28.0 285 29.0
Frequency (GHz)

Figure 2.25: Directivity of ALTSA as widths and lengths of two wings

With the use of CST Microwave Studio, we designed an experimental prototype of an ALTSA fed
by the prototype of a slotted width-tapered SIW. Its parameters are also listed in the Figure 2.17
caption. The SIW structure is the same as described in Figure 2.17 though without any slot. Figure
2.26 presents the simulated radiation pattern, which shows that the ALTSA produces both end-fire
and horizontally polarized radiation and has a gain of 8.32 dBi, which is nearly equal to the 8.24-
dBi directivity of the slotted width-tapered SIW of Figure 2.24.

Figure 2.26: Simulated HP radiation pattern of ALTSA



2.3.4 Simulation and Measurement Results

Figure 2.27: View of the fabricated slot-ALTSA composite antenna
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The experimental prototypes of the proposed single-layered end-fire CP slot-ALTSA composite

antenna, as shown in Figure 2.27, are fabricated and measured for verification of the above-

described design procedure. All the size parameters are list in caption of Figure 2.17.
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To make up a CP wave, the two orthogonally polarized E-field components of the composite

antenna should have the same amplitudes and 90-degree phase difference in the far zone. To check

how well it is satisfied, we set up an E-field probe in the simulation tool at the point of z=200 mm

where the far zone is considered to be and simulate the two orthogonally polarized components of

the radiating E-field. Figure 2.28 plots the simulated amplitude and phase difference between the

vertically and horizontally polarized radiations as the operating frequency changes. The results in

Figure 2.28 show that the two orthogonally polarized radiations have about a 90-degree phase

difference from 25.6 GHz to 29.4 GHz, and the amplitude equality of the two orthogonally

polarized radiations is only well pronounced in a narrow band around 28 GHz. Therefore, the AR
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bandwidth of the CP composite antenna degrades mainly due to the amplitude inequality of the
two orthogonally polarized radiations. The information of the E-field probe in the far zone could
also be used to guide the design of the proposed antenna. If it shows the vertically polarized E-field
as stronger than the horizontally polarized E-field, we should decrease the directivity or the
radiation efficiency of the slotted SIW or increase the gain of the ALTSA. If the phase difference
of the two orthogonally polarized E-fields deviates off 90 degrees, we should move the slot array

along the z-axis and modify the shape of the ALTSA wings to restore the desired orthogonal phase

difference.
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Figure 2.29: Simulated and measured reflection coefficients
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Figure 2.30: Simulated and measured AR vs frequency

Figure 2.29 presents the measured and simulated reflection coefficients showing that the bandwidth

of VSWR <2 is about 9 GHz. The bandwidth is limited mainly by the slot array in the width-tapered
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SIW. The slot array should exhibit an end-fire radiation which enforces a strong constraint on the

number of slots and their spacing. There are few parameters under consideration for matching.

Figure 2.30 provides the measured and simulated axial ratios of the main lobe at different

frequencies, displaying an axial ratio bandwidth of about 1.4 GHz from 27.35 GHz to 28.75 GHz.
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Figure 2.31: Simulated 3-D radiation pattern (a) 28 GHz and (b) 29 GHz

Figure 2.31 illustrates the simulated 3-D radiation pattern at 28 GHz and 29 GHz, clearly

demonstrating that the proposed CP composite antenna produces the end-fire radiation patterns.
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Normalized Pattern (dB)
Normalized Pattern (dB)

Figure 2.32: Simulated and measured radiation pattern

(@) yoz plane at 27.5 GHz, (b) xoz plane at 27.5 Ghz, (c) yoz plane at 28 GHz, (d) xoz plane at 28
Ghz, (e) yoz plane at 28.8 GHz and (f) xoz plane at 28.8 GHz

Figure 2.32 presents a series of comparisons between the simulated and measured radiation patterns
on the yoz and xoz planes at 27.5 GHz, 28 GHz and 28.8 GHz, and they show a good agreement
between the simulated and measured results.

/
/
/
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Figure 2.33: Simulated and measured gain

Figure 2.33 gives the measured and simulated gains at different frequencies; it shows a gain of 8.7
dBi at 28.8 GHz, and from 25.5 GHz to 31.3 GHz the gain is higher than 5 dBi. These figures show
an obvious agreement between the measured and simulated results. Figure 2.34 is the simulated
and measured AR on the yoz plane and xoz plane at 28 GHz. The proposed antenna yields measured
26° and 21° 3 dB AR beamwidths on the yoz and xoz planes, respectively.
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Figure 2.34: Simulated and measured AR of the antenna vs spatial angles

The proposed transverse slotted width-tapered SIW in the ALTSA is an extension of the
conventional transverse slotted width-uniform SIW and is easier to match. This CP ALTSA is
designed to utilizes slots on the spare broad walls of the SIW to form an extra radiator which
enhances the VP radiation. This scheme avoids the drawback of low gain of the previous works.
Furthermore, the solution offers flexibility in the choice of number and structure of slots. Even the
gain and radiation pattern of the antenna can be adjusted to meet diverse requirements for practical
applications.

2.4 SIW Slot-Horn Antenna

When an SIW H-plane horn has transverse slots on its broad wall, it becomes an SIW slot-horn

composite antenna, as shown in Figure 2.35. The slot-horn antenna has two radiators: an SIW

horn and a slot array on the broad walls of the SIW. The radiation wave from the SIW slot-horn
antenna is a sum or superposition from the two radiators. The two radiators could be co- or cross-
polarizations. The slot array acts as a leaky wave radiator on a width-tapered SIW, its radiation
characteristics have been investigated in Section 2.3, and has been applied to enhance VP radiation
of a CP antenna.
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(@) (b)

Figure 2.35: (a) Structure and (b) prototype of SIW slot-horn composite antenna

(D=1, La=1, Lb=0.3, Lc=3, Ld=6.85, Le=5.8, Lf=3.1, Lg=15.1, Lh=18.4, Li=2.1, Lj=4.85, Ls=31,
Wa=25, Wb=1, Wc=5.6, Wd=6.4, We=12.4, Wf=6.5, Wh=4.68, Wi=10, Ws=30, unit: mm)

In this Section, the attention will be paid to the radiation characteristics of SIW slot-horn composite

antennas. Again when simulating, an SIW is replaced with its equivalent DFW.

As aforementioned the distance between the slot array and the aperture of the horn has an effect on
the radiation pattern of the slot array. The spacing of the two adjacent slots and the width of the
SIW where the slot array locates have also effects on the radiation pattern. Again the distance and
the phase velocity inside the horn determine the feeding phase delay between the two radiators.
Therefore, the distance, the spacing and the width are three key factors to shape the radiation pattern

of the slot-horn antenna.

To facilitate the control of power radiated by the slot array, two metallic via array are be put inside
the horn. Because the reflection from the slot is remarkable even the slot is under resonance, a pair
of symmetrical tuning metallic vias are placed at between via array and the slot array, and another

pair of symmetrical tuning metallic vias are placed near input waveguide.

Both the horn and the slot of the SIW are not omnidirectional radiation patterns, however, an SIW
slot-horn composite antenna can have an omnidirectional pattern on E-plane. For measurement, a
connector is necessary. The connector, however, has a strong effect on the radiation pattern of the

antenna, especially on its backward radiation on the E-plane, which will degrade its
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omnidirectional performance. Figure 2.36 displays the simulated radiation patterns of the slot-horn
antenna free of the connector, which shows an omnidirectional pattern on the E-plane. We have

not solved the issue.
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Figure 2.36: Radiation pattern of the slot-horn composite antenna
(@) on E-plane and H-plane, and (b) 3D-pattern

An experiment prototype of the proposed slot-horn antenna, as shown in Figure 2.35 (b), is
designed and fabricaied, and its size is listed in Figure 2.35 caption. Figure 2.37 (a) exhibits the
simulated and measured reflection coefficient of the prototyped slot-horn antenna. The agreement
between the simulated and measured results are not well due to a mistake. During design, the
recommended value of the permittivity of the substrate rather than the measured value on datasheet
should be used.
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Figure 2.37: Reflection coefficient and gain of a slot-horn composite antenna with
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(a) reflection coefficient and (b) gain

Figure 2.37 (b) displays the simulated gain of the composite slot-horn antenna. The gain transitions
between in-band and out-band are very sharp, which exhibits a good filter performance. Therefore,

the slot-horn composite antenna is also a filter antenna.



73

CHAPTER 3 UNIDIRECTIONAL DIELECTRIC RADIATOR
ANTENNAS FED BY THIN SIW

An RF subsystem is usually manufactured with a mingled multilayer substrate on PCB technology
or similar planar platforms, and the RF layer of such multilayer substrates must be thin enough to
suppress high-order modes and surface wave modes in RF circuits. The thickness of the RF layer

should usually be less than 0.052,, which is roughly 0.508 mm at 30 GHz, for example. When the

substrate is thick, the loss of a planar transition between an antenna and a connector could be large
due to radiation and surface wave when operating at millimeter-wave frequencies or above.
Consequently, planar end-fire VP and CP antennas with relatively thin feeding substrates are highly

desired.

As one type of dielectric antennas, a UDR has an end-fire radiation pattern. Consequently, it is
desired to feed a URD with a thin SIW to form a VP antenna. Moreover, it is also expected to use

a UDR as the VP radiator in a fully planar high gain end-fire CP antenna.

This Chapter demonstrates two types of planar mingled multilayer UDR end-fire antennas: UDR-
SIW and UDR-ALTSA. In Section 3.1, a UDR-SIW fed by slots on the broad walls of a thin SIW
is proposed, and demonstrated with simulations and experiments. The UDR-SIW has a polarization
normal to the broad walls of the SIW, a circular symmetric end-fire pattern along the SIW with
high, and the front-to-back ratio of the pattern is high. These features of the UDR-SIW make it to
be an update to a conventional SIW H-plane horn, and will certainly benefit its applications to
planar high gain antennas and arrays. In Section 3.2, a fully planar high gain UDR-ALTSA end-
fire CP antenna fed by a thin SIW is devised, and demonstrated with simulations and experiments.
The UDR-ALTSA uses a UDR to enhance the VP gain, and the UDR is placed normal to the
substrate on which the ALTSA and the feeding SIW are fabricated. The UDR-ALTSA is actually
a heterogeneous linear array stretching along the direction normal to the substrate. Therefore, the
UDR-ALTSA not only has wide impedance and AR bandwidths, but also is very compact, which

make it easy to be element antennas of a big array.
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3.1 Unidirectional Dielectric Radiator Antenna Fed by Slots on a very thin
SIwW

3.1.1 Introduction

Both the dielectric resonator antennas and the dielectric rod antennas are two conventional types
of dielectric antennas [127]-[134]. The radiation pattern and structures of a dielectric resonator
antenna and a dielectric rod antenna are distinctly different. A dielectric resonator antenna has a
broadside radiation pattern, and the dielectric resonator is on a conducting plate or a substrate with
a conducting plate. A dielectric rod antenna consists of only a dielectric rod without conducting
plates [131]-[134]. A dielectric rod antenna has an end-fire radiation pattern along the dielectric
rod, and it is usually excited at its one end by a horn, an open waveguide, or other end-fire feeding

antennas.

A conventional UDR antenna, as shown in Figure 3.1 (a), is different from both the dielectric

resonator antenna and the dielectric rod antenna shown [135]-[138], and could be regarded as a
mixture of the two dielectric antennas. The structure and feeding of a UDR are similar to a dielectric
resonator antenna, and they all have conducting plates. A UDR works usually with a resonant mode,
and it is also a resonant antenna. On the other hand, a UDR has an end-fire pattern that is similar

to a dielectric rod antenna.

The structure of a conventional UDR is slightly complex, and its unidirectional radiation pattern is
basically achieved thanks to a non-radiative dielectric (NRD) waveguide [139]-[140]. The UDR
consists of a dielectric resonator sandwiched between two parallel metallic plates. The dielectric
resonator is within close proximity to one of the plate edge aperture so that an end-fire radiation is
achieved in one direction while the other directions are set in non-radiative conditions. A
conventional UDR antenna is usually fed by a slot on its conducting plane or a vertically mounted
probe. The conventional UDR, however, is a HP radiation antenna due to its usually selected

operating mode.

This thesis devises a planar end-fire VP Fabry-Perot UDR-SIW antenna fed by a rather thin SIW.
Without two covered parallel metallic plates, a UDR-SIW, as sshown in Figure 3.1 (c), consists of

two identical dielectric substrates and one embedded feeding slotted SIW between the two
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dielectric substrates. The UDR-SIW is fed by two transverse slots on the top and bottom broad
walls of the embedded feeding SIW. And the feeding SIW has a shorting end so that the slotted

SIW could be regarded as a resonant antenna.

-
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Conducting plate
9P Feeding Traveling

Wave Antenna

Feeding Resonant Structure

(a) (b)
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(c)
Figure 3.1: Configuration of dielectric antennas

(a) conventional UDR , (b) dielectric rod antenna, and (c) UDR-SIW. (h=0.508 mm, b=1.524

mm, L1=1.9 mm, L2=9.1 mm, a=6 mm, Wrs=0.4 mm, ds=1.4 mm, en=2.2, £r2=3.55)

The UDR-SIW presents certain interesting features as follows.
(1) The VP UDR mechanism is based on a generalized Fabry-Perot cavity.

(2) The SIW-based VP UDR antenna has a very thin substrate, and its polarization is orthogonal

to a conventional UDR.

(3) Itis easily integrated with an RF subsystem with a mingled multilayer PCB technology due to

the very thin feeding substrate.

(4) It has a symmetrical pattern and improved front to back ratio (FTBR).
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(5) The attractive UDR is integrated with its embedded feeding SIW, which makes the UDR-SIW
compact and efficiently excited.

(6) Finally, it has a travelling-wave antenna excited by resonant slots.

The proposed UDR-SIW could also be regarded as the combination of a dielectric rod antenna and
a conventional UDR but with orthogonal polarization, and this combined topology takes advantage
of the two antennas. Figure 3.1 (b) shows the schematic of a dielectric rod antenna. A dielectric
rod antenna is usually fed longitudinally by a travelling-wave antenna, leading to a long
longitudinal size. Besides, the equivalent radiating aperture of the feeding travelling-wave antenna
should be comparable to the cross-section of the dielectric rod for an effective excitation. A
conventional UDR, which is usually fed by a resonant structure under one of its two conducting
plates, and the longitudinal size could be made short. The conducting plates, however, must be
large enough to ensure a unidirectional radiation so that a conventional UDR is arduously made
compact. Compared to the dielectric rod antenna, the proposed UDR-SIW is fed by one embedded
resonant structure between two dielectric substrates, which would ensure an effective excitation as
well as a compact size. A diligent feeding structure design could not only decrease its longitudinal
size but also use a very thin feeding substrate. Compared to a conventional UDR, the broad walls
of a UDR-SIW act as the conducting plates in a conventional UDR to double the equivalent
thickness of dielectric substrates. The size of broad walls, however, is much smaller than the
conducting plates of a conventional UDR because the UDR-SIW does not need extra-large plates

to achieve unidirectional radiation.

The UDR-SIW can be fabricated with a conventional mingled multilayer PCB technology, is fed

with an SIW on a very thin substrate less than 0.05)\o, and these features will certainly make it to

be available to various applications.
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3.1.2 Mechanism of UDR-SIW End-fire VP Radiation

3.1.2.1 Modes in Rectangle Dielectric
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Figure 3.2: (a) Rectangular dielectric substrate on SIW, (b) rectangular dielectric substrate on

infinite PEC and (c) its equivalent dielectric rod in free space

To understand how a UDR in the proposed UDR-SIW produces unidirectional radiation, one
should examine modal behaviors in the dielectric substrates and how these modes propagate in the

dielectric substrates.

The SIW broad wall shown in Figure 3.2(a) could be practically treated as an infinite PEC, as
shown in Figure 3.2(b); then, the rectangular dielectric substrate in Figure 3.2(b) would be
equivalent to an enlarged rectangular dielectric rod in free space, as shown in Figure 3.2(c).
Although both the tv» and Tm modes could exist in a rectangular dielectric rod, only the v,
mode is available because the rectangular dielectric substrate is excited by a transverse slot with a

transverse magnetic current. The main field components of Tm}, are Ey and Hx, and Hy equals zero

Therefore, a T™m?, is associated with a VP field in the UDR-SIW antenna.
In the rectangle dielectric rod TM) and TM_ can exist.

For T™M)

mn !

there is H =0, and E, and H, are main field components of propagating modes. The

other field components of TM? can be expressed with H, as follows

2
g -t oM (3.1)
wef Oxoy
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Ey=-%Hx—w—;a;;x (3.2)
E, :wlgaa“yx (3.3)
H, :%% (3.4)
H, =0 (3.5)

As an approximation, one could ignore the fields of TM in region 1V, and the fields in other

regions would be expressed as follows

H, =H, cos(k,x)cos(k,y)e ¥*, (] <0.5a,y<b) in region I (3.6)
H, = H, cos(k x)e e, (y>b) in region Il (3.7)
H, = H, cos(k,y)e “"e *, (x> 0.5a) in region Il (3.8)

where H, is the excited magnitude of TM? . The wavenumber in each region observe the following

equations.
ki +k; + B = kg (3.9)
k; —ay +5° =k; (3.10)
oy +k; + B2 = ks (3.11)

When enforcing boundary conditions on interfaces between these regions and using an effective

refractive index method [141]-[142], one can calculate the propagation constants of TM? . Then

the application of boundary conditions over planes x=#0.5a allows to deduce the following

equations

k.a=mz- 2arctan(£),(m =123 (3.12)

X

Subtracting (3.11) from (3.09), one has



79

a, =k (g, - -k’ (3.13)

When equations (3.12) and (3.13) are solved, kx is obtained. And then the effective refractive index

is defined as follows:
k 2
N’ =g _[_Xj (3.14)

To enforce the boundary conditions over planes y=4b, one can have

oy = [k (e, ~1) —k? —k? (3.15)
K
2kb = n7 —2arctan( 7=y (1 =123+ (3.16)
a

y

When solving equations (3.14), (3.15) and (3.16), one can also obtain ky and then calculate the

propagation constants of TM” as follows:
B=.ke —kZ - kj (3.17)

The propagation constant of modes is known to be an important design parameter. The
aforementioned calculation method for yielding the propagation constant is accurate but not easy
to use because the expression for the propagation constant is not explicit. From the design
viewpoint, an explicit or closed-form approximate expression of propagation constant is indeed
desired.

When the permittivity of a dielectric is high, the interface between dielectric substrate and air could

be approximately treated as a perfect magnetic wall, and the field would be totally confined in

region |. This is actually the case when «, and a; become infinite. In this case, formulas (3.12) and

(3.16) become
ka=mz (3.18)
and

k,2b=nz (3.19)



80

When the permittivity is not high, the field will expand into regions Il and 11, and it is equivalent
to have a set of larger a and b. As a result, one can use an explicit approximate expression of

propagation constant as follows:

B= \/ ke, —(gj —[Zr;”b] (3.20)

The accuracy of ¢,and ¢, depends on the permittivity of the UDR. The larger the permittivity is,

the smaller ¢,and ¢, are. In a primary design, one can set both ¢,and ¢, to be 1.3.

Based on formulas (3.1) to (3.6), the electric fields and magnetic fields of TM? in a rectangle

dielectric rod, shown in Figure 3.2, are as follows

H k k .
E, =———"Lsin(kx)sin(k,y)e " (3.21)
wef
k2 o .
E, = H,cos(k,x) cos(k, y)(—— - ZEyg 1" 3.22
y = Hocos(k,X) (yY)(mﬂ ﬂ) (3.22)
jk. H _
E, =297 cos(k, )sink, y)e (3.23)
weé
H, = H,cos(k,x)cos(k, y)e* (3.24)
H, = %sin(kxx) cos(k, y)e (3.25)
H. =0 (3.26)

y

Figure 3.3 is a sketch picture of the field configuration of TM} mode on cross sections of a
rectangle dielectric. Its magnetic field on ground plane is similar to that of TE in a metal rectangle

waveguide. Therefore, it is effective to use an SIW to excite a TM), in the UDR-SIW.
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Figure 3.3: Field configuration of TM_, mode

By the means of a transverse slot, the TEi0 mode inside the feeding SIW will excite the Tv} mode

in the rectangular dielectric substrate. The equivalent transverse magnetic current along the slot is

formulated by

J,=eJ, cos(V”TX), W, <a (3.27)

sl

where w, is the length of the slots. The transverse magnetic field of Tm on plane y=0 is given by

HX=H0cos(”X), ¢, >1 (3.28)
c,a

a

Consequently, the transverse magnetic current along the slot would excite the transverse magnetic

field of TM . To fully excite TM!, the slots should be as long as possible so that W, =a.

11

3.1.2.2 Generalized Fabry-Perot Based Mechanism of Unidirectional Radiation

To achieve unidirectional radiation, a UDR-SIW should be designed to utilize two different
superposition effects at both the back-end and front-end. As it is similar to the Fabry-Perot principle,

it is referred to as the generalized Fabry-Perot principle.

At the back-end, if the direct wave from the slot and the reflected wave from the front-end are out-
of-phase, the backfire radiation would thus be undermined. At the front-end, if the direct wave
from the slot and the reflected wave from the back-end are in phase, the end-fire radiation would
be enhanced. Therefore, a UDR-SIW could effectively achieve a unidirectional radiation. An
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example shown in Figure 3.4 could be used to explain and verify the mechanism of unidirectional
radiation achieved within the UDR-SIW structure.

Figure 3.4: Schematic of generalized Fabry-Perot principle

The TM/ excited by the slot will trigger forward and backward propagations along the dielectric.

When the phase difference between the reflected wave from the front-end and a direct propagating
wave from the slot is out-of-phase at the back-end, namely

AL+ +B(L+L)-pL =2m+D)z, (m=1,2,3.-) (3.29)
the backward radiation would be weakened. The ¢, in (3.29) is the reflection phase due to the
reflection at the forward end. The formula (3.29) can be simplified into

2L, B+p, =(2m+1)7,(M=1,2,3,+) (3.30)
The formula (3.30) is the condition for weak backfire radition.

Similarly, at the front-end, there is the superposition of a direct propagating wave from the slot and
the reflected wave from the back-end. When the distance from the back-end to the slot satisfies the
following condition,

PL+g,+ BL+L,) - Bl =207, (0=1,2,3--)
Namely,
2L f+o. =2n7,(n=1,2,3,+) (3.31)

In this case, the direct propagating wave from the slot and the reflected wave from the back-end
would be in-phase at the front-end. And the forward radiation would be enhanced. The formula

(3.31) is the condition for realizing a strong end-fire radiation.
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From (3.30) and (3.31), one can deduce that

L-WB_ 1 hios (3.32)

T

Because of the slot, the phase constant in the UDR is not longitudinally uniform in the dielectric

(J‘o J‘O ) . ( . )

When both the weak backfire radiation condition (3.30) and the strong end-fire radiation (3.31) are
satisfied simultaneously, the FTBR would reach peak values, and (3.33) would hold true. To verify
the unidirectional radiation mechanism of a UDR-SIW, the formula (3.33) will be examined with

the following simulation.

The cut-off frequency of TM., in the rectangle dielectric is about 18.6 GHz. The cut-off frequency

of the feeding SIW is 16.9 GHz, and the band of 16.9-33.8 GHz accommodates the mono-mode
propagation of the TEio mode. When a parameter is changed in the following simulation, the other
parameters will be kept the same as in Figure 3.1. Figure 3.5 is the simulated FTBR of the UDR-
SIW of Figure 3.1, from 18 GHz to 35 GHz. It shows that the FTBR of the UDR-SIW reaches peak
values at 19.7 GHz, 23.3 GHz, 26.2 GHz, 28.6 GHz, 31.1 GHz, and 33.6 GHz, which means that

the formula (3.33) should hold true at these frequencies.
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Figure 3.5: Simulated FTBR of a UDR-SIW vs frequency
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Figure 3.6 is the simulated E-field in a UDR-SIW at 31.1 GHz. It shows that the phase constant in
a UDR-SIW is not uniform due to the slot. To calculate the value on the left side of formula (3.33),

one should know the phase constants at any points in the UDR-SIW.

Figure 3.6: Simulated E-field of UDR at 28.6 GHz

The software package CST cannot be used to calculate the phase constant of a mode in the local
region of a practical structure with reflection. Therefore, the FPPS is used to calculate the phase
constants at any point inside the dielectric substrate at 19.7 GHz, 23.3 GHz, 26.2 GHz, 28.6 GHz,
31.1 GHz, and 33.6 GHz and then to calculate the values of the left end of formula (3.33) at these
frequencies. Table 3.1 presents the calculated results.

Table 3.1: The left end of formula (3.33) calculated by FPPS

f (GHz) 19.7 23.3 26.2 28.6 31.1 33.6
Left end of (3.33) 3.41 4.63 5.66 6.55 7.56 8.51
m—n+0.5 3.5 4.5 5.5 6.5 7.5 8.5

The Table 3.1 shows that the formula (3.33) holds true in the UDR-SIW antenna at these
frequencies where the FTBR reaches the peak values. It verifies the mechanism of unidirectional

radiation in the UDR-SIW.
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Figure 3.7: Comparison of patterns between the UDR-SIWs with plane end and with a tapered
end

(@) E-plane and (b) H-plane

A conventional dielectric rod antenna usually has an end of the tapered pyramid to enhance gain.
It is also true for a UDR-SIW, as shown in Figure 3.7, which compares the simulated patterns of
E-plane and H-plane at 28 GHz between a UDR-SIW with a plane end and another with a tapered
end. Based on the mechanism of unidirectional radiation, however, a tapered end would decrease
the FTBR of a UDR-SIW, which is also shown in Figure 3.7. Therefore, the results in Figure 3.7
also verify the generalized Fabry-Perot-based mechanism of unidirectional radiation in the UDR-
SIW,
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Figure 3.8: (a) Phase constants, (b) attenuation constants and (c) reflection at 28.6 GHz inside
UDR

(slots are at z=1.9 mm)
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Figure 3.8 shows the calculated phase constants, attenuation constants, and reflection coefficients
at 28.6 GHz with the FPPS. It suggests that there is a reflection inside the dielectric substrate of
the UDR-SIW. On the other hand, the phase constants are not uniform inside the dielectric substrate.
Figure 3.8 (b) shows that the attenuation constants near the slot (z=1.9 mm) are large. This is due
to the broadside radiation of the slot, which should be suppressed, and the slot should actually be
narrow. On the other hand, if the slot is too narrow, the matching of the UDR-SIW would heavily
deteriorate due to the machining error of the slot, so that a balance between the suppression of the

broadside radiation and the machining tolerance is necessary.

Different from the reflections in a conventional Fabry-Perot cavity, the reflections on both the
front-end and back-end in the UDR-SIW are not much stronger because the relative permittivity of
the dielectric in Figure 3.1 is only 3.55. Consequently, at the back-end the reflected wave from the
front-end is smaller than the direct wave from the slot, and as such the two waves could not be
fully counterbalanced. Thus, the FTBR could not be very high. When the permittivity of a dielectric
iIs high, e.g. over 16, the reflections on both the front-end and back-end are much stronger, and the
FTBR would be also higher.

At the input port of the antenna, the transverse slots on the feeding SIW could be equivalent to a
series impedance, consisting of a radiating resistor and a reactance. On the other hand, the shorting
terminal in the feeding SIW could provide an opposite reactance to the slot reactance. It will benefit
the matching of the UDR-SIW antenna.

3.1.2.3 Parametric study

Because the shorting end in the embedded feeding SIW can be used to tune the matching condition
of the proposed UDR-SIW effectively, the parametric study could be concentrated on the
parameters relative to the dielectric substrates. During the simulations, only a parameter is changed

while the other parameters preserve the values listed in Figure 3.1 caption.
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Figure 3.9: Radiation patterns of UDR-SIW with different distance from slot to backward end of

dielectric substrate

(a) E-plane at 27 GHz, (b) H-plane at 27 GHz, (c) E-plane at 28 GHz and (d) H-plane at 28 GHz

Figure 3.9 shows the simulated patterns on the E-plane and H-plane at 27 GHz and 28 GHz with
different distances from the feeding slots to the back-end of the dielectric substrates. The distance

has a stronger effect on the main lobe of the E-plane than the H-plane. This phenomenon indicates

that the dielectric substrates could be used to shape the E-plane radiation pattern. It is obvious that

the distance has a strong effect on the FTBR of the proposed antenna, and thus a proper distance is

important to the FTBR.
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Figure 3.10: Radiation patterns of UDR-SIW with different distance from slot to forward end of

dielectric substrate
(a) E-plane at 27 GHz, (b) H-plane at 27 GHz, (c) E-plane at 28 GHz and (d) H-plane at 28 GHz

Figure 3.10 presents the simulated patterns on the E-plane and the H-plane at 27 GHz and 28 GHz
with different distance from the feeding slot to the front-end of the dielectric substrate. The distance
also has a stronger effect on the main lobe of the E-plane than the H-plane. It is obvious that the
distance also manifests a strong effect on the FTBR of the proposed antenna. Therefore, a proper
distance is reiterated to be important to the FTBR.
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Figure 3.11: Radiation patterns of UDR-SIW with different lengths of feeding SIW

(@) E-plane at 27 GHz, (b) H-plane at 27 GHz, (c) E-plane at 28 GHz and (d) H-plane at 28 GHz

Figure 3.11 plots the simulated patterns on the E-plane and the H-plane at 27 GHz and 28 GHz
with different lengths of the feeding SIW. When the length is negative, it represents a shorter
distance from the slot to the end of the SIW than to the end of the dielectric substrate. In this case,
the distance has little effect on the main lobe, and it mainly affects the FTBR. It is well understood

because the feeding SIW also acts as the conducting plate of the UDR, and its length would affect
the reflection at the front-end.

3.1.2.4 Design Guide

The following is a narrative description of the design guide for the proposed UDR-SIW antenna.
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(1) To choose the dielectric substrate. The substrate should be thick enough to ensure theTtmy,
propagation in the dielectric substrate. An accurate relationship between dielectric sizes and
its cut-off frequency is indirect and complex. In early design consideration for simplicity, an
approximate formula (3.26) should be used to calculate the phase constant. In practical design,
the thickness and permittivity of a dielectric substrate are usually specified. The width of the

dielectric substrate could be used to tune the propagation constant of Tm? in the dielectric
medium.
(2) To choose the SIW substrate. The substrate should be thin enough to ensure a reasonable

performance and an easy integration with an RF subsystem. Usually its thickness should be

0.05)o in the millimeter-wave range.

(3) To determine the width of the SIW and dielectric. The choice of the width should ensure the
TE,, propagation in the SIW. Usually the width is larger than the thickness of the dielectric so

that the ™ is also a propagating mode in the dielectric substrate.
(4) To determine the length of the dielectric. The L1 should be made as short as possible, and the

value of nin (3.31) should be 1. The L2 is actually the main body of the antenna, which should

be much larger than L1 for a desired gain.

(5) To determine the distance between the slot and the shorting terminal. The initial distance should
be roughly a quarter-wavelength of TE,, for a large coupling between the SIW and the UDR.
To ensure a good matching, the distance should be tuned at the last step of design.

(6) Finally, the aforementioned parameters should be optimized using a full wave simulation tool

to ensure a good matching, a high FTBR, a desired pattern, and a desired gain, as well as a

balance between performances and size.



91

3.1.3 Simulation and Measurement Results

(a) (b)
Figure 3.12: (a) Prototype of UDR-SIW and (b) its structure diagram
(Ws=6, Ws1=0.33, Ws2=1.225, W1=0.72, W2=3.12, Wrs=0.4, W=7, Dvia=, dw=0.3, ds=1.4,
dvia=0.51, L=31.7, Lp=14.8, La=5, Lv=9.71, Lrs=5.05, L1=1.7, h=0.508, b=1.524. unit: mm)
To verify the results of the simulation, an experimental prototype of the proposed UDR-SIW
antenna has been designed, fabricated and measured. The size of the prototype has been optimized
based on the UDR-SIW of Figure 3.1 to improve the radiation symmetry and gain. Fig. 12 shows

the prototype and its geometric components. The feeding SIW substrate is Rogers5880 with er=2.2,
and the dielectric substrate is RO4003 of &=3.55.

The UDR-SIW antenna has a compact planar structure suitable for mingled multilayer RF sub-
systems and arrays. The UDR-SIW, including a transition of CPW-SIW, is 2.96\0*0.65X0*0.33\o,
and the feeding substrate is 0.047\o thick. When designed for a practical system, the UDR-SIW

would be easily integrated with other components due to the thin feeding substrates; a transition

would be unnecessary. The dimensions of a single URD-SIW area only 1.38\0*0.60A\0*0.33\o.
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(a) (b)
Figure 3.13: Ey on x=0 plane at 28 GHz (a) magnitude and (b) phase

Fig. 3.13 presents the simulated Ey on plane x=0 at 28 GHz, and it shows that the equivalent
radiating aperture is much larger than the cross-section of the dielectric substrate. Besides, the
distribution of magnitude and phase are rather uniform on the equivalent radiating aperture of the
prototype antenna.
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Figure 3.14: (a) Reflection coefficient, (b) gains of UDR-SIW and (c) FTBR

Figure 3.14 presents the simulated and measured reflection coefficients and gains. The UDR-SIW
has a measured bandwidth of 9.4% from 26.3 GHz to 28.9 GHz. The measured gain ranges from
8.2 dBi to 10.3 dBi, and over 10 dBi from 27.7 GHz to 28.4 GHz. The simulated efficiency is 96%,
and the UDR-SIW has a 0.76)\% equivalent radiating aperture when gain is 10 dBi. A big radiating
aperture achieved by such a small UDR-SIW. The UDR-SIW has an unidirectional pattern with a

FTBR over 20 dB form 27.5 GHz to 29 GHz, which is a significant improvement compared to a
conventional SIW horn.
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(@) E-plane at 26.8 GHz, (b) H-plane 26.8 GHz, (c) E-plane at 27.5 GHz, (d) H-plane 27.5 GHz,
(e) E-plane at 28 GHz, (f) H-plane 28 GHz, (g) E-plane at 29 GHz and (h) H-plane 29 GHz

Figure 3.15 gives the simulated and measured radiation patterns at 26.8 GHz, 27.5 GHz, 28GHz

and 29 GHz, which agree well with one another. The radiation pattern of a conventional SIW horn

is asymmetric. The beam on the E-plane is much wider than that on the H-plane especially if a thin

substrate is used. The patterns of the UDR-SIW are symmetric on both the E-plane and H-plane.

The simulated and measured patterns on the E-plane and H-plane and the simulated 3-D radiation

pattern in Figure 3.16 all show that the antenna has a nearly perfect circularly symmetric main lobe.

Therefore, the UDR-SIW is also suitable to be a feeder of compact planar reflected array or lens.

Figure 3.16: 3-D pattern of the UDR-SIW
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The proposed UDR-SIW antenna demonstrates its compact size, large FTBR, and symmetric
radiation pattern. Different from a conventional UDR antenna, the UDR-SIW has a VP radiation
pattern which is the same as an SIW H-plane horn or an open-end SIW. When its gain is required
to be high, an SIW H-plane horn must flare in the H-plane largely due to the limitation of the
thickness of the SIW. In turn, it leads to a big transverse size and an asymmetric radiation pattern
on both the E-plane and H-plane. The UDR-SIW presents a smart mingled multilayer substrate
structure that makes it possible to not only use a thick dielectric substrate to narrow the E-plane
pattern, but also use a thin embedded feeding SIW to facilitate its integration with RF subsystems.
Therefore, the proposed UDR-SIW would be a competitive candidate to replace the SIW H-plane

horn in certain applications.

3.2 UDR-ALTSA End-fire CP Antenna fed by a very thin Slotted SIW

3.2.1 Introduction

Up to now, to the knowledge of the author, the feeding layers of end-fire CP planar antennas are
not made thin enough. The end-fire CP composite antennas based on SIW H-plane horn could be
designed as fully planar structures but still use thick substrates [44], [76]-[79]. In [44],[78], SIW
end-fire dual CP antennas made use of two-layer substrate. In the transition section of the SIW, a
sloping open slot is set to transform the TEio mode into two orthogonal modes, namely TE1o and
TEo1. To radiate these two orthogonal modes in a common horn of the SIW, the antenna must use
two thick substrates. The total thickness is more than 0.6, . In [79], the end-fire CP planar
composite antenna is composed of ALTSA and SIW horns. The ALTSA is fed by the SIW, and it
produces HP radiation. The open aperture of the SIW produces VP radiation. Consequently, the
substrates used in the SIW must be thick for the equality of the two orthogonally polarized
components. It resulted with a thickness of more than 0.127»,in [79]. Again, the development of
end-fire CP planar helical antennas is also based on a thick substrate to achieve CP radiation
[42],[47],[143].

Dielectric rod antennas are one kind of end-fire antennas, which have been used to enhance the

performance of gains and/or bandwidth, for instance, in end-fire antennas [77] [131]-[134]. The
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shapes of dielectric rods and their positions in the antennas are not fit for the requirement of a fully
planar integration with RF circuits. Among these antennas, the reported work in [77] is the only
end-fire CP planar antenna. Although the waveguide transitions in [77] could be replaced by planar
transitions, these planar transitions are actually not practical for an easy integration with a related
RF subsystem. To further increase the gain and FTBR of the antenna, a thick three-layer tapered
dielectric rod is placed in front of the antenna. The ALTSA in [77] must first produce CP radiation
because the dielectric rod enhances both the VP and HP radiations equally. Therefore, the substrate
of an ALTSA-based CP antenna could not be thinner than the limiting case. The current works

show that the limitation of thickness is abouto.12x,. The CP antenna in [77] uses a substrate of
0.15),, to ensure an equal amplitude of two orthogonally polarized radiations. On the other hand, a

dielectric rod is usually placed in front of its feeding radiator for an effective excitation, and it

would increase the length of the whole antenna.
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Figure 3.17: Configuration of UDR-ALTSA end-fire CP antenna

(L1=5.72 mm, La=10.1 mm, Ws=7.4 mm, Wg=1.3 mm, h=0.508 mm, b=1.524 mm, n=2.2,
€r2=3.55)

This work devises and presents UDR-ALTSA end-fire CP planar composite antenna, as shown in
Figure 3.17. The proposed UDR-ALTSA antenna consists of a UDR and an ALTSA fed by an
SIW. The UDR is a pair of dielectric substrate blocks placed symmetrically on the top and bottom

sides of the feeding substrate which has a thickness of 0.051,. The open aperture of the SIW and

the ALTSA could excite a VP field in the UDR, and in turn the UDR would produce the enhanced
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VP end-fire radiation. The open aperture would also feed the ALTSA to produce HP radiation,
though the UDR would not enhance the original HP radiation of the ALTSA. The selective
enhancement of the VP radiation ensures an equal amplitude of VP and HP radiations so that a CP

end-fire radiation is realized in the end.
The proposed UDR-ALTSA end-fire CP planar composite antenna has the following new features:

(1) The unique UDR enhances only the VP radiation rather than the HP radiation of the ALTSA.
It also provides a way to modify the VVP-to-HP ratio of the anticipated radiations.

(2) The fully planar end-fire CP antenna has a thin feeding layer of 0.05%,. Its high performance,
compact size, and easy integration with an RF subsystem make it a good option for building
element antennas used in developing a large array.

(3) The UDR antenna is fed by a novel feeding structure.

(4) The multi-function SIW feeding structure can feed both the ALTSA and URD simultaneously.
3.2.2 Mechanism of UDR-ALTSA End-fire CP Radiation

3.2.2.1 Operating Modes in UDR of a UDR-ALTSA

The proposed UDR-ALTSA antenna, shown in Figure 3.17, consists of an ALTSA fed by an SIW
on a feeding substrate, and two dielectric blocks placed symmetrically on the top and bottom sides
of the feeding substrate. The two dielectric blocks are actually a UDR that is fed by the open
aperture of the SIW and the ALTSA. The open aperture is set to excite a TM* mode in the UDR.

The UDR would in turn produce VP end-fire radiation. On the other hand, the ALTSA could excite
the TM mode in the UDR. Both the UDR and the ALTSA can jointly produce HP radiation so

that the CP end-fire radiation can be achieved.

How to enhance VP radiation and make it equal to HP radiation is crucial to end-fire CP radiation
of an ALTSA on a thin substrate. An ALTSA produces both the HP and VP radiation, however,
the VP radiation usually is too weak to match its HP counterpart. This scenario becomes much
more pronounced when the substrate is thin. Therefore, when the substrate is thin, it would be
impossible for an ALTSA to produce CP radiation. This is why all the presented ALTSA-based
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CP antennas make use of substrates with thicknesses greater than 0.123, . In fact, the open aperture

of the feeding SIW in an ALTSA also produces VP radiation. The simulated results show that the
ALTSA would weaken the original VP radiation produced by the open aperture of the SIW.
Therefore, enhancing the VP radiation to make it equal or comparable to the HP radiation is crucial
to realize an end-fire CP radiation of ALTSA on a thin substrate. When an ALTSA is loaded with
a UDR, since the initial HP radiation is much stronger, the UDR should then be used to enhance
the VP radiation rather than the HP radiation.

To clearly understand how a UDR affects the HP and VP radiation of an ALTSA differently, one
should examine the modes of the UDR and how the ALTSA excites these modes.

The TM? mode in a dielectric with ground plane has been introduced in Section 3.1.2. For TM},

in Figure 3.2 (c), there is H, =0, and E, and H_ are main components of propagating modes. The

other field components of TM, can be expressed with H, as follows:

o°H
Ex:%Hyﬁ'iﬂ&—zy (334)
e, X

1 0°H

a0 (3.35)
WE, X

E :é% (3.36)

H, = é % (3.37)

As an approximation, one could ignore the fields in region IV, and H, in other regions are as

follows
H, =H, cos(k,x)cos(k,y +7,)e” ", (x| <0.5a,|y|<b) in region | (3.38)
H, = H, cos(k,x)e "%, (jy|>b) in region II (3.39)
H, = H,cos(k,y +7,)e e, (x> 0.5a) in region 111 (3.40)

To use similar method as Section 3.1.2, one can have following eigen equations
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kX

k.a=mz-2arctan(—-),(m=1,2,3,--") (3.41)

r=-x

a, =k (& =) -k (3.42)

2
szq—[ﬁ} (3.43)
kO
ay = [k (5, DK} -k} (3.44)
Ky 3.45
2k b=nrx - 2arctan(;),(n =12,3-) (3.45)

y

B =ks, -k =K (3.46)

The electric fields and magnetic fields of TM in a rectangle dielectric rod, shown in Figure 3.2

(c), are as follows:

2
E, = H,cos(k,X) cos(kyy+77y)(%—(E—;ﬂ)e"ﬁZ (3.47)
H Kk k 4
E, = ;Txﬂysin(kxx)sin(kyyJrryy)e"ﬁZ (3.48)
jkH, . ipe
E, =——sin(k x)cos(k,y+n,)e (3.49)
e
H, =0 (3.50)
H, =H, cos(k,x)cos(k,y +n,)e " (3.51)
jk H .
H, = ; L cos(k,)sin(k,y +7,)e " (3.52)

The main field components of Tm? are Ey and Hx, and Hy=0. Therefore, a TM mode is associated
with a VP field in the UDR-ALTSA antenna. After a TM}, is rotated by 90-degree to the z-axis, it

will become a TM* . A TM ., is associated with an HP field in the UDR-ALTSA antenna. One can
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deduce each field components of Tm* mode using formulas (3.47)-(3.52). When »,=0, Tm* mode

reaches the maximum Ex on y=0 plane, and Figure 3.18 is a sketch picture of the field configuration

of Tm; on cross sections of dielectric.
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|

Figure 3.18: Sketch picture of the field configuration of Tm>

3.2.2.2 Mechanism of CP radiation

To achieve CP radiation, it is important that the UDR in a UDR-ALTSA should enhance the
original VP radiation much more than the HP radiation from the ALTSA and ideally even equalize
the VP radiation to the HP radiation. How could this be achieved? The following is an explanation
for such a procedure based on modes in the UDR.

A UDR fed by an ALTSA could be divided into four regions as shown in Figure 3.19 (a). A ™2,

mode could exist in region I, Il and 111, almost the whole UDR. The two flaring metal plates of the

ALTSA act as a PEC in Figure 3.2 (b) and do not suppress Tv. . A TM* mode could exist only in
region Il where have a maximum g_on y=0 plane. On the other hand, Tm could not appear in

region I, 111, and IV where g =0 due to the two flaring metal plates.

When a TE1o mode in an SIW is feeding into the ALTSA, the Ey in region | would excite a Tm
mode in the whole UDR. Consequently, the UDR can effectively enhance the original VP radiation
in the ALTSA.

On the other hand, the HP component of the ALTSA would excite the tm mode only in Region

Il of the UDR. Region II, as shown in Figure 3.19 (b), is a dielectric rod with a tapered width,
which could be treated as several cascading dielectric rods with different uniform widths. The

smaller the width is, the higher the cut-off frequency of Tm). is.
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The ™™} could not be excited in the left red area of Region Il where the cut-off frequency of tm is

higher than the operating frequency. However, it can only be excited in the right green area where
the cut-off frequency of Tmxis lower than the operating frequency. Therefore, the ALTSA excites

T™MX only in a small area of the UDR, and the UDR cannot effectively enhance the original HP
radiation from the ALTSA. Moreover, because the propagating area of Tm2 is at the tail end of the
UDR-ALTSA, most of the power is used to excite the Tm, mode before it reaches the propagating
area of Tm» . Consequently, the power used to excite the Tm mode is much lower than the power
used to excite the T™), mode in the UDR-ALTSA. From a power distribution network viewpoint,

the VP radiator takes up a bigger portion of power than the HP radiator.

. Propagating area

SIw ALTSA . Cut-off area

(@) (b)

Figure 3.19: (a) Four regions and (b) Region Il and its cascaded dielectric rods
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Figure 3.20: Radiation comparison (HP/VP) and phase difference of ALTSA and UDR-

ALTSA vs frequency in far zone

The UDR-ALTSA uses two modes of tmy and Tm2 in the UDR together with a smart exciting

structure, thus achieving a CP radiation. It is important to note that the UDR in the UDR-ALTSA

antenna can affect the VP and HP radiations in different ways.

To numerically evaluate the effects on the HP and the VP radiations of a UDR loaded on an ALTSA,
the ratios of HP to VP radiations from the ALTSA with a 0.508 mm thick substrate and the UDR-
ALTSA of Figure 3.17 have been simulated at z=1000 mm for the end-fire direction, where the far
zone is for both antennas. The thickness and the relative permittivity of the dielectric substrates in

the UDR-ALTSA are chosen to ensure the effective propagation of the T} mode. The dielectric

blocks are the same width as ALTSA’s. This would benefit its fabrication in the future. To remove
the reflection effect on the radiation strength, both the HP and the VP radiating fields are all

normalized using @-|s,[*. Figure 3.20 shows that the original VP radiation produced only by an

ALTSA without a UDR are much weaker than the HP radiation. It also shows that the UDR in the
UDR-ALTSA does mainly enhance the VP radiation rather than the HP radiation of the ALTSA.
Moreover, the phase difference between the HP and VP radiations of a UDR-ALTSA becomes

smoother than a single ALTSA. It would be benefit from a wider axial ratio (AR) bandwidth.

3.2.2.3 Parameter Study

The length, gap width, dielectric substrate thickness, and dielectric permittivity of an ALTSA are

key influential parameters in the performances of an UDR-ALSTA. Parametric studies are
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implemented to explore the effects of these parameters on CP performances. When a parameter
changes in the following simulations, the other parameters will remain the same as in the caption
of Figure 3.17.

5.0 300 10 300

—=— Mag. HP/VP 29 GHz
—e— Phase HP/VP 29 GHz \
~ ‘ ~
gz2s —e— Phase HP/VP 29 GHz|— 200 e g > N 250 2
g R g g %
2 2 g Vil 2
%5 00 10 5 5 0 2005
g — [—=— Mag. HP/VP 29 GH s g s
—=— Mag. z = =
N 5 £ 2
g kS g 8
S 25 0 = s 51— N——% 150~
-5.0 -100 -10 100
0.0 0.6 12 18 24 3.0 0 5 10 15 20
W, (mm) L, (mm)
(@) (b)

Figure 3.21: Ratio of HP to VP radiations from ALTSAs in far zone at 29 GHz with different (a)
the gap widths and (b) lengths of ALTSA

Figure 3.21 presents the ratios of HP to VP radiation from the UDR-ALTSAS in the far zone at 29
GHz with different gap widths Wy and lengths La of the ALTSA. It shows that both parameters
could be used to tune the magnitude ratio of HP to VP radiation, and the length of ALTSA could
be also used to turn the phase difference between the HP and VP radiation. The results are important
to provide an appropriate design guideline for the UDR-ALTSA CP antenna.
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Figure 3.22: Ratio of HP to VP radiations from ALTSASs in far zone at 29 GHz with different (a)
dielectric permittivity and (b) the thickness of UDR

On the other hand, Figure 3.228 depicts the ratios of HP to VP radiation in the far zone at 29 GHz
with different dielectric permittivity and thicknesses of UDR. It suggests that the permittivity
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should have large effects on the ratio of HP to VP radiation. When the permittivity is very low, e.g.
g, =22, the Tmy, cannot exist so that the VP radiation enhancement is not available. When the

permittivity is modest, e.g. &, =3.55 Or ¢ =6.6, the Tm? can exist, and the VP radiation can be
enhanced effectively, even exceeding the HP radiation. When the permittivity is high,e.g. ¢, =9.8,
not only can Tm2 be excited effectively but also Tm; then, the magnitude ratio increases again.

When the permittivity changes but is not very high, the phase difference between the HP and VP
radiation remains smooth. When the permittivity becomes high, however, the phase difference

would change drastically. It is due to the improper excitation of Tv.

The thickness effects of the UDR could be also explained by its modes. When a UDR s thin, eg.
0.254 mm, the T/, is in a cut-off state, and the VP radiation enhancement is not available. When

a UDR is very thick, e.g. 2.54 mm, the Tm? does not synchronize well with the exciting Ey in the

ALTSA, and the VP radiation enhancement does not occur very well.
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Figure 3.23: Ratios of HP to VP radiations from ALTSAs in far zone with different backward
lengths of UDR: (a) magnitude and (b) phase

Figure 3.23 describes the ratios of HP to VP radiations from ALTSAs in the far zone with different
backward lengths of the UDR. It shows that when frequency exceeds 27 GHz, both the magnitude

and phase curves are smooth, which means that the effects of the length are relatively small.

The results plotted in Figure 3.21 to 3.23 suggest that the phase difference between the VP and HP
radiation is not so sensitive to the UDR parameters. The ALTSA and the feeding SIW are also
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travelling-wave structures generally with wide bandwidths. All those features would be beneficial
for a CP antenna with a wide bandwidth.
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Figure 3.24: Ratios of HP to VP radiations in far zone in far zone vs frequency at end-fire

direction, 10° azimuth angle and 10° elevation angle

To examine how well the UDR-ALTSA could satisfy the CP radiation conditions, Figure 3.24
shows the ratios of HP to VP radiation at three spatial angles in the far zone at different frequencies.
The magnitude and phase conditions remain stationary when frequency exceeds 27 GHz. The little
difference observed in the curves of different spatial angles also implies a wide AR beam width.

3.2.2.4 Design Guide

Based on the mechanism of the proposed UDR-ALTSA antenna and its parametric study, a design
guideline can be summarized as follows.
(1) Choose a dielectric substrate. The substrate should be thick enough to ensure a T™;

propagation in the substrate. The accurate relationship between the dielectric thickness and the
cut-off frequency of the T™), mode is indirect and complex. A simulation tool can be used to
extract information related to such a relationship; the formula (3.26) can be used for a primary
design. For practical design, the thickness and permittivity of a dielectric substrate are usually

specified. The width of the dielectric can be used to tune the propagation constant of tm in

the dielectric.
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(2) Consider the SIW substrate. The substrate should be thin enough to ensure a reasonable
performance and an easy integration with an RF subsystem. Usually its thickness should be

less than0.054, in the millimeter wave range.

(3) Determine the width of the SIW and dielectrics. The width should ensure the TE,, propagation
in the SIW. Usually, the width is larger than the thickness of the dielectrics so that the T™., is
also a propagating mode in the dielectric after the T, propagates in the SIW.

(4) Select the lengths of the UDR and ALTSA. The longer the UDR and ALTSA are, the higher

the gain of the CP antenna becomes. Besides, the parameters of the UDR and ALTSA can be

used to tune the magnitude ratio and the phase difference between the HP and VP radiations.

(5) Optimize the above-mentioned parameters using a full-wave simulation tool to ensure good
matching, wide impedance and AR bandwidth, and desired gain. It also helps to balance

performance and size.

3.2.3 Simulation and Measurement Results
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Figure 3.25: (a) Prototype of UDR-ALTSA and (b) its structure diagram

(h=0.508, b=1.524, Dvia=0.2, dvia=0.35, dw=0.35, L1=5.72, La=10.1, L¢=15.3, Lc=11.7, Lc1=4,
Lc2=5.7, Ws1=0.33, Ws2=0.435, Wc1=0.72, Wc2=4.7, Wg=1.3, Ws=7.4, Wsr=5.9, W=8.4. unit: mm)

To verify the discussed mechanism and design considerations, an experimental prototype of the
proposed UDR-ALTSA, as shown in Figure 3.25, has been designed, fabricated and measured. The
operating frequency of the prototype is set at 28 GHz and above so that it can be applied in 5G or
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B5G systems. Most of the parameters of a UDR-ALTSA can be determined by the design guideline
in the previous section. A connector and a CPW-SIW transition, however, must be added to the
UDR-ALTSA for measurement. Because the UDR-ALTSA is smaller and thinner than the
connector, the connector has strong effects on the radiation performances of the UDR-ALTSA. It
actually degrades its AR. As a result, the parameters of the prototype in Figure 3.21 are determined
only after co-simulations of the whole prototype, including the connector and the CPW-SIW

transition.

The prototype of the UDR-ALTSA, including the CPW-SIW transition, is only
2.57h0*0.780*0.33k0 at 28 GHz. Thanks to its compact size and fully planar structure, the UDR-
ALTSA end-fire CP antenna is a suitable candidate for the antenna element of a large array. When
used as an element antenna, the UDR-ALTSA will be fed with an SIW feeding network, which
does not need a connector or a transition of CPW-SIW for measuring. Also, the two margins
between two element antennas would be unnecessary. Therefore, the size of the UDR-ALTSA in
an array is actually 1.48\0*0.73%0*0.33A0, and the thickness of its feeding substrate is only 0.047o.
The thin feeding substrate would also bring certain benefits to the mingled multilayer feeding
network of a large array. For a scanning array with a modest scanning angle, the size is also

acceptable, and grating lobes would not exist.

Figure 3.26 depicts the simulated and measured reflection coefficients and realized gains of the
UDR-ALTSA. The measured impedance bandwidth for S,,| <1508 is 15% from 26.65 GHz to 31

GHz, and the bandwidth for |s |<-10d8 is 72% or 2.13:1 from 26.15 GHz to 55.8 GHz. The

measured gain is over 9 dBi from 27.5 GHz to 34 GHz, and the maximum gain is 11 dBi. Without
a connector, the UDR-ALTSA is expected to have a much wider impedance bandwidth. The

simulated results with a wave-port in Figure 3.26 have indeed verified the presented proposition.
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Figure 3.26: (a) Reflection coefficient and (b) gains of UDR-ALTSA
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Figure 3.27: Simulated and measured radiation pattern of UDR-ALTSA

on (a) xoz plane at 27 GHz, (b) yoz plane 27 GHz, (c) xoz plane at 29 GHz, (d) yoz plane 29
GHz, (e) xoz plane at 31 GHz and (f) yoz plane 31 GHz

Figure 3.27 shows the simulated and measured radiation patterns at three different frequencies.
Both simulated and measured results suggest that the proposed UDR-ALTSA has a wide AR beam
width, which is almost the same as the width of its main lobe. The pattern has a moderate FTBR

and symmetry.

(@)

(b)
Figure 3.28: 3-D pattern of UDR-ALTSA (a) radition pattern and (b) AR pattern

Figure 3.28 plots the simulated 3-D radiation pattern and AR pattern of the UDR-ALTSA prototype

antenna. It also shows a nice end-fire left hand CP pattern, which has a modest symmetric radiation

and AR patterns.
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Figure 3.29: (a) AR vs frequency and (b) AR vs azimuth and elevation angles

Figure 3.29 shows the simulated and the measured AR, which are found to agree well with each
other. The measured 3-dB AR bandwidth is 19.7 GHz from 25.3 GHz to 45 GHz, and it is covered

almost by the whole impedance bandwidth of S, <~100B - The measured AR is larger than the

simulated AR, which may root from the influence of the connector for measurement. During
simulation, a wave port can be used to replace the connector. The simulated AR with a wave port
shows that the AR is actually much lower than with a connector. Therefore, in a practical
application, the UDR-ALTSA is expected to have a better AR performance. The measured AR
beam width on the azimuth plane is 37° from -23° to 14°, and on the elevation plane it is 56° for -
24° to 32°, which are almost the same as the width of its main lobe.

3.3 Comparison and Discussion of Planar End-fire CP Antennas

Table 3.2 summarizes and compares the features of the state-of-the-art end-fire CP antennas in the
thesis and other end-fire CP antennas in [30], [53], [56], [76]-[79] in terms of 3dB AR beamwidth,
3 dB AR bandwidth, impedance bandwidth, gain, and size. These antennas could be roughly

divided into two groups: low gain with thin substrates, and high gain with thick substrate.

These antennas of low gain with thin substrates consist of electric and magnetic dipoles placed in
end-fire direction [30], [53], [56]. Both the two types of dipoles have an omnidirectional pattern
and not an end-fire pattern, although these antennas have wide AR bandwidth. Therefore, the gains

of these antennas are very low. Moreover, these antennas use vertically mounted cable probes for
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feeding, and thus are not fully planar structures. Using a Yagi array could improve the gain of the
dipole type of CP antennas, though these antennas still use cable probes.

These high gain antennas with a thick substrate are usually the ALTSAs fed by SIWs [76]-[77],
thick SIW horn [78], or ALTSA-SIW composite antenna [79]. The ALTSA-SIW composite
antenna in [79] has a similar structure with the horn-ALTSA, but the phase centers of the ALTSA
and the SIW horn are separated by a long distance, thus degrading its AR beam width on the
substrate plane. The proposed horn-ALTSA antenna in Section 2.2 has a compact feeding structure,
and the phase centers of ALTSA and SIW horn is very close. These features would benefit to a

wide AR beamwidth and a large CP array.

The antenna in [78] is actually a 4-element array, and has switchable beams. It must use thick two-
layer substrate and is not a fully planar structure because of a vertically mounted cable probe for
feeding. The substrates used in antennas in [76]-[77] are still relatively thick to produce enough
VP radiation to realize a CP antenna. The proposed slot-ALTSA composite antenna in Section 2.3
uses extra slots to enhance VP radiation, and the approach could be expected to be available to a
thinner substrate than in Section 2.3. As a unique property, the proposed antennas in Section 2.2
and 2.3 actually provide practical solutions of planar single-layer end-fire CP composite antenna
arrays with high gains. Moreover, the two solutions in in Section 2.2 and 2.3 could be combined to
form a generalized array solution to a higher gain CP antenna. The solution is flexible to choose
the number and structures of antenna elements, so the gain and radiation pattern of the element can

be adjusted to meet diverse requirements for practical applications.

When a substrate is thick, the transition of SIW to other planar transmission lines or components
are low performance, and it will suffer from a high loss due to radiation and surface waves.
Accordingly, the antennas in [76]-[77] use the transitions of SIW to waveguide to achieve good
performances, and are not fully planar structures. Although the waveguide transitions could be
replaced by planar transition, the planar transitions are actually not practical. Modern RF systems
usually use mingled multilayer substrate PCB technology for good performances. The substrate of
RF circuits in a mingled multilayer substrate must be very thin, e. g. 0.508 mm in Ka band.
Therefore, the feeding substrate of the planar end-fire CP antennas must be as thin as the substrate

of RF circuits for an easy integration.
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Compared to high gain CP antennas in [76]-[79], the proposed UDR-ALTSA antenna has the
thinnest feeding substrate and the smallest size with good performances comparable to any other
antennas. These features make SIW-based UDR-ALTSA the first option for realizing high gain
planar end-fire CP antennas. Moreover, the novel dielectric and excitation structures and
mechanism of only VP radiation enhancement developed in the UDR-ALTSA would expand the
applications of UDR antennas.

Table 3.2: Comparison of planar end-fire CP antenna

3dB AR Impedance Gai Size
ain
Related | panawidth | 9B AR Bandwidth
Papers Beamwidth (dBi) (%)
(%) (%)
[30] 9.2 92° 2.4 3.2 0.74*0.60*0.039
[53] 14.5 80° 1.9 2.3 0.74*0.65*0.048
[56] 8 250° 22.2 1.5 0.66*0.97*0.04
6.2-
[76] 345 N.A 32 96 3.5%1.5%0.25
: 10.1-
[77] 42.9 N.A 53 (1.7:1) 12.9 5.88*0.71*0.441/0.147
10.4- rox
[78] 23 N.A 29 128 20*3*0.38
[79] 8.9 N.A 20 8.4 7.2*%5.4*0.13
Horn- 5.9 20° 5 8.5 7.5%4.4%0.13
ALTSA ' ' D
Slot- 0 0 * *
ALTSA 5 26°/15 32 8.0 3.8%1.25*0.13
UDR- 56 56/37 72(2.1:1) 9.1-11 | 2.66*0.81*0.34/0.05
ALTSA o ' ' ' ' '




113

CHAPTER 4 SIW PERIODIC CHARACTERISTICS AND
CALCULATION FORMULAS

Transmission lines are not only basic microwave components but also constituent parts of antennas.
As a kind of planar transmission line, SIWs have been applied to various microwave/millimeter
wave systems and antennas. When operating frequency is high and the periodicity of via array in
an SIW is comparable to the operating wavelength, the SIW should be treated as a periodic rather
than a uniform structure. When the periodic characteristics of an SIW are concerned, however,
there are still obscure to be clarified. This chapter concentrates on the SIW characteristic associated
with its periodicity and calculation method related to SIW, emphasizing on the differences between

an SIW and a uniform transmission line.

Section 4.1 is a brief description of SIW. Section 4.2 discusses the modes in an SIW, emphasizing
on the differences between the modes in a periodic structure ans the eigenmode in a uniform
structure. Section 4.3 demonstrates that the wave impedance in a periodic transmission line, such
as SIW, is not uniform, emphasizing that only normalized impedances in an SIW is available. Then
defines a kind of equivalent impedance of SIW. Section 4.4 proposes and examines closed-form
formulas of characteristic parameters in a periodic structure (FPPS) based on field-distribution.

Section 4.5 investigates the reflection characteristics in a periodic structure using the FPPS.

4.1 Structure Description and Parameter of SIW

4.1.1 Structures of SIW and Its Equivalent Dielectric Filled Waveguide

Metallic via _.-: Z)\‘X.:
Unit cell \
1l i Substrate
h
T .
Conducting
<~ plate

Figure 4.1: Structure of SIW
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Figure 4.2: Equivalent DFW of SIW

An SIW, shown in Figure 4.1, is similar to a rectangle dielectric-filled waveguide (DFW), and its
two rows of periodic metallic via arrays act as two narrow walls of the rectangle waveguide.
Although an SIW is a periodic transmission line, we can roughly treat it as an equivalent DFW, as
shown in Figure 4. 2, because its periodicity is usually much smaller than a wavelength. The
equivalent DFW has the same substrate as the SIW. The width of the DFW is chosen so that it has
the same propagation constant or impedance as the associated SIW. At a primary design, one

usually uses an equivalent DFW to replace an SIW to improve design efficiency.

Because an SIW is a periodic transmission line where there are a fundamental mode and space
harmonics. Usually, the propagation constant of the fundamental mode is regarded as the

propagation constant of the SIW.

4.1.2 Equivalent Width of SIW

An SIW has the same propagation constant as its equivalent DFW. Under the criterion, the width
of the equivalent DFW of an SIW can be determined. Following are the typical formulas of the
equivalent width of SIW [2].

q2

W, =W, — 4.2)
0.95x p

When the d /w, is large, the above formula is modified as [4]

d? d?
W, =W, —1.08x — +0.1x — (4.2)
e S p WS
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The formulas (4.1) and (4.2) is accurate when the following conditions hold true [4, 5].

p>d

p/ A <025
alk, <1x10™
p/A, >0.05

(4.3)

where K, is the wavenumber in air, & is the attenuation constant and A, is the cutoff wavelength

respectively.

4.1.3 Losses in SIW

The losses in an SIW roots from three different mechanisms: conductor, dielectric and radiation.
The dissipations from conductor and dielectric in SIW are similar to that in a DFW. The thinner
the substrate is, the larger the conductor loss is. Dielectric losses are due to the dissipation in the
substrate material, and roughly independent of the geometry of SIW. The calculation of conductor
and dielectric losses in an SIW can be based on the equations derived for the classical rectangular
waveguide [144]-[145]. However, no equation in a classical rectangular waveguide is available to

calculation of the radiation loss in SIW due to its open structure.
The attenuation constant, associated with dielectric loss, is related to the propagation constant k,,

the wavenumber k in the dielectric and the loss tangent tand , and is as follow [38]

k?tand
(Xd =
2k

z

(NP /m) (4.4)

When the attenuation constant, o, associated with conductor loss is small, it can be calculated

using a well-known perturbation method [39]. For the dominant mode TEio, the attenuation

constant is as follow

il
o =R et (4.5)
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where R, =1/(s3,) IS the surface resistance of the conducting plates of the SIW, and s, is the skin

depth of a conductor plate with a thickness t, which is introduced by Hiraoka [146] as a

modification to the skin depth of a half-infinite conductor.

5, =8(1—e ) (4.6)
5= 4.7
Jrfuc (4.7)

The radiation loss in a properly designed SIW is usually much smaller than conductor and dielectric
losses. The radiation from the grid of metallic vias in an SIW leads to losses, and M. Pasian gives

a formula of radiation loss in an SIW as follows [147]

i i 2-84[p_1j6.28
AV d

o = —~—(dB/m) (4.8)
4.85\/(2\24) -1

When all the three types of losses are small, the total attenuation constant a, is the summation of

all the three types of attenuation constants.

=0, +0,+0, (4.9)

4.2 Modes in SIW

Although the modes in an SIW are similar to the TEmo modes in its equivalent DFW and are
regarded as quasi-TEmo modes, the modes in an SIW are certainly different from the eigenmodes
in the DFW because SIW is a periodic transmission line. When the periodicity of SIW is
comparable to the operating wavelength, the differences would become obvious.

4.2.1 Modes in Uniform Transmission Line

A uniform transmission line, such as a DFW, has the same cross sections at any longitudinal

positions so that the E"(x,y), which is also called as the transverse shape of the eigenmode, is

independent of the longitudinal coordinate z. It means that each eigenmode in a uniform
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transmission line has a constant transverse shape. In a uniform transmission line, the field of any

eigenmode can be written as follows [38]
E" (X, Y,2) = E (x, y)e k"2 (4.10)
VIES (%, ) +[K?* = (k;")*]E;" (x,y) =0 (4.11)

where any eigenmode function E{"(x,y), representing transverse shape of field distribution, satisfies

individually the transverse boundary conditions in the any cross section of a uniform transmission
line. It should be noted that the equation (4.11) is a transverse two-dimensional partial differential
equation. After solving the equation (4.11), one has an eigen equation like Pythagorean theorem

about propagation constant and transverse wavenumbers of the eigenmode as follow
(kzuni)z —Kk2— (k:ni)z _ (k;nni)z (412)

where k" and k', called as transverse wavenumbers, are eigenvalues of x-direction and y-direction

respectively. In the eigen equation in (4.12) the propagation constant is related to the transverse
wavenumbers which are determined by solving a transverse two-dimensional partial differential
equation. Therefore, the propagation constant of any eigenmode is only related to the shape, size

and boundary conditions of the cross section in a uniform transmission line.

4.2.2 Modes in Periodic Transmission Line

In a periodic transmission line, its cross section changes along with its propagation direction and
is not uniform. Different cross sections must lead to different transverse shapes of a mode and
different transverse “wavenumbers” of the field mode. It means that it is impossible for a periodic
transmission line to have a mode that keeps a constant transverse shape along with its propagation

direction. For a periodic transmission line like an SIW, one has [38]
E(x,y,z) =E,(x,y,2)e " (4.13)
Eo(X. Y, 2+ p) =Eq(X,Y,2) (4.14)
where E,(x,y, z), the function of fundamental mode, is a periodic function with a periodicity p.

Substituting (4.13) into a wave equation, one has


https://cn.bing.com/dict/search?q=Pythagorean&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=theorem&FORM=BDVSP6&mkt=zh-cn
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VZE,(X,Y,2) +

’E . OE

Rather than two-dimensional, the equation (4.15) is a three-dimensional partial differential

equation. The transverse shape of fundamental mode E,(x, y, z) is not constant, and depends on

z-coordinate. As a result, in a periodic transmission line, the fundamental mode is different from

eigenmode in a uniform transmission line. According to Floquet theorem, E,(x, y, z) is a periodic

function, and can be expanded into space harmonics as follow

.2nm
_j2,
Eo(xY,2) =D Eo(xy)e ° (4.16)
and (4.13) can be expressed as follow
—j[kﬁﬁ]z
E(x,y,2) =D E (X y)e P 4.17)

The space harmonic E_ (x, y) is also called as Floquet mode. It should be noticed that any space
harmonics E_,(x,y) , even the fundamental space harmonic E,(x,y) , does not satisfy the

boundary conditions of any cross sections of the periodic transmission line individually, and any

single space harmonic does not exist alone in a periodic transmission line. Accordingly, as for k.
of any space harmonic, even the k, of its fundamental mode, there is not an eigen equation similar
to equation (4.12).

For simplicity, the propagation constant of the fundamental mode in SIW is usually regarded as

the propagation constant of SIW. It should be keep in mind that the fundamental mode in a periodic
SIW and the TE10 mode in the DWF have different definition and characteristics.

4.3 Impedance Characteristics of SIW

Wave impedance characteristics of uniform and periodic transmission lines are different. The
former is uniform and independent of positions, and the latter is not uniform and related to both
longitudinal coordinate z and transverse coordinates (x,y). It is difficult to rigorously define a kind

of impedance in a periodic transmission line, because its cross sections change along with its
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propagation direction. Consequently, the impedance in a periodic transmission line is usually
defined only at the interface between two unit cells. Based on the periodicity in a periodic
transmission line, a kind of normalized impedance can be defined as in [39]. To obtain an
impedance from the normalized impedance, however, one must specify a standard impedance. How
to define a standard impedance is still ambiguous, especially in a periodic transmission line, such
as an SIW.

In [39] the normalized impedance can be defined on the reference interfaces of the unit cell in a
periodic transmission line. Consequently, the standard impedances could be the impedance of a
transmission line that is connected to the reference interfaces. The definition of a unit cell in a
periodic transmission line, however, is not unique. Figure 4.3 shows two different definitions of a
unit cell in an SIW. On the reference interface of unit cell A, the cross section is like a rectangle
waveguide. On the reference interface of unit cell B, however, the cross section is like a parallel-
plate waveguide. The impedances of the rectangle waveguide and the parallel-plate waveguide are
different. Therefore, the standard impedances of the two different kinds of unit cells are also
obviously different.

Unit cell A Unit cell B
| | | |
| |
e © ¢ ¢ o0 @0 0, 0,00
| | | |
| | | |
| | | |
| | | |
| | | |
| |
© © ¢ ¢ o000 0, 0,00
t t t t
A cross section B cross section

Figure 4.3: Two types of unit cells of SIW

Even after a unit cell is specified, the wave impedance in an SIW cannot be regarded as a standard
impedance. The characteristics of wave impedances in a periodic transmission line will be

examined.
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4.3.1 Wave Impedance in Periodic Transmission Line

The wave impedance in a periodic transmission line is complex and depends on positions in the

transmission line. One can write electromagnetic fields in a periodic transmission line as follow
E(X,y.2) =E,(x, y,2)e *=[E,o(X, Y, 2)e, + E, o (X, V. 2)e, + E,o(X, ¥, 2)e,]e ™ (4.18)
H(X, Y,2) =Hy (X, Y, 2)e %" =[H,o(X, ¥, 2)e, +H (X, Y, 2)e, + H,o(x, y, 2)e,Je (4.19)

where both E_(x,y,z) and H,(x,y, z) are periodic functions about the argument z. To expand

Maxwell electric field curl equation into scalar equations, for TE modes, E,, =0, and we have

% H 4.20
—_——_— (D .
5 - Jonn, (4.20)
OE
L =—jouH 4.21
5 - JouH, (4.21)
Substituting (4.18) and (4.19) into (4.20) and (4.21), we have
E OE
o o 5 1 B (4.22)
_HXO kz kz (_on) oz
Bo_on_j 1 (4.23)
H,o Kk k,H,, oz
We can deduce the wave impedance of TE mode in a periodic transmission line as follow
E ok
7 ——w o ;1 %y (4.24)
_HXO kz kz (_on) 0z

To determine characteristics of the wave impedance, we can first assume that the wave impedance
is independent of variable z, which is just the case in a uniform transmission line. Accordingly, we

can set
E (X Y:2) =—Zie (X, Y)H, (X, Y, 2) (4.25)

Substituting (4.25) into (4.24), we can deduce
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WU
Z. = (4.26)
.OH_(X,V,z
k +J Xogzy)/on(X’ Y, Z)

z

oH,,(X,Y,2)

# 0. Moreover,
0z

Because H  (x,y,z) is a periodic function about the argument z,

8I—|m(a>;,y,z)/on(X, y,z) must be a function about the argument z unless the H_ (x,y,z)is an

exponential function about the argument z, which will not happens in a periodic transmission line.
Therefore, the equation (4.26) contradicts the assumption in equation (4.25). Accordingly, we must

set
E, (XY, 2)=-Z (XY, 2)H,o(% Y, 2) (4.27)

Substituting (4.27) into (4.24), we can deduce

2[4 1 Hyo(%¥,2) || 1 Zre o1 (4.28)
TE k,H,, (X Y,2) oz k, o2k

z

Similarly, based on (4.23) the wave impedances of TE mode in a periodic transmission line also

meets the following equation

Because both the differential equations (4.27) and (4.28) have complex and position-dependent

coefficients, one can draw out the following conclusions.

(1) The wave impedance of TE mode in a periodic transmission line changes along its propagation
direction and is not constant or uniform on its cross section.

(2) The wave impedance of TE mode in a periodic transmission line is a complex one. A complex
impedance means that there is stored energy and reflected waves at inner points in a periodic

transmission line.

Similarly, the wave impedance of TM mode in a periodic transmission line has the same
characteristics. These characteristics of the wave impedance in a periodic transmission line are
different from those in a uniform transmission line, and it narrows the availabilities of wave
impedance in a periodic transmission line. Therefore, the wave impedance in SIW cannot be

regarded as a standard impedance.
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4.3.2 Equivalent Wave Impedance of SIW

Although wave impedance in a periodic transmission line cannot be determined only based on the
propagation constant of the fundamental mode, we can still use the propagation constant of the
fundamental mode to define an equivalent wave impedance. Following is the formula of equivalent

wave impedance for quasi-TE modes in an SIW
=— (4.29)

where k, is the propagation constant of the fundamental mode of the SIW. The definition of the

equivalent wave impedance of SIW is consistent with the definition of equivalent propagation
constant of SIW. The consistency not only holds true in quasi-TE1o modes but also keeps in quasi-
TEmo modes in an SIW.

4.4 Formulas of Characteristic Parameters in Periodic Structures

4.4.1 Why Need a Calculation Method of Characteristic Parameter

Bloch waves, which are also called as Floquet waves or Floquet modes in 1-D case, exist in the
periodic structures. Wave phenomena in a periodic structure, no matter a periodic transmission line
or a leaky wave antenna, differ from that in a uniform structure and are much complex than a
uniform structure. These complexities bring various constitutive parameters to characterize wave
phenomena in a periodic structure. On the other hand, the characterizations of wave phenomenon

in a periodic structure and the calculation of Bloch parameters are also much complex.

Both the eigenmode solver method and the equivalent network methods only involve the unit cell
in a periodic structure and are independent of exciting signals. These methods cannot obtain the
number and amplitudes of the Bloch/Floquet modes and cannot be use to calculate wave reflections
in a practical periodic structure.

Usually both the forward waves and backward waves exist in a practical periodic structure

simultaneously. When multiple exciting signals in different directions or some discontinuous
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boundaries exist in a practical periodic structure, big inner wave reflections would arise. The total
wave at an arbitrary point is the sum or superposition of the forward waves and backward waves.
To characterize the wave reflection in a practical periodic structure, a reflection coefficient is
necessary, which is defined as the ratio of the backward wave to the forward wave. To extract the
forward waves or backward waves from the total wave is critical to calculate reflection coefficients
or Floguet modes in a practical periodic structure. However, conventional electromagnetic full-
wave simulation tools, such as CTS or HFSS, also have not such a function of the separation of the

forward waves and backward waves.

4.4.2 Close-form Formulas of Characteristic Parameters in Periodic Structure

The FPPS is based on field distribution calculated by a driven-mode solver, achieves the separation
of the forward waves and backward waves from the total wave in a practical periodic structure, and
calculates reflection coefficient, propagation constant and amplitudes of the Bloch/Floquet modes.

Here FPPS are proposed.

In a 1-D periodic structure with a periodicity of p, a forward wave propagates along z direction,

and the forward wave of any field, for example E’ (x, Y, z), can be written as follow
E'(xy,2)=e“P"(x,y,2) (4.30)

where fis phase constant, « is attenuation constant, and the forward wave magnitude, P* (x, Y, z),
is a periodic function which means

P* (X y,2+p)=P"(x,y,2) (4.31)

Usually in a practical periodic structure there would be a forward wave and a backward wave

simultaneously, namely

E(xy.2)=E (%, y,2)+E (x,y,2) (4.32)

One can write a backward wave as follow



124

E (x,y,2)=e"e"P (x,y,2) (4.33)
Accordingly, the field components, E(x, y,z), inside the periodic structure is
E(x,y, z)=e e“P*(x,y,z)+e"*e”P (X,y,2) (4.34)

For simplification, the arguments x and y is no longer written in the following deduction, and (4.32)
and (4.34) are rewritten as

E(z)=E"(2)+E (2) (4.35)
E(z)=e " “P*(z)+e%e"P (z) (4.36)
From (4.36), one can write

E(Z+p) =e*iﬁ2efjﬁpe-ape-azP+ (Z+ p)+ejﬂzejﬁpeapeaZP7(Z 4 p)
=g Ve PP tPT () +e /el Pe e P (2) (4.37)

=e /P *PE" (z)+e'PePE (2)

To set
U = elbrgar (4.38)
and one can write the (4.37) as
E(z+p)=u"E"(z)+uE (z) (4.39)
Similarly, one can write
E(z-p)=uE’(z)+u"'E (2) (4.40)

From the equations (4.35), (4.39) and (4.40), we have

WE(z)-u[E(z-p)+E(z+p)]+E(2)=0 (4.41)
E'(2) = UZE(Z)U_Z“_El(Z ) S (4.42)
E ()= M, E,(z) = Ef(z)ufé (4.43)

u® -1



125

We can use any field components of E or H to obtain solutions of u in equation (4.41), and the

pair of conjugate solutions are

(Ei (z-p)+E(z+ p)+\/[Ei (z-p)+E(z+ p)]2 —4EZ(z)
e 2E (2) ’ (4.44)

(i=xY,2)

(Ei (2-p)+E (2+p)~\[E (2- )+ E (z+p)] ~4E2(2)
u,= 0 : (4.45)

(i=xY,2)

Based on (4.38), one can write the phase constant and the attenuation constants in a periodic

transmission line respectively as follow

B = phase(u) (4.46)
’ P
o= (4.47)
p

To calculate the phase constants and the attenuation constant at any point, we need to know the

field components at only three points.

Based on (4.42) and (4.43), one can obtain the space harmonics of forward waves or backward

waves as follows

.2nw

E;(x,y,2) =S E(xy)e P (4.48)

.2nm

. 1 . s
EnO(X, y) = EZ Eo (Xa Y, Zi)e P (449)

Also based on (4.42) and (4.43), using any available component of E or H, we can write the

reflection coefficient R as follow

2z

En(xY,2) _ UE(xY.z+Pp)-E(XxY.2) o
Eqsi(x,y,2) UE (X Y,2)-UE(X,Y,z+p)

R(x,Y,2) = (4.50)
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It should keep in mind that the reflection coefficient, R (x,y,z), is also a function with argument x
and y. Therefore, the reflection coefficient R, (x,y,z) in equation (4.50) is regarded as a point

reflection coefficient to distinguish a conventional port reflection coefficient defined on port. In a
uniform transmission line, the point reflection coefficient is the same as a port reflection coefficient
because the point reflection coefficient is uniform in the whole uniform transmission line. On the

other hand, an inhomogeneous R (x,y,z) would imply an inhomogeneous wave impedance, as

deduced in Section 4.3, due to the relationship between the reflection coefficient and the wave

impedance.

It should be noticed that above FPPS is also available to a uniform structure although a periodicity
is used during its derivation process. In fact, a uniform structure is also actually a periodic structure,

and any value can be its periodicity.

Figure 4.4 shows the implementation flowchart of the FPPS. In the implementation, one can use

any other electromagnetic simulation tools to replace CST in Figure 4.4.

EM Structure Field
Bandwidth > CST Distribution " FPPS
1
, } :
Phase and Attenuation Reflection Coefficient Eloauet Modes
Constants Wave Impedance g

Figure 4.4: Flowchart of FPPS

4.4.3 Verification of FPPS

To examine the validity of FPPS, the FPPS is applied to several cases and is compared to other
methods. The field values required by the FPPS can be calculated with a driven-mode solver in

commercial electromagnetic full-wave simulation tools, such as CTS or HFSS. The field

component used in the FPPS is E, except a special note.

For clear comparisons, besides Eigenmode Slover in CST, other methods to calculate characteristic

parameters are briefly described as follows.
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The analytical formulas of phase constant and reflection coefficient in a uniform lossless rectangle

waveguide are shown as follows

p=2E e, —(ﬁj (4.50)

REORAC s
-5 (2)

where Ao is operating wavelength, &r is relatively permittvity of the filled dielectric inside the

waveguide, and a is the waveguide width.

The attenuation constants in a transmission structure can be also determined with scattering

parameters by

2
a:_iln |821| > (453)
2L 1S,

where L is the length between two ports.

The phase constants in a periodic structure can be calculated by

p=20x (4.54)
p

where AQ,, is the phase variation of the S21 when the periodic structure increases a unit cell, and p
is the periodicity of the periodic structure.

The attenuation constant calculated by the formulas (4.53) is an average value along the whole the
structure. On the other hand, the formulas (4.53) and (4.54) are not accurate when strong reflection

exist in the structure. Moreover, the formula (4.54) is not always available. When the transmission

coefficient of a calculated structure is very small, the out-wave at port 2 is too weak to obtain an

accurate AQ,, .

In principle, the shapes and sizes of structures in the following cases could be chosen arbitrarily.

We use these specific parameters in the following cases just to verify the FPPS comprehensively.
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Case 1: A lossless periodically membraned-loaded air rectangle waveguide.

curveb
] s \CUI’VG4 CurveB PEC

1 v curve? o™

curvel
; \//'/

Figure 4.5: Structure of membraned-loaded air waveguide

(a=8 mm, b=4 mm, L=134 mm and p=6 mm. C 1: x=0, y=0, 31mm<z<103mm; C 2: x=0,
y=b/8, 31mm<z<103mm; C 3: x=0, y=b/4-0.5mm, 31mm<z<103mm; C 4: x=a/6, y=h/8,
31mm<z<103mm; C 5: x=a/3, y=b/8, 31mm<z<103mm.)

The Case 1 is used to examine performances of the FPPS in a closed periodic structure, as shown
in Figure 4.4. The 19 infinitely thin membranes are loaded in the waveguide to form a uniform
spacing array. The heights of upper and lower membranes are b/4, and the periodicity of the
membrane array is 6 mm. The waveguide has a passband from 19 GHz to 28 GHz, as shown in
Figure 4.5.
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Figure 4.6: Scattering parameters of periodic membraned-loaded air waveguide

To test the FPPS comprehensively, five curves, as shown in Figure 4.4, have been chosen to
calculate propagation constants along with themselves. Figure 4.6 (a) shows that calculated phase

constants by FPPS are almost the same at different points in C1 to C5 inside the waveguide. Figure
4.6 (b) plots the calculated phase constants with E,, H,and H, along C4 at 25 GHz. The

fluctuations of phase constants with different field components are about 0.0003 (1/mm) inside the
waveguide, which is only 107 of the average phase constant. These results show that the FPPS can

use any component of electric or magnetic fields to calculate propagation constant.

0.40 T T T T T T T 0.3770 T T T
——cC1 ——C4Ey
—C2 —— C4 Hx
——c3 0.3768 ——CaHz
——c4
c5

0.38 0.3766 —

0.3764

Phase constant B (1/mm)
Phase constant . (1/mm) @ 25GHz

0.36 0.3762

T T T T T T T 0.3760 T T T T T T T T T T T T T T
40 50 60 70 80 90 100 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Z (mm) Z (mm)

(a) (b)
Figure 4.7: Phase constants of the membrane-loaded waveguide at 25 GHz

(a) along C1 to C5 with Ey and (b) along C4 with Ey, Hx and Hz components
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Along each curve, 466 points from z=31mm to z=103mm are chosen to calculate phase constants
at 25 GHz by FPPS. Table 4.1 exfibits the statistical performances of FPPS along each curves and
with different field components at 25 GHz. It shows that the random errors of the result by FPPS
are very low, which indicates FPPS can be implemented at any point and hold a high accuracy

when applying to a closed lossless periodic structure.

Table 4.1: Statistical performances of FPPS

Curves g (LUmm) | & (I/mm) | CST (1/mm)
C1l 0.3764 | 1.340x<10-4 0.379
C2 0.3764 | 1.338x%<10-4 0.379
C3 0.3764 | 1.336x%<10-4 0.379
C4 0.3764 | 1.338x10-4 0.379
C5 0.3764 | 1.338x10-4 0.379
Field component | 5 (1/mm) | &, (1/mm) | CST (1/mm)
Ey 0.3764 1.34%10-4 0.379
Hx 0.3764 5.50%<10-5 0.379
Hz 0.3764 1.52x10-4 0.379

A comparison among FPPS, formula (4.54) and the Eigenmode Solver of CST from 19 GHz to 28
GHz is shown in Figure 4.7.

05

—— FPPS
— CST
Formula (4.54)

0.4

Phase constant § (1/mm)

0.0

T T T T T T T T
19 20 21 22 23 24 25 26 27 28
Frequency (GHz)

Figure 4.8 Comparison of phase constants among FPPS, formula (4.54) and Eigenmode Solver of
CST
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Case 2: A loss periodically membrane-loaded dielectric-filled waveguide.

Case 2 is used to check performances of FPPS when it is applied to loss closed periodic structures.
The waveguide in Case 2 is the same as Case 1 but filled with different loss dielectrics to replace
the air. The relative permittivity of all the filled dielectrics is 2.2, and loss tangents are 0.0, 0.03,

and 0.05. For clear comparisons, the results of loss tangent zero are also calculated.

S-Parameter (dB)
S-Parameter (dB)

(@) (b) (©
Figure 4.9: S-Parameters of membrane periodically loaded loss waveguide
() t93=0, (b) 193=0.03, and (c) t93=0.05

Figure 4.8 depicts the simulated S-parameters of these membrane-loaded waveguides. When the
lossless dielectric is filled, Figure 4.8 shows that the membrane-loaded waveguide has obvious
passbands and stopbands. The first passband is from 12.6 GHz to 19.2 GHz, and the second
passband is from 21 GHz to 31.2 GHz. The first stopband is from 19.2 GHz to 21 GHz, and the
second is from 31.2 GHz to 35.5 GHz. When loss dielectrics are filled, there are not obvious
passbands and stopbands, and the transition between a stopband and a passband is not so sharp as
lossless dielectrics. A loss associated with tangent of 0.03 is actually very big, and the transmitting
coefficient |Sz1| is small both in the passband and the stopband. It would affect the performances
of formulas (4.52) and (4.53).
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Figure 4.10: Calculated phase and attenuation constants of membrane-loaded waveguide

(a) tg5=0, (b) 95=0.03, and (c) tg5=0.05
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Figure 4.9 (a) shows the calculated phase constants of the membrane-loaded waveguides with
different filled dielectrics. When the filled dielectric is lossless, the phase constants using the FPPS
agree well with that using CST both in passbands and stopbands. When the filled dielectric is loss,
however, the FPPS agree well with CST only in passband. In stopbands, the phase constant using
CST keeps constant, but the phase constant using FPPS is no longer a constant value. Because of
dielectric loss, the transition of S-parameters from a passband to a stopband, as shown in Fig. 4 (b),
is smooth and not sharp. Similarly, the phase constants in a stopband would be no longer constant

due to loss. Therefore, the phase constant by FPPS would be more reasonable.

Different the eigen-mode solver, the FPPS can be used to calculate the attenuation constant. When
the filled dielectric is lossless, Figure 4.9 (a) shows that the attenuation constants by the FPPS are
zero in passhbands, and have values more than zero in stopbands. When the filled dielectric is loss,
Figure 4.9 (b) and (c) show that the attenuation constants by the FPPS have values more than zero
in both the passband and the stopbands. Therefore, the the attenuation constants by the FPPS is

also reasonable.

When a structure has a big loss, the accuracies of the formulas (4.53) and (4.54) will decrease.
Figure 4.10 shows the comparison of the phase constants by the FPPS and the formula (4.54), and
the comparison of the attenuation constants by the FPPS and the formula (4.53). When the filled
dielectric are loss, the loss of the membrane-loaded waveguide is big. The magnitude of out-going
wave at port 2 is too weak to accurately calculate the changes of both the phase and magnitude of
the out-going wave when an extra unit cell is added the waveguide. The scenario becomes worse

when the transmitting coefficient |Szi1| is very small, and it is demonstrated clearly in Figure 4.10.
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Figure 4.11: Comparison of propagation constants with FPPS and S-Parameter based formulas

(a) phase constant and (b) attenuation

Case 3: Periodic slotted dielectric-filled DFW.

The Case 3 is chosen to examine performances of FPPS in an open periodic structure. The periodic

slotted DFW, as shown in Figure 4.11, is 92 mm long, and 13 pairs of identical transverse slots,

etched on both broad walls of the DFW symmetrically, forms a uniform spacing periodic leaky

wave antenna.

Figure 4.12: Periodic slotted dielectric-filled waveguide

(a=8 mm, h=1.52 mm, I=6 mm, w=0.4 mm, p=6 mm.)
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Figure 4.12 shows the reflection coefficient and the radiation efficiency of the slotted DFW, and it
indicates that the sltted DFW has a relatively high radiation efficiency at about 14.1 GHz. A large
radiation efficiency means a big loss, and it will degrade the accuracies of formulas (4.53) and
(4.54).
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Figure 4.13: Simulated (a) S-parameter and (b) radiation efficiency of periodic slotted DFW

Figure 4.13 (a) shows the calculated phase constants by the FPPS and the eigen-mode solver of
CST. When an eigen-mode solver is applied to an open structure, the boundary size and boundary
condition could be optional, as shown in Figure 4.13 (b). Therefore, the calculated phase constants
by an eigen-mode solver are different with different boundary configuration. The slotted DFW is
an open radiating structure, and a kind of absorbing boundary condition should be enforced on the
boundaries of the unit cell during simulation. In the eigen-mode solver, however, only PEC, PMC
or periodic boundary conditions are available. When using the eigen-mode solver, two kinds of
boundary conditions: CST-1 and CST-2, are used. The boundary condition in CST-1 is a PMC
boundary enforced on outside planes close to the broad walls, namely H=h. The boundary condition
in CST-2 is a PMC boundary enforced on outside planes far from the broad walls, namely H>>h.
Figure 4.13 (a) shows that the phase constants by CST-1 and CST-2 are obviously different.
Therefore, it is not convenient and not accurate to use an eigen-mode solver to calculate phase

constants of a periodic radiating structure.
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Figure 4.14: Calculated phase constants of (a) slotted DFW by FPPS and CST, and (b) the
boundary condition of an open unit cell in eigen-mode solver of CST

Because of the open radiating structure and the big radiation loss, both the eigen-mode solver and
the formulas (4.54) are not available, and we must use other method to examine the accuracy of
the FPPS. Figure 4.14 (a) shows the simulated magnitude and phase distributions of Ey at 14.1 GHz
along z-axis inside the slotted DFW. It is clear that the phase delay in a short range less than a
periodicity does not hold a linear relation with position along propagation direction, and it means
the phase velocity and phase constant is not uniform. Across a long distance, however, the phase
delay has a linear relation with position. Therefore, one can use the phase delay of Ey across a long
distance to calculate phase constant. Figure 4.14 (b) shows the phase constant calculated by FPPS
and the phase distribution of Ey, and the results by the two method agree well each other. Therefore,

the FPPS can be applied to open radiating structures.
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Figure 4.15: (a) Magnitude and phase distributions of Ey at 14.1 GHz along z-axis of periodic
slotted DFW, (b) phase constants by FPPS and phase of Ey

The performances of theFPPS have been examined with diverse periodic structures, including
closed and open/radiating, and lossless or loss. Simulated results and the comparisons to other
results show that the FPPS is accurate formulas for wave impedance, phase and attenuation
constants, even strong reflections exist. After obtaining the required field values, the calculations

of all the parameters are analytical and direct processe

4.4.4 FPPS in 2-D Periodic Structure

The field in a practical 2-D periodic structure can be written as

E(x,y,2)=E;"(x, y, 2)e e "V +E;(x, y, 2)e e (2-55)
+E," (%, y, 2)ee ™ + By (x, y, 2)e e

where all the E;" (X, y,2),E; (X, Y,2),E;" (X, Y,2) , and E; (X, Y, Z) are periodic functions with
periodicity P, about the argument x and periodicity p, about the argument y. For simplicity, we

can use the following short forms to denote fields

E=E(x,y,2) (4.56)
Epn =E(X+mp,,y+np,,2) (4.57)

The (4.55) can be write as

E=E"+E" +E " +E~ (4.58)



138

To set U, =e*"and u, =e"™ . Based on Bloch theorem, we have

E,o=(E"+EN)U+(E" +E )y, (4.59)

E,o=(E"+E")u, +(E" +E )u (4.60)
Eou=(E"+E ' +(E™ +E ), (4.61)
Eo = (E"+E")u, +(E"” +E )y} (4.62)

Based on the equations (4.58) to (4.62), and to use any component of E; (i =X, Y, ), one can obtain

the solution of U, and u, as follows

EotBiao? \/(Ei,—l,o + Ei,1,0)2 - 4Ei2

J = 4.63
X 2E, o
u = Ei,O,—l + Ei,O,l + \/(;i;:o,_l + Ei,o;)z - 4Ei2 (4.64)

With U, and u,, itis easy to calculate K and ky . When U, and u, is known, one can easily obtain

the solutions of E™ ,E™,E™", and E™ from the linear equations (4.59) to (4.62), and then

determine their space harmonics.

In the above description of 2-D FPPS, the two axes of periodicity are assumed orthogonally, but

the formulations still hold in the case of generally skewed axes.

Similarly, the formulas for a multi-dimension periodic structure cauld be deduced, and the FPPS
could be applied to multi-dimension periodic structures.

The FPPS can also apply to uniform structures, because the formulas (4.55) to (4.64) hold no matter
the structures are periodic or uniform. Even if for a quasi-periodic structure with only three unit
cells, the FPPS is still available, and it can give the average values of the phase and attenuation

constants over the three unit cells.
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4.5 Reflection Characteristics in Periodic Structure

With the FPPS, it might be easier to reveal the physical mechanism of the periodic structures.

In a lossless uniform transmission structure, the amplitude of the reflection coefficient is uniform,
and the phase of the reflection coefficient is a periodic function with argument z. The reflection
characteristics in a lossless periodic transmission structure, however, are much complex. The FPPS
can extract the forward wave and the backward wave from the total wave in a practical periodic
structure and calculate the reflection coefficients at any point inside a structure rather than only on
the port of the structure. Therefore, the FPPS could be a powerful tool to examine reflection

characteristics in periodic structures.

The structure to be examined is a 13-membrane loaded air rectangle waveguide, and it is almost
the same as the waveguide in Figure 4.4 except for a=40.39 mm, b=20.19 mm, p=8 mm, and L=160
mm. We use formula (4.50) to calculate the amplitudes of the reflection coefficients along C1 to
C5 in the membrane-loaded waveguide. The Figure 4.15 (a) shows the amplitudes of the reflection
coefficients at 6 GHz. The reflection coefficients are not uniform. The fluctuation of the
amplitudes along each curve could not totally be attributed to the errors during calculations,
because it is not random and displays certain periodic characteristics along the propagation
direction. Therefore, the fluctuation of the reflection coefficient might be relative to the periodic
structure. Among C1 to C5, the closer to the membrane a curve is, the more inhomogeneous the
field distribution in the curve is, and the more fluctuation the point reflection coefficients in the

curve have.

Although the fluctuation of the amplitudes of the reflection coefficient at different points is small,
it should not be totally attributed to the contribution of the errors during numerical calculation, and
it embodies the inhomogeneous characteristic of the reflection in a periodic structure. To extract
the periodicity effect on reflection, the magnitude order of the error from numerical calculation
should be evaluated.
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Figure 4.16: (a) Point reflection coefficients of the membrane-loaded waveguid at 6 GHz

(a) calculated with Ey along C1 to C2, and (b) calculated with different field components along
C4

When the membrane-loaded waveguide is excited with TEio mode, the reflection is independent of
x-coordinate inside the waveguide due to the structure symmetry, and so that the reflection
coefficients along the C2, C4, and C5 should be exactly the same theoretically, because the three
curves have the same y-coordinate y=b/8. Figure 4.15 (a) shows the expected uniformity of the
reflection coefficients along the x-coordinate. Therefore, one can use the calculated reflection
coefficients at different points where the y-coordinate and z-coordinate is the same and x-

coordinates are different, to evaluate the error of the numerical calculation.

The reflection coefficients at the 101 points have been calculated with the formula (4.50) at 6 GHz.
The 101 points are on the cross section of z=60 mm, have the same y-coordinate y=b/8, and are
uniformly distributed from x=0 to x=0.5a. The statistical standard deviation of the calculated
reflection coefficients at the 101 points is 3.14 x 107¢(1/mm). Accordingly, the error of the

numerical calculation is the order of 1076(1/mm).

The inset in Figure 4.15 (a) shows that the difference of reflections between the C1 and C3 at z=60
mm at 6 GHz is around 8 x 10~#(1/mm). It is much larger than the error order of the numerical
calculation. Therefore, the reflection coefficient on the cross section of a periodic structure is not
uniform. The difference of reflection coefficients between the Cl1 and C3 embodies the

inhomogeneous characteristic of the reflection in a periodic structure.
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Because the reflection coefficients are inhomogeneous inside a periodic transmission structure, the
reflection coefficient is position-dependent, such a reflection coefficient can be regarded as a kind

of point reflection coefficient, to distinguish it from the conventional port reflection.

In Figure 4.15 (a), Ey is used to calculate reflection coefficients, and we can also use other field
components to calculate them. In a uniform transmission structure, the reflection coefficients of all
the field components will be the same. In a periodic transmission structure, however, the point
reflection coefficients with the different field components could be different. Figure 4.15 (b)
displays the reflection coefficients of the different field components at 6 GHz along C4 in the
membrane-loaded waveguide. The results in Figure 4.15 (b) shows that the point reflection
coefficients of the different polarized components of the field are not the same. The difference
between the results with Ey and Hx exceeds 0.001 (1/mm), and the difference is much larger than
the numerical calculation error. In addition, the difference between the results with E; and any other
field component are even larger, and the reason behind it might be that Ez does not exist on the port
of the membrane-loaded waveguide and is excited by the membranes so that E; is fully affected by
the periodicity of the membrane array.

Due to the intrinsic discontinuities in a periodic structure, the reflections of different field
components are different. The difference indicates that a tensor point reflection coefficient might

be necessary to characterize the reflection phenomenon inside a periodic structure.

A tensor point reflection coefficient can be defined as following
E; (X, Y,2)=R(X,Y,2)-E; (X, Y, 2) (4.65)
The formula (4.65) can be also written in a matrix form as follow

EO_X RXX ny RXZ ng

E, |=[R« R, Ry|E, (4.66)
Es.| [Rx Ry Rall Ei

x 7y z

Compared to the reflection phenomenon in a uniform transmission structure, the reflection
phenomenon in a periodic structure is much complex, and the point reflection coefficient is an

inhomogeneous tensor.
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It should be noticed that a point reflection coefficient in the periodic transmission structure is
different from a port reflection coefficient. Even the port reflection is little, the point reflection
coefficient could be large. To observe how the point reflection coefficient approaches the
associated port reflection coefficient, the membrane-loaded waveguide is extended with a uniform
waveguide of 48 mm long, to prolong the distance between port 1 to membrane array. The starting
point of the C1 is reset to port plane z=0, such the first left membrane is at z=52 mm.

We calculate the point reflection coefficients Ryy using formula (4.50) along C1 at 6 GHz, 8.504
GHz, 9 GHz and 10 GHz, respectively. The results are shown in Figure 4.16 (a). The port reflection
coefficients calculated by CST at the four frequencies are 0.245, 0.000257, 0.0482 and 0.649,
respectively. The results in Figure 4.16 (a) shows that the port reflection is very small at 8.504 GHz,
about 0.000257, but the point reflection coefficients Ryy inside membrane region are about 0.217,

which are much larger than the port reflection coefficient.

07 — f=6GHz
— f=6GHz —— =9GHz

—— f=9GHz 0.35 A f=10GHz
— f=10GHz
—— f=8.504GHz

0.6

0.5

o
N}
a

0.4

R|
B,(rad/mm)
o
8

0.3

0.1+

o
[
13

o
=
o

o
o
a

0.0

o
=}
s}

T T T T T T
8 16 24 32 40 48 56 64 72 80 88 96 8 16 24 32 40 48 56 64 72 80 8 96
Z(mm) Z(mm)

(a) (b)
Figure 4.17: Point reflection coefficients and phase constants along Curve 1

(a) Reflection coefficients and (b) Phase constants

Figure 4.16 (a) also shows that the point reflection coefficient has not an obvious relationship with
the port reflection coefficient. However, the point reflection coefficients approach the associated
port reflection coefficients when the calculated point goes away from the membrane region. When

a point is far away the membrane region about two times of the periodicity length, the point



143

reflection coefficient at the point is almost the same as the port reflection coefficient, and it also

indicate that the FPPS can be applied to uniform structures.

The variation of point reflection coefficients in the transition region is due to the transition from
the Floguet mode in a periodic waveguide to the eigen mode in a uniform waveguide. The formula
(4.50) itself, however, might also lead to the fluctuation. To calculate a point reflection coefficient
using formula (4.50), we must use field values at three sampling points spanning two periodicity
lengths. When calculating the reflection coefficients in the transition region, there are certain
sampling points outside the periodic region, and the formulas (4.39) and (4.40) are not available.
When calculating point coefficients in the uniform waveguide, we can use any p value. The results

in Figure 4.16 (a) use p=2 mm.

We also examine the transition of phase constants from the periodic waveguide to the uniform
waveguide. The results are shown in Figure 4.16 (b). It shows that the lower the frequency is, the
smaller the difference of the phase constants of the two waveguides is, and the shorter the transition
region is. As a comparison, the length of the transition region of the two kinds of reflection
coefficients in Figure 4.16 (a) is independent of the difference between the two reflection
coefficients. The results in Figure 4.16 (b) show that the error due to the formulas (4.39) and (4.40)
affects the phase constants only in the region from z=40 mm to z=56 mm at 6 GHz. Therefore, the
error due to formulas (4.39) and (4.40) should affect only in the region from z=40 mm to z=56 mm
at 6 GHz. The results of the reflection coefficients in Figure 4.16 (a), however, show that its
transition region at 6 GHz is from z=32 mm to z=64 mm. Accordingly, the transition of reflection
from z=32 mm to z=40 mm and from z=56 mm to 64 mm must be attributed to the difference
between the Floquet mode and the eigen mode rather than the errors from formulas (4.39) and
(4.40).

Although a periodic transmission structure with many unit cells could be almost all-pass between
two ports without any port reflection, there could be strong point reflection inside any unit cell in
the periodic transmission structure. Based on its reflection phenomenon, a periodic transmission

structure in fact can actually be regarded as a cascaded multi-order filter.
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CHAPTERS RADIATION OF SLOTS ON BROAD WALLS OF SIW

The slots on broad walls of an SIW could be used to improve performances of an SIW-based planar
composite antenna. To design an SIW-based planar composite antenna with slots properly, one
must have a comprehensive understanding of the radiation mechanism of the slots. When operating
frequency is high, the dominating modes in an SIW would be slow wave. How about the radiation

efficiency of slots is? Could a slow wave produce radiation?

This chapter is organized as follows. Section 5.1 examines the radiation characteristics for a two-
slot array on the broad wall of an SIW, addressing a radiation produced by a slow wave in a non-
periodic structure. Section 5.2 examines the radiation of a PLWA, addressing that the radiation
could and should be explained with its fundamental mode even if the fundamental mode is a slow

wave.

5.1 Radiation from Slow waves in Structures without Space Harmonics

5.1.1 Radiation from Slow Waves in a Two-slot DFW and SIW

To investigate the radiation from slow waves in more general cases, the radiation of a two-slot
width-uniform SIW and its equivalent DFW, as shown in Figure 5.1(a) and(b), is examined. The
prototype of the two-slot SIW, as shown in Figure 5.1(c), is fabricated and measured. The total
length of the two-slot SIW is 75.4 mm. These proposed two-slot SIW/DFW is modeled and
designed on Rogers RO4003 dielectric substrate (=355, tan & = 0.0022, and thickness of metal =

0.017 mm). To simplify the following simulations with CST, without otherwise specified, all the

substrates are treated as lossless and the metal is treated as PEC (perfect electric conductor).

When the two transverse slots in the two-slot SIW are etched on its broad wall, the two slots form
a two-slot array, and the two-slot SIW becomes a slotted SIW. Both the two-slot SIW/DFW here
are non-uniform and non-periodic structures, and there is not any space harmonic in the two-slot
DFW/SIW. When a dominating mode TExo is excited in a DFW without slot, its phase constant B

is as follow,

Bk, gr_(%f (5.1)
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When operating frequency exceed 5.22 GHz the dominating mode is a slow wave.
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Figure 5.1: Two-slot SIW

(a) width-uniform SIW, (b) its equivalent width-uniform DFW and (c) the prototype of the two-
slot SIW. (Ws=18 mm, s=0.3 mm, d=0.6 mm, We=17.9 mm, b=0.813 mm, w=0.4 mm, Ls=12

mm, p=15 mm. and t=0.6 mm)

The radiation patterns of the two-slot DFW/SIW are related to the feeding phase delay between the
two slots. The directions of the main lobe and null radiation in the pattern could be explanted based

on the phase delay. The radiation pattern of the two-slot array can be written as

F, = F,(0)e” /%) cos[0.5p(k, cos 0 — )] (5.2)
where gis the elevation angle from z coordinate axis, and F(-) is the radiation pattern of a single
slot on DFW/SIW. Because the DFW/SIW has a definite length, the F,(-)will decrease when &
tends to end-fire or backfire direction
The radiation pattern of a two-slot DFW antenna depends on both the pattern of the two-slot array
and the pattern of one individual slot. The pattern of the two-slot array depends on the feeding

phase delay of the two slots, so it is possible to determine the feeding phase delay based on the

directions of either the main lobe or the null radiation. The main lobe of the two-slot DFW/SIW is
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very wide, so that it is difficult to accurately determine the main lobe direction. On the other hand,
because the radiation strength is more sensitive to space angle near a hollow than a peak value, so
it is more accurate to determine the direction of null radiation than a main lobe. When

0.5p(k, cosO—B)=mr+tn/2, the two-slot array will be a null radiation in the direction &. If the
direction of null radiation is 0.5t which is the broadside direction, the needed phase delay is

Bp=2mnFm.

Once the radiations from the two slots become almost the same, a deep valley in its pattern will
appear at broadside. Weak radiation of the two slots is favorable to equal-amplitude feeding and in
turn equal-amplitude radiation of the two slots, and thus would benefit for an accurate
determination of the direction of null radiation. When the radiation from the slots is large, the two
slots would be fed with unequal-amplitudes. It would lead to unequal-amplitude radiations of the
two slots, and in turn makes the simulated and measured radiations at null radiation direction to be

large.

(a) (b)

mern

(©) (d)
Figure 5.2: Simulated radiation patterns and electric fields of the two-slot DFW

(a) pattern at 6.9 GHz, (b) pattern at 16.5 GHz, (c) E-field at 6.9 GHz and (d) E-field at 16.5
GHz
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Watching the simulated radiation patterns of the two-slot DFW, one can find that the first two
frequencies with the null radiation at broadside are 6.9 GHz and 16.5 GHz respectively. Figure 5.2
(@) and (b) shows the simulated 3-D radiation patterns at 6.9 GHz and 16.5 GHz respectively, and
all the two patterns have a hollow at broadside. Figure 5.2 (c) and (d) are E-field distribution on a
broad wall inside the two-slot DFW at 6.9 GHz and 16.5 GHz respectively. Based on the E-field
distribution, one can know the modes inside the two-slot DFW are slow waves at 6.9 GHz and 16.5
GHz.

A deep hollow in a simulated E-plane pattern is actually null radiation in theory, and so that the
feeding phase delays between the two slots at 6.9 GHz and 16.5 GHz should be n and 3=n
respectively. When p=15 mm, the phase delays of = and 3z determine the two phase constants of
66.7zm™ and 200.0nm™ respectively. On the other hand, using the formula (5.1), one is also able
to calculate the phase constants of the dominating mode at the two frequencies of 6.9 GHz and 16.5
GHz, and the two phase constants are 66.5zm™* and 199.7xm™ respectively, which agree well with
the results from the simulated radiation patterns. The consistency indicates that it is the slow wave
in the two-slot DFW that produces radiation.

—0— |S11]-simu| !

-10 \/
» —&— |S11| meas| ¢
S21|-simu

| [=e=Is21/meas
-20 \

-30 ]
\ !

w0 \ / /

5 6.9

10 15 16.5 20
Frequency (GHz)

Magnitude of Scattering Parameters (dB)

Figure 5.3: Simulated and measured S-parameter of two-slot SIW

To verify the radiation explanation based on a slow wave concept experimentally, a prototype of
associated two-slot SIW, as shown in Figure 5.1 (c), is fabricated and measured. The two-slot SIW
has a 17.9 mm equivalent width. Figure 5.3 exhibits the comparison between the simulated and
measured S-parameters, it shows a good agreement between them. The S-parameters show that the

slow waves in the two-slot SIW can produce radiations. Figure 5.4 (a) and (b) plot the simulated
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and measured radiation patterns on E-plane of the two-slot SIW at 6.9 GHz and 16.5 GHz
respectively, all the two patterns have a hollow at broadside. The phase constants based on formula
(5.1) at the two frequencies are 66.3rm™ and 199.5xm™ respectively, which agree well with the
results from simulated radiation patterns.

0 —— d-meas 6.9 GHz 0

30 —— d-sim 6.9 GHz o7 330 30 ——d-sim 16.5 GHz
4 P — d-meas 16.5 GHz
e 4
y \ 7\

04

104 -10

-20 - -20 4

-30 4 270 90 -30 4 270
-20 - -20 4

-10 4 -10 4

0- 0-

180 180

(a) (b)

Figure 5.4: E-plane radiation patterns of two-slot SIW at (a) 6.9 GHz and (b) 16.5 GHz
To further check whether the modes at 6.9 GHz and 16.5 GHz are slow waves, the E-fields on
plane y=0.5b of the two-slot SIW at the two frequencies have been simulated and are shown in
Figure 5.5. Figure 5.5 shows that the wavelength of the guided wave at 6.9 GHz and 16.5 GHz are
roughly 30 mm and 10 mm respectively, which is also in accordance with the results based on the

simulated and measured radiation patterns.

(a) (b)
Figure 5.5: Simulated electric fields inside the two-slot SIW at (a) 6.9 GHz and (b) 16.5 GHz

5.1.2 Radiation from a Slow Wave in a Two-slot Width-tapered DFW

To investigate the radiation produced by slow waves in more complex cases, a two-slot width-
tapered DFW, as shown in Figure 5.6, is investigated with simulation. The width-tapered DFW has
a width of a linear profile, and the substrate is the same as two-slot width-uniform DFW in Section

5.1.1. The two-slot width-tapered DFW here is still a non-uniform and non-periodic structure, and
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there is no any space harmonic. During simulations, the two-slot width-tapered DFW is treated as

a lossless structure.

PEC | P
I 1

d 5=3.55
>z 12 mm 8 mm 20 mm /
Y 0.4 mm
P ——

Figure 5.6: Two-slot width-tapered DFW (la=15 mm, 1b=15 mm, d=10 mm)

The phase delay between the two slots can be calculated as follow

la+d 27T Iy ?
<p=f,a [}L_O\/Sr_[ZW%Z)J Jdz (5.3)

where W(z) is the profile of the width of the two-slot width-tapered DFW.

Figure 5.7 shows the simulated 3-D radiation patterns of the two-slot width-tapered DFW at 9.89
GHz and 24.9 GHz. All the patterns have a hollow at broadside, which means the phase delays
between the two slots must be « and 3x respectively. On the other hand, using the formula (5.3),
one can calculate the phase delays of the two slots at 9.89 GHz and 24.9 GHz are 1.06n and 3.06x
respectively, which agree well with the results from simulated radiation patterns.

by
v pRERg sfodat o uas
‘ ™ ‘,}f’x{i ‘.’1;\1 L‘x ‘

(b)
Figure 5.7: Radiation patterns of two-slot width-tapered DFW at (a) 9.89 GHz and (b) 24.9 GHz
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To further ensure that the modes inside the width-tapered DFW at 9.89 GHz and 24.9 GHz are
slow waves, the electric fields on plane y=0.5b have been simulated and are shown in Figure 5.8.
Figure 5.8 shows that the phase delays between the two slots at 9.89 GHz and 24.9 GHz are roughly
7 and 7 respectively, which is also in accordance with the results based on the simulated radiation

patterns and formula (5.3).

(a) (b)
Figure 5.8: Simulated electric field at (a) 9.89 GHz and (b) 24.9 GHz

All the above results show that the radiation patterns of the structures without space harmonics can

be fully interpreted with the concept of slow wave radiation.

5.2 Radiation Produced by Slow Wave in a Periodic Leakage Wave Antenna

Although the two-slot array in Section 5.1 has not any space harmonics, it has been verified that
the radiation patterns of the two-slot array can be fully interpreted based on a concept of slow wave.
Consequently, it is a reasonable inference that a slow wave in a periodic leaky-wave antenna
(PLWA\) could also produce a leaky wave radiation. In a PLWA there is a fundamental mode and
many space harmonics (Floquet modes). It has always been thought of the fact that only fast waves
in a PLWA do produce leaky wave radiation. When the fundamental mode is a slow wave, the
radiation pattern of a PLWA is usually interpreted with its space harmonics rather than its
fundamental mode [37], [94]-[95], [148]-[153]. In fact, it is possible and reasonable to interpret the
radiation pattern of a PLWA with its fundamental mode even if the fundamental mode is a slow

wave.

For a PLWA both the fundamental mode and the space harmonics have the feeding phases delays
between any two adjacent radiating elements, and there are relations among these phase delays,
namely [38]
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Byp=Pop+2nm (5.4)
where B, is the phase constant of the fundamental mode, B, is the phase constant of the nth space

harmonic, and p is the periodicity of the PLWA. For an antenna array with N elements, the array

pattern is as follow

_ sin(0.5Nu) 55
F () sin(0.5u) (5-)
u=k,pcos6—pp (5.6)

where u is the total phase difference of two radiating fields from adjacent two element antennas,

and F(u) is a periodic function with a periodicity of 2r.

The phase difference based on space harmonics is as follow

u, =k,pcos0-p,p (5.7)
Due to (5.4), one has
u, =k,pcos0—p,p—-2nn (5.8)
Therefore, we have
u, =U, —2nm (5.9

where U, is the phase difference based on the fundamental mode. Based on the periodic

characteristic of F(u), one has
F(u,)=F(u,) (5.10)

Therefore, the phase difference of 2nz among each two adjacent elements does not product any
difference in the pattern of the array [37]. Therefore, if one can interpret an array patterns well with
a space harmonic, one can also interpret the array patterns well with the fundamental mode, even

if the fundamental mode is a slow wave.

For an eigenmode in a uniform structure, for instance, a uniform LWA, there is an eigen equation

as follow

kZ = k2 —K2 K’ (5.11)
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where k, is the propagation constant of the eigenmode, and k, and k, are its transverse

wavenumbers. When the eigenmode is a slow-wave, namely K, >k, kf+kj must be negative.

Therefore, the slow-wave cannot produce radiation. As a result, one can identify whether an
eigenmode produces radiation or not based on its propagation constant. However, it would be not
true for the fundamental mode and space harmonics in a periodic structure since there are not
equations like (5.11). Therefore, whether a periodic structure produces a radiation or not, it can

not be identified based on the propagation constant of its fundamental mode.
One can write the field in a periodic structure as follows [38]
E(x,¥,2) = Eg(x, y, 2)e ™ (5.12)
E,(X,y,z2+p)=E,(X,y,2) (5.13)
where E,(X,Y,2), the function of fundamental mode, is a periodic function. The fundamental mode
satisfies a three-dimensional partial differential equation as follow

0°E,(X,Y,2)
0z°

OE,(X,Y,2) _

VIE (X, Y,2)+ (K> —B2E, (X, Y,2)+ pe

~2B, 0 (5.14)

The wavenumber B, depends on the boundary condition on the whole boundary of a unit cell rather

than the boundary condition only on its cross section. Due to generally
(6—2—2j[3 2)E (x,y,2)=0 (5.15)
oz’ ®or” O o
the three-dimensional partial differential equation cannot be reduced into a two-dimensional partial
equation as follow.
(V7 =B +ko)Eq(x,y,2) =0 (5.16)
Consequently, the E,(x,y,z) cannot be characterized with only a pair of transverse eigen parameters

ofk, and k, , which are determined only by the transverse boundary condition. Therefore, there is

an inequation as follow

Bo # ks —k; —k; (5.17)
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As a result, in a periodic structure the g, associated with a fundamental mode has not a meaning
like that associated with an eigenmode in a uniform transmission line. If the fundamental mode is

a slow wave, namely B,>k,, based on formula (5.17), the value of k’ +k§ cannot be determined to

be negative, and the value of k’ +kj could be positive. Consequently, when the fundamental mode
propagates in a periodic structure, whether the fundamental mode radiates or not, it cannot be
identified only based on the longitudinal wavenumber of the fundamental mode.

Although p, is also associated with the fundamental space harmonic Ey(x y), the inequation (5.17)
still holds. E,(x,y,z) can be expand to space harmonics, and the field in the periodic structure can be

expressed as follows

E(X,y,2) =D E(x,y)e (5.18)

2Nt

B, =By +—=, (N=0,+1+2,---) (5.19)

where E (xy) are space harmonics. It should be noticed that any space harmonicsE,(x,y) , even the
fundamental space harmonic E(x, y) , does not satisfy the boundary conditions on any cross sections

of a periodic structure individually, so that any a single space harmonic does not exist alone in a

periodic structure [95]. Therefore, the space harmonics have not physical significance.

On the other hand, a field distribution or a mode could be expand with eigenmodes, only if the field
distribution or the mode also satisfies the same boundary condition as the eigenmodes. Therefore,

any space harmonics E,(x,y) , including the fundamental space harmonic E,(x,y), can not be expand

with eigenmodes. Consequently, for the fundamental mode and any Floquet modes, there are

inequations as follows
k* —B: ¢kf+k§ (n=0,£1,42,--) (5.20)

As for a PLWA, a slow wave condition, B, >k, , does not mean that the fundamental mode must

decay exponentially in transverse dimensions and cannot produce leaky wave radiations. Therefore,
it is reasonable to interpret the radiation in a PLWA with its fundamental mode, even if the

fundamental mode is a slow wave.
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CHAPTER 6 CONCLUSION AND FUTURE WORK

6.1 Conclusions

The scope of this Ph.D. thesis focuses on diverse fully planar SIW-based end-fire CP composite
antennas, and the characteristics and research method of periodic structures. The major contribution

from this work can be concluded as the followings:

® To devise and demonstrate three kinds of fully planar high gain SIW-based end-fire CP
composite antenna: horn-ALTSA, slot-ALTSA, and UDR-ALTSA. The three composite
antennas are actually three kinds of two-element heterogeneous linear arrays, stretching in the
three orthogonal space dimensions respectively. The horn-ALTSA also includes a compact
planar feeding network with flexible configurations of phase and magnitude, and it could be
also used to form a big array with slot-ALTSA, UDR-ALTSA or other end-fire CP antennas.
The slot-ALTSA is also a heterogeneous array of a frequency-scanning beam and an end-fire
fixed beam, and it supposed to be difficult to design. Besides, the slot-ALTSA also
demonstrates an application of slow wave radiation in a slotted SIW, and it would open a way
to novel applications associated with slow wave radiation in diverse leaky wave antennas. The
UDR-ALTSA has wide impedance and AR bandwidths, and a very small size with a very thin

feeding substrate whose thickness is less than 0.05),, and these features make the antenna a

good candidate for the element antenna of a big array. Moreover, the UDR-ALTSA includes
a smart UDR, fed by a novel feeding structure, to enhance only VP rather than HP radiation of

ALTSA. The novel polarization-selective enhancement could be applied to other CP antennas.

® To explore two fully planar VP composite antennas: a UDR-SIW fed by an SIW and an SIW-
based slot-horn. The UDR-SIW can be fabricated with a mingled multilayer PCB technology,
is fed with an SIW on a very thin substrate of 0.05)0. It applies a generalized Fabry-perot

principal to achieve a unidirectional radiation, has a compact size, a high gain, a large FTBR
and a symmetric pattern, and could be a competitive replacement for an SIW H-plane horn.
The slot-horn could have an E-plane omnidirectional pattern and a frequency response of gain
similar to a high-selectivity filter, and could be also used to improve the radiation performance
of a thin SIW H-plane horn.
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® Comprehensive closed-form formulas of characteristic parameters in a periodic structure
(FPPS) are proposed. The FPPS can be used to separate the forward waves and backward
waves from the total wave at any point inside a practical structure, and calculate reflection
coefficients, wave impedances, phase constants, attenuation constants, and the number and
amplitudes of the Bloch/Floquet modes. The FPPS can be applied to 1-D and multi-
dimensional structures, and not only to electromagnetics but also to acoustics and solid physics.

® To explore the reflection and wave impedance in a periodic structure with the FPPS and/or
theory analysis respectively. The reflection inside a periodic structure is inhomogeneous,
polarization-dependant, and different from the conventional port reflection coefficient, and
should be characterized with a tensor reflection coefficient. The wave impedance of a mode in
a periodic transmission line is complex and inhomogeneous, so that there is stored energy and
reflected waves inside an unit cell of the periodic transmission line, which are all different

from a uniform transmission line.

® To demonstrate radiation produced by slow waves in non-periodic antennas with simulations
and experiments, interpret the radiation pattern of a PLWA with its fundamental mode even if
the fundamental mode is a slow wave, and to clarify that whether a mode propagating in a
periodic structure produces radiation or not, it cannot be identified based on only the longitudinal
wavenumber of the mode. The work will also help to understand the radiation phenomena in a
periodic transmission line such as SIW, CRLH and SSPP.

The work of the thesis expands SIW-based antennas to various composite antennas of multi-type
radiators, and would provide a conceptual foundation and a comprehensive method for the

researches and applications relative to periodic structures.

6.2 Future Works

Subsequent to studies described in this doctoral dissertation, a number of technical issues should

be addressed in future investigations:

® The applications and performances of the FPPS in 2-D periodic structures should be explored

and examined with simulations and experiments.
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An experiment should be designed to show wave that slow waves in periodic structures can

produce leaky wave radiations.

The performances, especially FTBR, bandwidth and beamwidth of AR, of the slot-ALTSA
antenna should be improved.

The performances of slotted width-tapered slot-horn antennas should be improved.
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