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Abstract

This thesis presents the evolution of an investigation line guided by the development
of metallic structures to improve the radiation properties of devices operating at millimeter

wave (mmWaves).

It covers different aspects of high frequency solutions such as Gap Waveguide (GW)
technology to guide waves with low loss and high efficiency overcoming the limitations of
classical waveguides. Using GW as a common link, three different antennas have been
developed to generate circular polarization (CP) in a simple and compact way using a
feeding technique based on the length difference of orthogonal arms exciting a slot on
the top plate. Each of these antennas follows a natural evolution from the initial design
that presents the basic operation fundamentals towards more complicated topologies

aiming to increase the directivity.

Metasurfaces (MTS) are another hot topic in electromagnetics research due to the
possibilities they offer for the control of the electromagnetic wave radiation. In particular,
MTS at mmWaves are key elements in the context of modern communication systems
(5G, 6G) as they open new ways to steer the beams in arbitrary directions as well as
improve in general the radiation characteristics of wireless devices. In the thesis MTS
have been combined with GW to extend the functionality of compact devices in a fully
metallic design. A flat Luneburg lens (LL) antenna based on a bed of nails fed by a GW
horn antenna has been designed and experimentally demonstrated. The refractive index
needed to modulate the Luneburg equation has been implemented using small pins with
different heights. This design presents a significant bandwidth and good directivity values

in a compact implementation.

Also related with lenses but using a different concept, a compact pillbox reflector based
on a geodesic lens has been proposed at 60 GHz. A geodesic lens is based on a parallel
plate waveguide which achieves the focusing properties by introducing a curved shape
and hence varying effective optical path. The system has been implemented in a dual-
layer parallel plate waveguide. In the proposed design the wave stemming from the
geodesic lens in a first layer is reflected by a parabolic mirror connecting the rims of the



two layers that directs the wave towards the second layer where it is radiated. To make
the system more compact, the lens is designed with a virtual focus so that the actual

source can be placed closer to the lens.

An open technological challenge is to achieve high gain antennas at the higher end of
the mmWaves band, close to the terahertz range (300 GHz), where a wide bandwidth is
available thanks to the increased operation frequency. An initial step to cover this gap
has been done in the thesis by proposing an antenna lens system based on a
metamaterial flat hyperbolic lens illuminated by an H-plane horn antenna designed at 300
GHz using groove GW technology. Both devices, the metalens, and the GW antenna
achieve excellent radiation results when combined. Furthermore, the manufacturing
process is analysed in detail and a realistic proposal based on metallized micromachined
silicon is presented.

Finally, reconfigurable and active metasurfaces are a disruptive topic with multiple
applications in smart wireless systems. Here, a dynamically reconfigurable reflectarray
(RA) using liquid crystal (LC) operating above 100 GHz has been numerically and
experimentally demonstrated. This is a relevant and challenging result due to the stark
difference between the operation wavelength (of the order of millimeters) and the typical
thickness of a LC substrate (some micrometers). The good performance of the prototype
paves the way towards more ambitious designs aligned with the requirements of modern

communication systems at mmWaves.



Resumen

Esta tesis presenta la evolucién de una linea de investigacién guiada por el desarrollo
de estructuras metalicas para mejorar las propiedades de radiacién de dispositivos que

operan en ondas milimétricas (mmWaves).

Cubre diferentes aspectos de las soluciones de alta frecuencia como la tecnologia Gap
Waveguide (GW) para guiar ondas con bajas pérdidas y alta eficiencia superando las
limitaciones de las guias de onda clasicas. Usando GW como enlace comun, se han
desarrollado tres antenas diferentes para generar polarizacién circular (CP) de una
manera simple y compacta utilizando una técnica de alimentacion basada en la diferencia
de longitud de los brazos ortogonales que excitan una ranura en la placa superior. Cada
una de estas antenas sigue una evolucioén natural desde el disefio inicial que presenta
los fundamentos basicos de funcionamiento hacia topologias mas complicadas con el

objetivo de aumentar la directividad.

Las metasuperficies (MTS) son otro tema candente en la investigacion
electromagnética debido a las posibilidades que ofrecen para el control de la radiacién
de ondas electromagnéticas. En particular, los MTS en ondas milimétricas son elementos
clave en el contexto de los sistemas de comunicacion modernos (5G, 6G), ya que abren
nuevas formas de dirigir los haces en direcciones arbitrarias y, en general, mejoran las
caracteristicas de radiacion de los dispositivos inalambricos. En la tesis, las MTS se han
combinado con la tecnologia GW para ampliar la funcionalidad de los dispositivos
compactos en un diseio totalmente metalico. Se ha disefado y demostrado
experimentalmente una antena de lente Luneburg plana (LL) basada en un lecho de
clavos alimentado por una antena de bocina GW. El indice de refraccién necesario para
modular la ecuacién de Luneburg se ha implementado utilizando pequefos pines con
diferentes alturas. Este disefio presenta un ancho de banda significativo y buenos valores

de directividad en una implementacion compacta.

También relacionado con las lentes, pero utilizando un concepto diferente, se ha
propuesto un reflector doble capa compacto basado en una lente geodésica a 60 GHz.
Una lente geodésica se basa en una guia de ondas de placas paralelas que logra las



propiedades de enfoque introduciendo una forma curva y, por lo tanto, variando la
trayectoria Optica efectiva. El sistema se ha implementado en una guia de ondas de
placas paralelas de doble capa. En el disefio propuesto la onda proveniente de la lente
geodésica en una primera capa es reflejada por un espejo parabdlico que conecta los
bordes de las dos capas que dirige la onda hacia la segunda capa donde es radiada.
Para hacer que el sistema sea mas compacto, la lente esta disefiada con un foco virtual

para que la fuente real pueda colocarse mas cerca de la lente.

Un desafio tecnologico abierto es lograr antenas de alta ganancia en el extremo
superior de la banda de ondas milimétricas, cerca del rango de los terahercios (300 GHz),
donde se dispone de un amplio ancho de banda gracias a la mayor frecuencia de
operacion. En la tesis se ha dado un paso inicial para cubrir este vacio proponiendo un
sistema de antena-lentes basado en una lente hiperbdlica plana de metamaterial
iluminada por una antena de bocina en plano H disefiada a 300 GHz utilizando tecnologia
GW. Ambos dispositivos, la metalente y la antena GW logran excelentes resultados de
radiacion cuando se combinan. Ademas, se analiza en detalle el proceso de fabricacion

y se presenta una propuesta realista basada en silicio metalizado micromecanizado.

Finalmente, las metasuperficies reconfigurables y activas son un tema disruptivo con
multiples aplicaciones en sistemas inalambricos inteligentes. Aqui, se ha demostrado
numeérica y experimentalmente un reflectarray (RA) dinamicamente reconfigurable que
utiliza cristal liquido (LC) y que opera por encima de 100 GHz. Este es un resultado
relevante y desafiante debido a la marcada diferencia entre la longitud de onda de
operacion (del orden de milimetros) y el grosor tipico de un sustrato LC (algunos
micrémetros). El buen desempefio del prototipo allana el camino hacia disefios mas
ambiciosos alineados con los requerimientos de los modernos sistemas de comunicacion

en ondas milimétricas.
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Fig. 4.14 Normalized radiation pattern comparison between the: (a) complementary

GLL and (b) classical parabolic reflector in a dual layer implementation using
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Chapter 1: Introduction and State of the Art

1.1 Motivation

This thesis presents antenna designs and other devices operating in the millimeter-
wave (mmWave) spectrum to address some of the problematics that are emerging due
to the rapid development of digital communications in modern society. Amongst the
pending challenges for the next generation wireless communication systems are:
achieving complete transceivers with low area and low loss, including integration between
passive and active components, developing high performance antenna arrays, as well as
the use of advanced packaging techniques, all of this keeping at the same time cost-
effective systems. In addition, with the constant evolution of each new wireless standard,
higher data rates are required to satisfy the demands of a hyperconnected society in the
context of the Internet of Things paradigm.

The gradual saturation of the lower part of the radio spectrum and the broader
bandwidth needed has spurred research towards efficient antennas and feeding methods
at higher frequency bands, mainly millimeter and terahertz waves. Nevertheless,
fundamental obstacles must be circumvented to fully develop high-frequency technology.
One of them is the problem of guiding waves with low loss. In general, conventional
dielectric materials have increasing losses as the frequency approaches the millimeter-
wave band, ruling out planar solutions such as microstrip and coplanar waveguides [1],
[2]. The loss of conductors also rises with frequency mainly due to the roughness
introduced by conventional manufacturing techniques, which is no longer negligible in the
mmWave band. In addition, standard metallic waveguides require precise screwing or

welding techniques when they are fabricated in two blocks.
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The new fifth-generation (5G) and the incoming sixth-generation (6G) mobile standards
demand wide channelization bandwidths, high transmission speed, and low latency [3].
These requirements can be satisfactorily addressed in the mmWave band. However,
some challenges must be considered to fully develop all the potential of mmWave in
wireless communication technologies. For example, highly directive antennas are needed
to compensate for the increased free-space propagation loss compared to microwaves
(due to the higher carrier frequencies) as well as additional losses due to the attenuation
of atmospheric gases; in addition, wide-angle scanning is also required in satellite
applications [4].

The research carried out in this thesis is aimed towards giving satisfactory answers to
these open questions, focusing principally on antennas and metasurface devices in the
mmWave band. To this end, novel methods and concepts especially developed for these
challenges are employed, covering gap waveguide (GW) technology, metasurfaces
(MTS), both static and reconfigurable, metalenses and geodesic lenses. All these
solutions can lead to radiating systems with different characteristics, including high
efficiency, high directive beams, and a wide scanning range.

1.2 Millimeter Waves in the context of high capacity wireless
systems

Millimeter-wave frequencies, located between the microwaves and the infrared waves,
have the potential to provide a solution to the growing demand for bandwidth and high-
data rates required by modern communication systems. The mmWave range goes from
30 to 300 GHz, with wavelengths between 10 mm and 1 mm [5], [6].

Over the last few decades, affordable technologies have enabled a widespread use of
mmWave. This has resulted in the expansion of wireless communications with high data
rates overcoming the limits imposed by the saturation of the spectrum at lower

frequencies. However, the signal suffers attenuation at these frequencies due to the
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presence of atmospheric absorption peaks and the increased propagation losses in free
space compared to microwaves due to the smaller wavelength. Therefore, these

frequencies are not suited for long-distance communications [7].
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Fig. 1.1 Atmospheric attenuation in dB/km as a function of frequency over the mmWave band. Absorption
peaks at specific frequencies arise due to molecular resonances of atmosphere constituents such as

water vapor (H20) and oxygen (02). The scale is exponential.

Beyond that, mmWave are suitable for short-distance high-speed wireless applications,
but are limited to short distances due to relatively high free-space loss (due to high
frequency), atmospheric absorption and multipath (Fig 1.1). However, in the context of
the new communication standards such as 5G, the incoming 6G, and the loT, this is no
longer a limitation since short-distance links with high capacity are proposed. Moreover,
to increase the range high gain antennas can be employed. Finally, in some cases where
secure communications are mandatory, the rapid decay of these waves along with their
reduced wall penetration make them an optimal solution. Therefore, mmWaves is a
promising technological for future wireless communication systems. In the following, the

main benefits of the use mmWave range are presented:

Large bandwidth: A large bandwidth means higher data transfer rates, attaining speeds

of about 10 Gbps or more. In any case, more than the 1 Gbit/s limit when using microwave
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frequencies. This makes high-quality video streaming, real-time gaming, and other

bandwidth intensive wireless applications a reality [8].

High gain antenna and components are physically smaller. The antennas and
components at mmWave are usually small compared to those for lower frequencies. This
makes it possible to design physically smaller circuitry and equipment. For instance, a
half-wave dipole operating at a 900 MHz cellular frequency is more than 150 mm long,
but this size is reduced to 2.5 mm at 60 GHz in free space or less if a dielectric substrate
is employed. It is therefore possible to encapsulate miniaturized and lightweight complete

radio systems or build phased arrays with multiple elements on a chip [9].

Low interference and increased security: The narrow beam and short-range can be
a benefit since there is less interference from nearby systems. In addition, it is much
harder to intercept the signals leading to increased security communications since the

signal is restricted to a small area [10].

Unlicensed bands: Most applications have been designed to operate up to 30 GHz
frequencies. This range is currently congested, hence limiting the development of newer
technologies. On the other hand, the mmWave spectrum, which was previously reserved
for military and scientific applications, is slowly becoming available for consumer and

commercial applications.

Multi Gbit/s short-range wireless communications: With data rates reaching 10
Gbps, some possible applications include high-speed point-to-point as wireless local area
networks (WLANs) and broadband access, mobile and wireless networks, streaming

high-resolution video, automotive radar solutions, and more [11].

These advantages imply the use of mmWave systems to satisfy several demands, e.g.,
high-definition video [12], satellite communications, security systems [10], automotive

radar [13], [14], human body scanner [15], and more.

The following sections are analyzed the state of the art of some relevant technologies

used for mmWave communication systems. The technological solutions summarized
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there are some of the most promising alternatives to tackle the main problems behind the
development of wireless mmWave systems. The main aim is to combine them to propose
wireless solutions operating at mmWave and give new alternatives to the engineering

community for the complete development of this band.

1.3 Gap Waveguide Technology Fundamentals

As mentioned in the previous sections, losses at mmWave systems are critical. The
classical methods to design feeding networks based on dielectric materials are not
effective due to the presence of absorption peaks. Likewise, classical metallic solutions
such as hollow waveguides fabricated with standard manufacturing techniques present a
roughness comparable to the wavelength, leading to high ohmic losses. In addition, they
require precise and expensive screwing or welding techniques when fabricated in two

blocks.

In order to circumvent this problem, alternatives such as GW technology, introduced
by Prof. Per-Simon Kildal [16], [17], have been specifically developed to give a
satisfactory answer to the problem of guiding waves in the mmWave band. Compared to
microstrip transmission lines, coplanar waveguides and substrate integrated waveguides,
GW can keep a planar profile and still have a low loss since it can guide waves in the air
without the need for dielectric materials. In addition, this technology does not need good
metal contacts between the parallel metal plates, making the fabrication process robust
to tolerances and cost-effective. For these reasons, GW is a solid alternative for hollow

waveguides and microstrip lines for high-frequency applications [18], [19].

The main characteristic of this technology (Fig. 1.2) is the use of two parallel plates, a
perfect electrical conductor (PEC) and an artificial magnetic conductor (AMC), creating a
high impedance condition forcing a cut-off of all parallel-plate modes [20], [21]. Wave
propagation is forbidden in the gap between a PEC and an AMC if the gap height is below

A4, due to the boundary conditions and therefore the wave is confined to propagate in
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the region determined enclosed by the AMC plates. As perfect magnetic conductor does
not exist in nature, the AMC is usually implemented using a periodic metallic pin structure

tuned to provide a high impedance surface.

Fig. 1.2(a) represents the dispersion diagram of a metallic pin array of side of ap, height
of hp, periodicity pp and distance to the upper metallic layer (gap) of 0.25 mm. With these
dimensions, a bandgap arises centered at 60 GHz and extending from 40 to 80 GHz. The
bandgap appears as long as the distance between the upper metallic layer and the pin
array is less than Ao/4, with Ao the central bandgap wavelength.
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Fig. 1.2 (a) Dispersion diagram of a periodic metallic pin array structure (unit cell shown in the inset)
where ap is the side, hp the height and pp the periodicity. Schematic of bottom layers of the three main
variants of GW technology. (b) Ridge gap waveguide (RGW). (c) Groove gap waveguide (GGW) and (d)
Microstrip gap waveguide.

There are different versions of GW technology depending on the shape of the guiding
region and desired propagation characteristics. The most popular ones are ridge and
groove gap waveguides (RGW and GGW) and are shown in Figs. 1.2(b) and (c). In them,
the electromagnetic wave propagates respectively along the metal ridge of the central
groove flanked by the metallic pin array that emulates an AMC [22], [23]. The third version
in Fig. 1.2(d) is called inverted microstrip gap waveguide (MGW) because it is similar to
inverted/suspended microstrip lines. In this case, the wave propagates in the air gap
between the metallic strip and the upper metal plate, forced by the AMC placed below the
substrate of the microstrip line [24]. The two first designs do not need any dielectric

substrate so they avoid additional dielectric losses and hence have lower propagation
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loss compared to the third case [18], [25]. On the other hand, MGW can be integrated
easily with active components, making it a good alternative for monolithic microwave

integrated circuits applications.

1.3.1 Circular Polarization Gap Waveguide Antennas

Polarization of a radiated wave is defined as “that property of an electromagnetic wave
describing the time-varying direction and relative magnitude of the electric-field vector;
specifically, the figure traced as a function of time by the extremity of the vector at a fixed
location in space, and the sense in which it is traced, as observed along the direction of
propagation.” Polarization is then the curve traced by the end point of the arrow (vector)
representing the instantaneous electric field. By convention, the field must always be

observed along the direction of propagation [26].

Polarization may be classified as linear, circular, or elliptical. The latter is the most
general case and hence linear and circular polarizations are just special cases of elliptical
polarization but with important technological relevance as most communications systems

are designed to operate either with linear or circular polarization.

Circular polarization (CP) in wireless communications systems has several advantages
over linear polarization: CP does not require polarization alignment between the
transmitter and the receiver, is more robust against multipath effects and against
polarization rotation [27]. These are key characteristics in mmWaves wireless
communication systems which under the loT paradigm will operating massively in indoor
scenarios (prone to multipath and especially harsh at mmWaves) or in modern high-
altitude platform systems deployed to give coverage to relatively large areas and that can
suffer from Faraday rotation due to the atmosphere. Hence, antennas with CP operating
at mmWaves are of high interest for the technological development of these applications.
Here this need is addressed using GW as a low loss alternative to guide waves compared
to standard metallic waveguides. In addition to this, thanks to its topology based on
metallic pin arrays, GW technology allows introducing bends and curvatures in a simple
way, overcoming the strict limitations of standard metallic waveguides.
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In [28], a CP antenna operating in the 75-80 GHz band was demonstrated using
rotated rectangular slot arrays laying over a bed of nails. An RGW scheme was
implemented to feed an array of 1x4 elements. Following a similar procedure, an RGW
antenna based on slot arrays operating at the Ka-band was presented in [29], [30]. In
[31], a single layer dual CP antenna array operating at 77 GHz was proposed based on
RGW technology. The antenna consisted of eight U-shaped slots, fed by two feeding
networks for the generation of dual CP, see Fig. 1.3(a). An exciting evolution of GW was
presented in [30]-[33] by combining RGW and GGW in an antenna array of 4x4
chamfered cylindrical radiating apertures fed by a corporate GW network, see Fig. 1.3(b).
Another way to design CP antennas using MGW was demonstrated in [34] and [35]. In
[34], the antenna was composed of two substrates with a ring slot etched on the upper
substrate to generate CP. This resulted in a compact structure in MGW technology.
Finally, a new design for a wideband CP spiral antenna array fed by a differential aperture
coupling at 30 GHz was fabricated [35]. The excitation was done by two vias located at
the lateral sides of a transverse slot etched on the lower substrate. An array of 2x2 spiral
antennas with two-arms was implemented to generate CP. The sequential feeding
network was based on low-loss MGW technology, Fig. 1.3(c).
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Fig. 1.3 Three examples of GW technology arrays. (a) RGW array antenna at 77 GHz, [36]. (b) GGW dual
CP aperture array antenna at Ka-band, [33]. (¢) MGW spiral antenna at 30 GHz, [35]

Up to this point, it is clear that GW is a technology suitable to solve some of the
challenges that arise at mmWave, improving the performance compared with standard

microstrip transmission lines and waveguides.

1.4 Corrugated Leaky Wave Antennas

Leaky waves have been among the most active research areas in microwave
engineering over the second half of the 20th century [37], [38]. Leaky wave antennas
(LWA) are a particular member of the traveling-wave antennas family and consist of a
guiding structure on which a traveling wave leaks our radiation as it propagates. The

radiation region usually extends over several wavelengths and it happens that the longer
8
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the aperture, the narrower the radiation beam is. As a result, LWA have several
advantages that include simplicity of design since no feeding network is needed. Also,
they have the property of frequency scanning of the radiation pattern, which is helpful in
many applications, as in point-to-point or point-to-multipoint wireless and satellite
systems. However, their application in such systems has been limited due to the beam

squint which leads to gain losses at the desired radiation direction.

The first investigated LWA was proposed by Hansen in the late 1930s [39]. He
proposed a radiating structure by opening a longitudinal slit in the side of a rectangular
waveguide, see Fig. 1.4. Radiation happens because the mode inside a waveguide is a
fast wave with a phase velocity greater than the speed of light so there is an extra
momentum that allows radiation through the aperture. In general, the mechanism of
radiation of any LWA is linked with the excitation of a fast wave. This can also be obtained
by introducing periodic perturbations in an otherwise slow wave structure and tuning the

parameters so that a high order space harmonic (usually n = -1) enters the radiation cone.

LWAs radiate continuously along its length, and hence the propagation wavenumber
kz is complex, consisting of both a phase and an attenuation constant. The phase constant
(B) of the wave controls the beam angle (which can be varied changing the frequency),
while the attenuation constant («) controls the beamwidth [40]. The direction of the main

radiation beam can be calculated with the next equation:
0 = sin~1 (kﬁo) (1.1)

where 6 is measured from broadside and ko is the free-space wavenumber. As mentioned
above, due to radiation loss, f is associated with an attenuation constant a. The
beamwidth becomes narrower as a is reduced and the structure is not truncated so that
the leaky-wave propagates a longer distance before attenuating and hence, the effective
area is maximized. The most important properties of leaky waves was given by Tamir and
Oliner [41].
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\°

Fig. 1.4 Representation of a slotted guide (patented by W. W. Hansen in 1940)

Bull's-Eye (BE) antennas [42] are a particular case of the larger family of periodic leaky
wave antenna [37]; most of them consist of a metallic plate with a central slot surrounded
by concentric corrugations. BE antennas have an interesting characteristic: they usually
radiate at broadside with a significant gain, removing one of the classical limitations of
LWA which is the open-stop band effect that precludes radiation at broadside [43]. This
performance is achieved by designing the periodic corrugations in such a way that each
half of the BE antenna radiates at opposite directions but in angles very close to

broadside, giving rise to a single lobe by merging the radiation of both halves.

BE antennas have been considered a simple alternative to horns and parabolic
antennas [44], [45]. Moreover, they fit perfectly at mmWave applications because they
are fully metallic designs without additional dielectric losses. BE antennas follow the
classical implementation of a periodic ring structure around a central slot fed by a
standard waveguide attached to the backplate [42], see Fig. 1.5(a). Fig. 1.5(b) shows a
high gain BE antenna was designed in [46], using an aluminum plate carved with a
sinusoidal profile working at 77 GHz and achieving 28.9 dB of gain. Following the classical
procedure, a large number of corrugations was implemented and, as a consequence, a
large area and low aperture efficiency was achieved. In [47] (Fig. 1.5(c)), these limitations

were removed, optimizing the resonant modes inside the grooves in such a way that a
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gain of around 20 dB was obtained with just two corrugations. In this case, the aperture

efficiency increased to 32% in a prototype operating at 60 GHz.

A variant using a low-cost 3-D printing stereolithography technique was designed in
[46] . As an alternative to the traditional manufacturing techniques, this BE antenna
operating at 96 GHz was experimentally studied; even with those limitations, a significant
gain of around 17 dB was achieved. In addition, elliptical corrugations were implemented
in this design in order to radiate at an angle different from the broadside direction.

Gain (dB)

—— Sinusoidal Horn Antenna
= Test Horn Antenna
——— Simul Sinusoidal Horn Antenna

o
!

70 75 80 85 90
Frequency (GHz)

=
{ 2 H(—- Feed waveguide

PsWs 0, W; Pg

0,
3200 oo —

(c)

Fig. 1.5 Bull’s Eye antennas with, (a) Metallic concentric corrugations uniformly separated, [42]. (b)
Metallic concentric corrugations with a sinusoidal profile, [46]. (c) High aperture efficiency achieved by

widening the corrugation width [47].

1.5 Metasurfaces for Surface Wave Manipulation
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Metasurfaces are thin bi-dimensional metamaterial screens which can control the
characteristics of electromagnetic waves (polarization, reflectance, transmittance, etc.).
Hence compared with volumetric metamaterials which are typically bulky, MTSs offer
considerable benefits in flat solutions. In this sense, they can be considered as the two-
dimensional alternative to metamaterials with the additional advantage that they are flat.
Their range of applications is very broad, from microwaves to optics [48]. The main
advantage of these structures is the electrically small size of their unit cells in such a way
that the interacting electromagnetic fields see the textured surface as a homogeneous
unit and behave as flat artificial materials. Nowadays, several implementation methods
have been investigated and validated. The most popular ones are based on metallic
elements printed on dielectric substrates [49]-[52]. Nevertheless, metal-only [53]-[57]

and dielectric-only [58], [59] structures can also be found in the literature.

Metasurfaces have been employed in a vast variety of applications, such as antennas,
lenses, polarizers, absorbers, and waveguide systems [17], [55], [60]. The design of flat
metalenses (i.e. lenses based on metasurfaces) has received particular attention in
recent years as an alternative to conventional volumetric lenses due to the high directivity
and scanning resolution they offer with a very small profile. At low frequencies such as
microwaves, lens antennas can be bulky due to the increasing wavelength, but are an
exciting solution at high frequencies [61], [62]. Essentially, two types of flat metalenses
can be identified: lenses able to collimate a wave in the direction normal to the aperture,
and lenses that deal with waves propagating along a MTS enclosed inside an open [63],
[64] or a parallel plate waveguide (PPW) [49], [65], [66] (see some examples of
metalenses in Figs. 1.6-1.9). In the following section, a metalenses of the second type
will be presented using hyperbolic shape

There are methods to improve and achieve more compact lens systems based
principally on the concepts of transformation optics proposed by Pendry [67] and
Leonhardt [68] in 2006 which opened new avenues for applications like waveguide
coupling [69], [70], lens compression [71], [72], lens fattening [73], [74], and directivity
enhancement [75], [76]. Based on the form-invariance of Maxwell's equations,
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transformation optics implies that a transformation medium where the permittivity is
gradually varied can mimic space deformation [77], see Fig. 1.6(d). It has a direct
application to lenses with a gradual index variation that allows control on the wave
propagation. In the next section, a particular case will be explained in more detail following
the Luneburg solution in considering again a metalens of the second type using a parallel

plate waveguide.

Hence, it is clear that in most metalens designs found in the literature, the variations
of the refractive index are obtained using layered dielectrics [78], photonic crystals [79],
[80], or periodic structures [49], [55]. In all these methods the refractive index is modulated
discretely. There is an interesting alternative called geodesic lenses that can modulate
continuously the refractive index by introducing a shape variation, as will be explained in
detail below.

1.5.1 Hyperbolic Lenses

Homogeneous lenses have been historically employed in microwaves principally to
improve the directivity of horn antennas making their profile more compact. They usually
consist of a single dielectric material whose profile is controlled to introduce an arbitrary
phase delay in different directions to achieve conversion from a spherical to a plane wave
at the output. The design is usually done using geometrical optics (GO). The most

employed lens profiles in antenna applications are elliptical and hyperbolic shapes.

In recent years, and with the increasing applications at mmWave, new antenna designs
have been proposed using homogeneous lens for the engineering community, such as
horn antennas, slotted waveguide arrays, or even mmWave open-ended waveguides
whose radiation is made more directive by adding a lens at the output [81]-[86]. For
example , in [81] and [82] a hyperbolic lens was used to improve the directivity and reduce
the sidelobes of horn antennas working at 60 GHz, Fig. 1.6(a). In [84], a hemispherical
lens fabricated using additive manufacturing was directly matched to a WR-3 waveguide

(220-320 GHz), Fig. 1.6(b). Lenses can also be inserted in systems with angle scanning
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capabilities such as slotted waveguide arrays, such as the design presented in [85], see
Fig. 1.6(c).

Antenna

Fabricated 3D lens antenna
~ body

QWR-S waveguide flange { +WR-3 waveguide flange
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WR-3 waveguide aperture
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Waveguide
transition i
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Fig. 1.6 Examples of, (a) Hyperbolic lens horn antenna at 60 GHz, [82]. (b) Hemispherical lens antennas
with a homogeneous photopolymer, [84] (¢) A mmWave integrated lens antenna for E-band beam

steering, [85]. (d) H-plane horn antenna using conformal transformation optics, [77].

1.5.2 Luneburg Lens

One of the most classical lenses designs with a gradual index variation is the so-called
Luneburg Graded Index (GRIN) lens. More than five decades ago, Luneburg found an
analytical solution for the radial index profile of a sphere able to collimate the rays
launched by a point source placed on its boundary [87]. The Luneburg lens (LL) has a

rotationally symmetric GRIN profile, transforming a spherical/cylindrical wave into a
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planar wave with perfect matching to free space. An interesting property of this type of
lenses is that they can generate directive beams independently of the frequency if they
are made of a non-dispersive medium, leading to a broad operation band. In addition,
due to the rotationally symmetric structure it is possible to achieve high directive beams
at different directions by simply changing the position of the source at the lens boundary.
Closely related with this, multiple feeds can be used to design omni-directional or wide-

scanning angle structures.

The spherical shape of LL is bulky and difficult to integrate with planar circuits. Thus, a
flat cylindrical LL is often preferred, also referred as two-dimensional (2D) Luneburg lens
Fig.1.7(a). To date, there are several ways to implement the required refractive index
using metasurface and metamaterial concepts with dielectric [49]-[52] and fully metallic
configurations [53]-[57]. In [49] and [51], dielectric LLs were designed by modulating the
surface impedance inside a parallel-plate waveguide. Fully metallic LL designs such as
the ones presented in Fig. 1.7(b) and (c) are preferable at mmWave to avoid dielectric
loss. In [54] and [55] multibeam LL antennas were designed using a bed of nails to
modulate the refractive index, with a good performance in both cases. To simplify the
manufacturing process, in [53] a bed of nails with homogenous pin height was proposed,
implementing the refractive index modulation by varying the height of the metallic plate

opposite to the bed of nails.
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Fig. 1.7 Several examples of Luneburg lens antennas. (a) Effective refractive index synthesized using
dielectric discs of different sizes, [51]. (b) Fully metallic Luneburg lens at Ka-band, [55]. (c) Pillbox

metalens-antenna based on a bed of nails, [56].

1.5.3 Geodesic Lenses

The concept of geodesic lenses was introduced by Rinehart in the 40s [88]. He
proposed to modulate the refractive index by varying the height and from here the OP to
achieve the required phase at the output. This can be applied to emulate the behavior of
the LL (Fig. 1.8). The rays described by the traveling electromagnetic wave are
geodesics, following the shortest path on the surface between two points to achieve a
prescribed phase delay. Structurally, geodesic lenses consist of curved surfaces which

mimic an arbitrary refractive index distribution [89]-[91].
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Wave Front
e T

(a) (b)

Fig. 1.8 (a) The Luneburg collimating lens (plane case) The index of refraction is unity outside the unit
circle and is an appropriately chosen function u(r) inside the unit circle for a given choice of point source
P. (b) The Rinehart-Luneburg geodesic lens. The curved surface lens analogue of the Luneburg lens.
With a constant refractive index of one, this surface has the same optical properties as the corresponding
Luneburg planar lens. A parallel conducting plate waveguide with this surface as mean surface

theoretically possesses the same focussing characteristics [92].

The most relevant concept in the geodesic lenses is that the refractive index in the
surface can be constant, reducing the complexity and the manufacturing issues
associated to GRIN metalenses. In order to confine electromagnetic waves and make
them propagate along the geodesic shape, recent investigations have proposed two
conducting surfaces. This solution is similar to a PPW filled with a homogeneous material,
normally air. The gap between the two conducting surfaces should be small enough to
allow only TEM mode propagation, typically below Ao/4.

The evolution of wireless communications at high frequencies drives those solutions
and hence the geodesic lens has gained interest in the engineering community. Due to
their advantages, the geodesic shape, which is considered bulky at low frequencies,
becomes an interesting choice at millimeter waves. Amongst their advantages are that
the spherical symmetry allows multiple feeds to achieve wide-scanning designs, a fully
metallic structure ensures high radiation efficiency, and the simple shape reduces
manufacturing complexity and cost. However, the main drawback of this solution is its

height, which can reach 0.6 times its radius and may be impractical for applications with
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stringent integration constraints. The first solution to this problem was given by Kunz in
the 50s [93]. He proposed to fold the lens, but this leads to a geodesic lens profile with a
discontinuous derivative, introducing undesired reflections. In recent papers, this solution
has been refined by proposing “waterdrop” profiles [94], [95] with the addition of chamfers
to mitigate the losses caused by the mentioned discontinuous derivative.

In the last years, many investigations have used the geodesic LL antenna at mmWave
to exploit their advantages. Interestingly, communication and radar systems require a
wide scanning range with a reliable performance that fits perfectly with the geodesic
design because it provides directive beams, scanning capability and robustness due to
the fully metallic setup. A great diversity of designs has been published for different
applications. In [94] ray-tracing design of geodesic lenses was proposed and a specific
lens design at 30 GHz was further demonstrated with the ability to produce 21 beams to
cover an angular range of £75°. In order to obtain a compact structure, piecewise spline
functions were optimized and implemented. A similar procedure was used in [96], but the
geodesic shape was compressed using arcs of circumference instead of chamfers, a
technique called the “waterdrop” method. In [97] a half-Luneburg geodesic lens working
in the Ka-band was designed with a reduced angular range compared to others designs
(x30°), but keeping radiation characteristics with a compact setup. These antennas
present narrow pencil beams with a crossover point between two adjacent beams,
typically 6 dB below the beam peak due to the physical separation between feeding
points. A multibeam antenna to maximize coverage was designed in [98] to solve the wide

scanning problem. In that case, a multiple beam coverage within +67° was achieved.
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Fig. 1.9 Examples of geodesic lenses: (a) Using non-Euclidean TO at Ka-band, [94]. (b) Compact parallel-

plate waveguide half-Luneburg geodesic lens, [97]. (c) Near-Field focusing geodesic lens antenna, [98].

1.6 Electronically Reconfigurable Metasurfaces

Up to this point, we have analyzed passive structures that generate high directivity and
wide beam steering, which are crucial aspects in applications such as satellite
communications, 5G, or the upcoming 6G datalinks. Mechanical solutions have been

presented as alternative solutions to improve the beam scanning and avoid the crossover
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level [99]-[101]. However, they usually rely on complex platforms and the weight is

considerable compared to fully designs with electronic control.

Reconfigurable or tunable array antennas have attracted a significant interest in the
last years due to their advantages over conventional phased arrays. Active devices have
been an interesting option to modify the radiation properties of designs operating at
mmWave. Incorporating active elements like positive-intrinsic-negative diodes and micro-
electronic mechanical systems [102]-[105] leads to a reduction of the physical size with
low cost and ease of integration. Nevertheless, the difficulty in manufacturing, the losses,
and the parasitic effects on these devices at submillimetre waves discourage their use in
frequency bands above 50 GHz [106]. Additionally, complex networks are required to
feed these devices and integrate them in the final structure, taking care not to disturb the
radiation performance and assuring compactness. Moreover, the bandwidth limitations
due to the possible interactions of the fields with the feeding network or just for the
operation band of the active element can hinder a satisfactory the final result. In the next
section, a specific electronically reconfigurable MTS based on liquid crystal medium will
be presented as an introduction to the work explained in detail in Chapter 6.

1.6.1 Liquid Crystal

Liquid crystals (LCs) are a promising alternative in the technology of electronically
reconfigurable/switchable reflectarrays (RAs) operating in the mmWave and terahertz
band. LC is a particular aggregate state of matter which has characteristics of both solids
and liquids [107]-[109]. Two essential characteristics of LC molecules are that they are
uniaxial and can be rotated/aligned by applying an external biasing voltage (amongst
other techniques), allowing for tuning of the effective dielectric permittivity, see Fig. 1.10.
Since their introduction [110], the main applications of LCs have been related to high-
resolution displays [108] and spatial light modulators operating at optical frequencies
[111]. A recent work [112] has demonstrated an active system integrated with an LC
plasmonic metasurface, specifically used to develop electrically switchable plasmonic-

metasurface-based color tags. This work demonstrated that the dynamic wavelength shift
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in the devices is more significant than 100 nm at a low driving voltage varying from 0 to
5V, showing the strong potential of active LC-plasmonic metasurface to realize the next-

generation dynamic optical devices.

ov Biased
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Fig. 1.10 (a) Schematic representation of the LC molecules in the 0 V and biased states. (b) LC

permittivity tensor orientation in both states.

It is worth highlighting that a fundamental obstacle to translating LC-based tunable
devices to lower frequencies such as microwaves and mmWave is the stark contrast
between the LC-layer thickness (typically 2-10 ym) compared to the wavelength (in the
centimeter and millimeter-scale). When the radiation propagates perpendicular to the LC
layer, this results in weak wave-LC interaction, leading to the negligible tuning of the
response when the LC is modulated. Moreover, the values of the LC permittivity along
the ordinary and extraordinary axes are not drastically different; hence, a large LC
thickness is necessary to obtain significant phase differences at the output. However, a
large thickness of the LC would imply high external voltages to bias it properly, resulting

in damage to the LC due to dielectric breakdown.

To overcome these limitations, resonant structures can be devised to obtain LC-based
tunable devices at microwaves and millimeter waves [106], [113]. The underlying
mechanism is based on the property that the phase (for the moment, it could be in

transmission or reflection) near a resonance undergoes a fast variation, leading to a steep
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slope in the frequency response. Intuitively, this fast variation can be interpreted as if the
structure was made effectively larger. Hence, in the vicinity of the resonance, modulation
of the LC permittivity by rotating the LC molecules from the ordinary to the extraordinary
axis or vice versa can lead to a significant phase difference at the output. In [109], LC unit
cells operating in the X-band were analyzed. A tunable dynamic phase range of 221° was
achieved over a band of 220 MHz (fractional bandwidth of 2.2%) using a K15 nematic LC.
A similar strategy was exploited in [114], where a printed RA antenna was simulated and
manufactured in the X-band. There, a reconfigurable monopulse-shaped radiation pattern
was demonstrated using a metallic microstrip patch sitting on a 500 ym cavity filled with
a LC substrate by dynamically switching the permittivity of the LC substrate in the two
halves of a RA aperture. In [115], a RA consisting of 52x54 identical cells composed of
three parallel dipoles of different lengths placed on an LC substrate and operating in the
F-band was proposed. This design exhibited an 8% fractional bandwidth with moderate
losses (~7 dB), using a low-cost manufacturing process to produce antennas in
frequencies from 60 to 500 GHz. In [116] a particular unit cell configuration composed of
a microstrip patch was analyzed. Applying low-frequency AC bias voltages of 10 V, a 165°
phase shift with a loss between 4.5 and 6.4 dB at 102 GHz and 130° with similar losses

at 130 GHz was demonstrated.
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Fig. 1.11 (a) Reconfigurable mmWave RA cells with nematic LC, [116]. (b) LC reconfigurable RA at F-
Band, [115].

1.7 Thesis outline and objectives

Based on all the previously exposed, the main goal in this thesis is the design and
implementation of antennas based on the millimeter and sub-millimeter band, looking for
compact configurations that can replace the bulky systems used today. To this end,
technologies known as GW, metasurfaces, and metalenses (passive and active) are used
to achieve the standards of the selected frequency bands.
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In order to achieve these objectives, the thesis will be divided into two main blocks, due
to the evolution in the handling of the aforementioned technologies:

e Compact antennas with circular polarization based on GW technology.
e Fully metallic inhomogeneous metalens antennas in GW technology.

The manuscript is organized as follows. In Chapter 2, three compact CP antennas
using RGW technology are designed and analyzed. First, a new way to generate CP in
GW technology based on two orthogonal feeder arms that excite a CP with a diamond-
shaped slot on top is discussed. The basic design is then evolved gradually by introducing
first a taper in the diamond-shaped slot and then inserting it in a circular groove, achieving
a notable increase in the gain without deteriorating the other radiation parameters. The
prototypes devised show that it is possible to design and manufacture CP antennas with
large operation bandwidth (BW) and a moderate gain in GW technology in a novel, simple,
and very compact technique, without implementing arrays and complex feeding networks.
Following this line, an extension of the previous work is done, but now the main objective
was to increase the gain. Specifically, a BE antenna with CP in RGW technology is
designed and experimentally demonstrated.

Chapter 3 deals with an antenna operating at 60 GHz that combines the benefits of LL
and GW technology. The metamaterial LL is synthesized using metallic pins that
modulate the refractive index and produce a planar wavefront at the output direction. A
carefully designed GGW horn antenna is used as excitation source by aligning its phase
center with the focus of the metamaterial LL. A smooth transition to free space is
implemented to improve the radiation pattern by introducing a flare at the output with a

linear shape.

Chapter 4 proposes a dual-layer reflector geodesic lens antenna. In this case, a
complementary LL with a virtual source is designed to illuminate a planar reflector.
Thanks to the use of virtual source a compact footprint can be achieved. The antenna is
realized with a dual-layer parallel plate, using the so-called pillbox setup [101], [117],
[118]. The design procedure follows two steps. First, the feeding contour for the reflector

is found using a ray-tracing analysis that evaluates the directivity, sidelobe level (SLL),
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and scanning range. Then the lens is designed to fit this feeding contour. Finally, a full-

wave simulation of the whole system is carried out for final verification.

Chapter 5 proposes an antenna lens system based on GGW technology and operating
at 300 GHz. A flat hyperbolic lens with homogeneous index is proposed and an
implementation based on metallic pins is performed. A GGW horn antenna is used to feed
the lens placed in a PPW. The combination of both devices, the metalens, and the GGW
antenna, leads to a good radiation performance opening new technological possibilities

in the higher limit of mmWave.

Chapter 6 presents an active reflectarray based on LC. In this work, a reconfigurable
RA with low losses and moderate bandwidth is implemented using a novel nematic LC
composition. With an LC thickness of 40 um, a metasurface is designed to operate in the
105-120 GHz frequency band. This investigation pursues two main goals: 1) to
experimentally check prospects for using the developed LC composition in meta-devices;
2) to find an optimal RA configuration that combines fabrication simplicity and the ability

to achieve the maximum phase shift while keeping the reflectance as high as possible.

Finally, Chapter 7 contains the general conclusions and future lines of the work. Some
of these future lines are related to collateral aspects of the research lines presented in
this thesis, and others are a continuation of them. Three appendices are included at the

end of the manuscript to support and clarify the content of each chapter.
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Chapter 2: Metallic Antennas at Millimeter
Waves in Gap Waveguide Technology

2.1 Introduction

The communications systems at mmWave will provide globally available broadband
service by converging mobile and satellite networks. High data-rate wireless links
supporting such systems require high-gain antennas to compensate for the severe
propagation losses at these frequency bands. CP is also a common specification to avoid
an undesirable polarization mismatch in on-the-move communications, indoor systems
with severe multipath effects as well as satellite systems prone to depolarization due to

Faraday rotation in the ionosphere.

The main goal in this first part of the chapter is to lay the groundwork for developing
and designing a feeding method for circular polarization antennas based on GW
technology. Using this technology, the manufacturing complexity can be reduced
compared to standard waveguides and the performance can be improved compared to

devices made by additive manufacturing.

GW technology was conceptualized and developed by Prof. Per-Simon Kildal [119].1t
is founded on the concept of metamaterials and hard and soft surfaces. These are an
evolution of corrugated metallic surfaces that had previously been used in the design of

horn antennas to feed large reflectors [120], [121].
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The working principle of GW technology is based on the use of two parallel plates, a
PEC and a PMC, as well as a central ridge, strip, or a groove depending on the
application. The PMC provides a high impedance surface opening a forbidden band
around the frequency of resonance that prevents the propagation of the electromagnetic
waves confining them within a predefined region. The wave is then effectively guided

between the strip, or a groove and the PEC plate.

A PEC medium can be approximated by good electrical conductors. However,
obtaining a PMC is not that simple, as this type of material does not exist naturally.
Therefore, it must be emulated by AMCs [122] such as mushroom-like surfaces or a
metallic bed of nails, which is the solution implemented in this thesis. In the same way as
the traditional waveguide, the waves can be guided in the GW technology using a central

metal ridge, strip, or simply a groove delimited by the AMC, as explained in section 1.3.

With regards to CP, the prototypes that will be shown in this chapter are based on the
work presented in [123], where a novel way to generate CP in a single microstrip layer at
2.4 GHz was developed. CP was obtained by simply adjusting the feed system
dimensions without modifying the microstrip radiator. This work developed mainly at the
Department of Telecommunications and Telematics, ISPJAE, Havana, Cuba, can be

applied to any regular polygon.

In this chapter, a similar design methodology is used to feed three different antenna
slots at 60 GHz instead the microstrip patch presented in [123]. Three different upper
plates are implemented, each one of them corresponding to different evolution stages of
the antenna and with different radiation characteristics but sharing all of them the same

feeding network.

2.2 Ridge Gap Waveguide Feeding Method

RGW is one of the main variants of GW technology. As explained before, two parallel

plates, an upper smooth metal lid and a lower plate, consisting of a central metallic ridge
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surrounded by PMC, are needed to guide the wave correctly. To this end, a bed of nails
that provides a wide stopband is designed. Afterwards, a smooth transition to connect the
input standard waveguide with the central ridge and from here guide the wave into the
system is implemented. Finally, the method to generate CP is explained. It consists in

introducing two orthogonal arms of different size at the end of the ridge (section 2.2.3).
221 Bed of nails design

The first step in the design of the antennas consist in finding an efficient WR-15 to
RGW transition. This is a necessary step for the experimental characterization since the

standard instrumentation at mmWave is based on metallic waveguides.
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Fig. 2.1 Dispersion diagrams: (a) Periodic metallic pin media (p =1, gap = 0.1, h=1.4 and a = 0.5 mm).
(b) Periodic metallic pin media (p = 1, gap = 0.25, h = 1.4 and a = 0.5 mm) (c) Finite structure consisting
of row of pins with a central ridge of gw =1 mm (p =1, gap = 0.25, h=1.4 and a = 0.5 mm). (d) 3D plot of
the vertical component of the E-field for the ridge gap waveguide, resonance at fo = 60 GHz.

The first step consists in designing the AMC structure, implemented using a periodic
metallic pin medium. The theoretical explanation is widely developed in [16]-[18]. In this
section, a similar procedure has been followed at higher frequencies. This artificial
medium must be designed so that it presents a bandgap at the operation frequency. The
eigenmode solver of CST Studio Suite® was employed to obtain the pin dimensions. The
material employed in all the structures is aluminum due to its good conductivity in the
operation band (oa = 3.72x10% S/m), mechanical robustness, and compatibility with
standard manufacturing techniques. After the optimization the dimensions of the pin array
were: period p =1 mm, high h=1.5 mm and wide a = 0.5 mm, as shown in Fig. 2.1(a)
inset. The gap between the upper plate and the pin controls the BW, as can be seen by
comparing Fig. 2.1(a) and (b) where the gap has been slightly varied from 0.1 to 0.25 mm
keeping the other parameters unchanged. A slight reduction of the BW is noticed when
the gap is changed from 0.1 to 0.25 mm. Finally, a gap of 0.25 mm was selected because
it matches with the operation bandwidth and is easier to obtain in the manufactured
structure, keeping the constraint of having a gap below Ao/4, as explained in section 1.3.
Fig. 2.1(c) inset shows the dispersion diagram of a waveguide formed by three rows of
pins with a central ridge of width gw = 1 mm, separated from the upper lid by the air gap
and infinitely periodic along the z-direction. A quasi- transverse electromagnetic (TEM)
mode (solid red curve) is excited and propagates within the stopband, whereas all other
higher-order modes are forced to cut-off by the boundary conditions imposed by the bed

of nails, as shown in Fig. 2.1(d).
2.2.2 Transition from WR-15 to RGW

The next step is to design a transition between the standard waveguide (WR-15) and
the RGW feeding network which will be used in the experimental analysis. In this case,

inspiration was taken from [124] to implement it, wherein a similar transition was used in
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the Ku-band. This design was carefully adapted to operate in the V-band, and the final

result is shown in Fig. 2.2(a).
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Fig. 2.2 (a) Schematic of back-to-back evaluation setup (b) Simulated reflection and transmission

coefficients of the feeding system using a back-to-back evaluation. Inset, transition steps.

It is a stepped impedance matching network composed of three subsections (see more
details in Fig 2.2(b) inset): the first part is the narrowest, with width labeled as pw, and
provides coupling from the fundamental WR-15 waveguide mode and the fundamental
RGW mode. The second step is the shortest of all, with dimensions qwxqi, and acts as a
smooth stepped transition. The third stage is a wide and long block of dimensions swxs
responsible for the final coupling of the wave to the ridge, which feeds the upper aperture.
All the dimensions of the designed transition are presented in Table 2.1. Fig. 2.2(a) shows
a back-to-back setup (i.e. two identical transitions connected back-to-back) to check the
impedance matching of the transition. Two identical ports connected to the input/output
WR 15 waveguides to feed the structure from the bottom side (Port 1 and 2) and from
them the S-parameters are obtained. As shown in Fig. 2.2(b) the transition has a good
impedance matching within the considered band, with a reflection coefficient below —=10

dB and negligible insertion loss.
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Table 2.1: Dimensions of the WR 15 to RGW transition

Parameter Description Values (mm/Ao’)
Pw First step width 0.54/0.11
pi First step length 0.83/0.18
Qw Second step width 0.23/0.05
qi Second step length 0.2/0.04
Sw Third step width 2.45/0.52
Si Third step length 1.05/0.22

J0=4.72 mm at 63.5 GHz

223 Circular polarization generation using asymmetric arms

The next step is to design the stage for the generation of CP polarization. In this thesis
the strategy followed is based on the feeding technique proposed in [123] which is
adapted to operate at mmWave with RGW technology. Fig. 2.3(a) shows the configuration
designed, that combined two orthogonal arms of different lengths and a diamond square
slot on the top layer. First, the central ridge is split into two arms with a length difference
of 1.13 mm, which corresponds approximately to Ao/4, where Ao = 4.72 mm is the
wavelength at the operation frequency, fo = 63.5 GHz. This guarantees that the phase
difference between both arms is close to 90°, as demonstrated in Fig. 2.3(b), which shows
that the electric field distribution in both arms is nearly in quadrature: the maximum value
in one arm corresponds to a minimum (in magnitude) in the other. A diamond-shape slot
aperture is carved out in the upper lid and is placed above the arms, with sides parallel

to said arms. This is the basic D-Antenna that will be studied in previous sections. At the
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operation frequency, the surface current excited on the upper plate has a clear spiral
pattern, as shown in Fig. 2.3(c), corresponding to a CP. As the phase increases, the
currents rotate clockwise (attending to the typical definition of handedness which
establishes the viewpoint of the emitter), indicating that the antenna supports right-
handed circular polarization (RHCP). It is noteworthy that with such a simple feeding
system, it is possible to generate CP in a compact footprint, in contrast with the typical
approach based on an array of antennas, which increases the complexity as well as the
footprint area [35], [36], [125].

0 0 20 30 -40 .50 -60 0 10 20 -30 40 50 -60
(b) (c)

Fig. 2.3 (a) Photographs of the Diamond Antenna feeding configuration showing both arms with different
lengths (left arm (la = 1.77mm) and right arm (ra = 0.64 mm)) at the end of the ridge. (b) Electric field
magnitude normalized at 63.5 GHz at four different snapshots, showing that the arms are operating in
quadrature. (c) Top view of the surface current magnitude on the top plate (D antenna) at 63.5 GHz.

2.3 Simulation and Experimental Results

The previous structure is the basic setup to generate CP. In the following different
realizations of antennas are studied in detail, all of them based on a similar setup and

modifying only the shape of the upper slot with the aim to increase the directivity.
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2.31 Diamond Antenna Evolution

The basic design is a diamond-shaped (D) slot antenna on top of the feeding network,
see Fig. 2.4(a). The first evolution from this initial prototype involves introducing a taper
in the upper face, following a strategy similar to horn antennas but in a much more
compact profile, leading to the diamond-horn (DH) antenna depicted in Fig. 2.4(b). In the
last evolution step, a circular groove concentric to the DH slot is carved on the top plate
to increase the gain. This last design, shown in Fig. 2.4(c), is called a diamond-horn
groove (DHG) antenna. The structures are fed from the bottom employing a WR-15
standard waveguide to make it compatible with standard measurement systems based

on vector network analyzers; this will be analyzed in next sections.

(a) (b)

Fig. 2.4 Schematic of (a) D antenna top view with a slot length of / = 2.65 mm and thickness h = 0.5 mm.
(b) DH antenna top view where /1 = 5.08 mm and h1 = 1.45 mm and the rest of dimensions are as before.
(c) DHG antenna top view have a groove diameter 2 = 10.93 mm and thickness h2 = 1.28, and the rest of

dimensions as the DH antenna.

The basic design (D antenna) is used to assess the performance of the CP generation
and is the starting point towards evolved antenna designs engineered to increase the gain
without degrading other radiation characteristics. This section explains the evolution from

the primary D antenna to the more complex diamond Horn Groove antenna (DHG
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antenna) design. The antenna performances are evaluated in terms of the reflection

coefficient, AR, broadside gain, and polarization purity.

Fig. 2.5 shows the simulation results for the three structures considered, considered to
entire setup including the transition from WR-15 to RGW showing in section 2.2.1. First,
it is noted that all the antennas are matched from 59 to 69 GHz approximately, with the
criterion of having a reflection coefficient magnitude below -10 dB, see Fig. 2.5(a). The
best case happens for the DHG antenna (blue curve), where a broad matching BW of 9.6
GHz (15.1%) from 59.3 to 68.9 GHz is achieved. The other antennas have a similar
performance with a BW of 9.22 GHz (14.5%) from 58.9 to 68.2 GHz in the case of the D
antenna and 9.28 GHz (14.6%) from 59.1 to 68.4 GHz for the DH antenna. In the reflection
coefficient spectrum, one can notice two main resonances, one at 63.5 and another one
at 65.5 GHz (D antenna, red curve). These resonance frequencies cannot be ascribed to
any isolated arm, demonstrating clearly that the mechanism is based on a close
interaction between them. Interestingly, what one can identify are two orthogonal
resonances in the slot, each one of them corresponding to the aforementioned
frequencies. Although a further analysis should be done to grasp all the details behind
the CP generation in the setup implemented, the interpretation based on a length
difference between arms of Ao/4 seems sufficient to explain the basic principles. Note that
the minimum axial ratio (AR) happens exactly in the middle of both resonance
frequencies. Although these results correspond to the D antenna (which is the simplest

one), a similar analysis holds for the other designs.
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Fig. 2.5 Simulated results of the three designed antennas. (a) Reflection coefficient magnitude. (b)
Realized gain at broadside (¢ = 0° and 6 = 0°). (c) AR.

The evolution from the basic D antenna to the more complex DHG antenna was done
in order to increase the gain of the design, keeping the same footprint to ensure a compact
structure. The D prototype [Fig. 2.4(a)] has a relatively low gain with a maximum around
7 dB, as corresponds to a small slot antenna, see red curve in Fig. 2.5(b). By introducing
a taper in the diamond-shaped slot the gain can be increased to 9 dB, see the green
curve in Fig. 2.5(b). This tapering is inspired by the operation principle of horn antennas,
but in this case with a very low profile, see Fig. 2.4(b). To further increase the gain, a
concentric circular groove was introduced around the DH slot, see Fig. 2.4(c). The groove
operation can be interpreted as a cavity that boosts the radiation in the broadside
direction. In addition, the difference between the groove radius and the edge of the inner
diamond slot is approximately Ao so it interferes in phase with the slot at broadside,
enhancing the gain in that direction. This latter design (blue curve) has a peak gain of

more than 11 dB at 64.5 GHz and in the whole operation band is above 10 dB.

Another important figure of merit to evaluate the performance and delimit properly the
operation BW of CP antennas is the AR. Fig. 2.5(c) shows the simulated AR curves for
all the antennas considered. By analyzing the results, it can be concluded that all the
designed antennas generate CP of high purity with low values of AR in the considered
frequency span, especially the basic D antenna and the most evolved DHG antenna. The
CP BW of the antennas is obtained by applying the criterion of having AR < 3 dB. From
the curves it is seen that the DH antenna achieves a BW of 9.9 GHz (from 59 to 68.9
GHz), which means a fractional BW of 15.7%. The D and DHG antennas have a BW of
10.7 GHz (from 59.3 to 70 GHz), or equivalently a fractional BW of 16.6%. The excellent
performance of the DHG antenna is remarkable, with AR < 1.5 dB within a broad BW from
60.7 to 70 GHz. It is seen in that figure that the DHG antenna generates CP even beyond
70 GHz. However, the impedance matching is only good up to 68.9 GHz, restricting the

practical operation BW to this frequency.

35



Chapter 2

2.3.2 Diamond antenna experimental results

To corroborate experimentally the previous simulation results, both the D and DHG
antennas were manufactured by means of a computer numerical control (CNC) milling
machine. The DH antenna was not considered because, as was found in the previous
analysis, it has the worst polarization purity of all the antennas. Additionally, it is an
intermediate step between both the D and DHG designs and therefore it is less interesting

from a practical point of view.

The first analysis corresponds to the D antenna, a basic radiant slot placed on the top
metallic plate, see Fig. 2.6. In the following, simulation and experimental results are
analyzed together for the sake of clarity. The far-field measurements were performed in
the anechoic chamber of the Antennas Group of the Public University of Navarra.
Measurements using an E8361C (Agilent Technologies) PNA network analyzer in the
frequency range from 59 to 70 GHz with a step of 50 MHz. The radiation patterns were
measured by placing a standard horn antenna with linear polarization (Mi-Wave 261) at
a distance of 1500 mm (the far-field distance at the operation frequency is at 720 mm)
from the antenna under test (AUT). In each of these positions, the AUT was swept in
elevation from —-90° to 90° with a step of 0.5°. As the test antenna (Mi-Wave 261) has
linear polarization, in each measurement it was rotated in plane at orthogonal positions

and from the recorded curves, the CP characteristics of the AUT were obtained.
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Fig. 2.6 Photographs showing a view of (a) bottom WR-15 waveguide flange where a = 3.18 mm and
b =1.90 mm (b) Feeding system. (c) Design (left) and manufactured prototype (right) where fabrication is
highlighted (the images are not in the same scale) (d) D antenna top view showing the length of the slot
(/=2.65 mm).

The entire structure was checked in detail to analyze the possible manufacturing
issues. Fig. 2.6(a) and inset show a bottom view the feeding network, it can be
appreciated that the corners have been rounded due to the drilling process (as this is
typical in CNC machining, rounded corners were considered in the simulation study). A
top view feeding network is presented in Fig 2.6(b). In general, there is a good agreement
between the designed and manufactured structure, but some imperfections are detected
upon close inspection. Fig 2.6(c) shows the two more evident manufacturing errors
(design on the left and manufactured structure on the right):

¢ Elimination the short transition to couple the wave from WR-15 to metal ridge.
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e Elimination of the narrow transition between the ridge and the arms.
e In addition, the arms width differs considerably, from 0.4 mm (design) to 0.3 mm
(manufactured prototype).

Finally, Fig. 2.6(d) presents the top plate, where the slot, the alignment and screw holes

have good agreement with the simulation design.

The antenna performance is evaluated in terms of the reflection coefficient, AR,
broadside gain, and polarization purity, see results in Fig. 2.7. A new simulation was done
considering the manufactured errors. The reflection coefficient has good impedance
matching, with magnitude below —10 dB from 60.5 to 69.3 GHz leading to a BW of 8.8
GHz (13.9%), see Fig. 2.7(a). Although these results correspond to the D antenna (which
is the simplest one), a similar analysis holds for the other designs. The experimental
results (solid red curve) show a clear disagreement with the initial simulation results (solid
blue curve), mainly a frequency shift and a reduction of the resonance depth. When
manufacturing errors are considered (dashed red curve) the agreement is much better.

Table 2.2 shows the parameters with the highest deviation in the manufactured device.

Table 2.2: Manufacturing errors

_ Manufactured Error (%)
Parameters Design (mm) .
device (mm)
Qw 0.23 0 100
qi 0.2 0 100
aw (arm width) 0.4 0.3 75
at (arms 33.3
0.4 0.6
transition)
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Fig. 2.7 Simulated (solid blue curves), manufacturing errors (dashed red curve), and measurements (solid

red curves) results of the D antenna. (a) Reflection coefficient magnitude (b) Axial ratio.

An important figure of merit to evaluate the performance and delimit properly the
operation BW of CP antennas is the AR. Fig. 2.7(b) shows the simulated AR curves for
all simulation and measurement results. The designed antenna generates CP with low
values of AR in the considered frequency span. The CP BW of the antennas is obtained
by applying the criterion of having AR < 3 dB. D antenna has a BW of 8.3 GHz (from 59.2
to 67.4 GHz) or, equivalently, a fractional BW of 13.1% in experimental results. Note that
the minimum AR happens exactly in the middle of both resonance frequencies. Again,
both curves (simulated and measured) have a disagreement due to the manufacture
errors in the feeding network (Fig. 2.6(c)) and the agreement is improved when these are

considered in the simulation.

The broadband gain was obtained by applying the gain transfer (or gain comparison)
method with arbitrary polarization [126], [127]. First, two identical calibrated standard horn
antennas (Mi-Wave 261) of known gain were carefully aligned and the received power
within the frequencies of interest was recorded. Then, one of the standard horn antennas
was replaced by the AUT. In this way, the gain is easily obtained, as shown in the solid
line of Fig. 2.8(a). The D antenna reaches a maximum of 5.49 dB at 66.8 GHz in the
experiment. There is a strong deviation with the simulation results which could have
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several explanations: misalignment between receiver and transmitter, high difference
gain in the antennas used to the comparison method and AUT, and losses attributed to

roughness of the aluminum. In addition, the comparison method gives a tolerance in the
measurements around +0.5 dB.
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Fig. 2.8 (a) Simulated (solid blue curves), manufacturing errors (dashed red curve), and measurements
(solid red curves) results of realized gain at broadside (¢ = 0° and 8 = 0°). Co-polarized and cross-
polarized measured radiation patterns at several selected frequencies. (b) ¢ = 0°, xy plane and (b) ¢ =
90-, at yz plane. Inset of (c): scheme of the antenna with the coordinate axes. The angle swept in all

cases is the elevation, 6.

Finally, the experimental radiation patterns are presented. The elevation angle, 6, was
varied from —-90° to 90° with a step of 0.5° and the frequency was swept from 55 to 70
GHz with a step of 50 MHz. From all the evaluated frequency points, several
representative frequencies were selected and represented. The D antenna presents more
than 15 dB of cross-polarization isolation in both planes, as shown in Fig. 2.8(b) and (c).

In addition, the polarization rejection corroborates that the antenna has a good RHCP
polarization purity.

2.3.3 Diamond Horn Groove Antenna Experimental Results

As was explained detail in section 2.3.1, the basic design (D antenna) is used to
evaluate the strategy followed to generate CP and is the starting point towards antennas
with higher gain without degrading other radiation characteristics.
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To corroborate the improvements of the new designs experimentally, the DHG antenna
was manufactured using the same method. Photographs of the fabricated prototype are
shown in Fig. 2.9(a). The measurement setup is the same as the previous D antenna,
since the operation band is the same. Manufacturing errors are also considered here in
a new simulation study (red dashed curve). A BW of 9 GHz is determined from the
reflection coefficient magnitude shown in Fig. 2.9(b), which represents 14.2% of the
center frequency, in good agreement with the simulation results. The broadband gain
reaches a maximum of 11.1 dB at 67.3 GHz, Fig. 2.9(c). Note that the gain is almost

doubled with respect to the initial D antenna.

Applying the same criterion of AR < 3 dB, the BW in this parameter was improved as
well. In this case, the CP BW extends beyond the considered frequency range (note that
the AR is below 2 dB in the plot Fig. 2.9(d)) but the antenna is matched only from 60.3 to
69.6 GHz as mentioned above. Thus, the practical operation BW is restricted by
impedance matching and reaches a value of 14.5%. These results are in good agreement
with the numerical calculations. The experimental radiation patterns are represented at
three different frequencies 60, 65 and 70 GHz, Fig. 2.9(e) and (f). The cross-polarization
isolation in all frequencies reaches values of more than 15 dB improving the results of the

D antenna.
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Fig. 2.9 (a) Photographs showing the fabricated DHG antenna top view. (b) Simulated (dashed curves)
and experimental (solid curves) results. (c) Realized gain at broadside (¢ = 0° and 6 = 0°). (d) Axial Ratio.
(e) Co-polar (solid) and cross-polar (dashed measured radiation patterns at several selected frequencies

and @ = 0° (xy plane). (f) Idem at ¢ = 90- (yz plane). (Inset): scheme of the antenna with the coordinate

axes. The angle swept in all cases is the elevation, 6.

Finally, a comparison between the D antenna and the DHG antenna is presented to
evaluate the improvements achieved with this final prototype, see Fig. 2.10. First, the
insertion of a taper in the diamond-shaped slot and the concentric groove to provide a
smooth transition to free space increases the gain (from 5.5 dB to 11.1 dB). Furthermore,
combining the horn profile with groove increases the gain, AR, BW, and purity
considerably (from 7.3 GHz to 11 GHz of BW). Finally, with the same total size (30x30
mm) in both manufacturing structures, the practical operation BW in the best case (DHG
antenna) is around 14.5% which represents a large improvement compared to the initial
D antenna design.
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Fig. 2.10 Experimental results including reflection coefficient magnitude (red curve), realized gain at

broadside ¢ = 0° and 6 = 0° (blue curve) and axial ratio (green curve). (a) D antenna (b) DHG antenna.

2.4 Bull’'s Eye antenna

Up to this point several GW antennas using a simple and novel feeding network to
obtain CP with high purity have been presented. In addition, the area around the diamond
slot was modified to increase the directivity in the system without deteriorating other
radiation characteristics. Nevertheless, there is a large area on the top plate that is not
used in any of the designs, and hardly contributes in the radiation of the system.
Therefore, in this section an alternative prototype is studied to optimize the top surface
and improve the directivity of the system. To solve it, a good alternative are the BE

antennas, a special part of the larger family of periodic leaky wave antennas.
241 Narrowband Feeding Network Design

A final evolution of the D antenna is proposed in this section by exploiting LWA
concepts with the aim to make an optimal use of the upper surface. Beyond that, it is
evident that the BE geometry (discussed in section 1.4) is compatible with CP, as the
grooves usually have revolution symmetry. However, most BE antennas reported to date
have linear polarization due to the limitation imposed by the primary source, which is

usually a rectangular central slot. Therefore, using the method developed in previous
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designs (D and DHG antennas) it is possible to get CP using a BE structure. Therefore,
in this section a high-gain antenna with CP is demonstrated by combining the ideas of the
diamond slot antenna with a BE pattern covering the top metallic plane maximally. In this
way, three essential concepts are merged: generating CP in a simple way, using GW
technology, and demonstrating a high gain in a single antenna without using antenna

arrays, which require a complex feeding network.

Table 2.3 Design Parameters

Parameter Description Values (mm/Ao’)

a WR-15 width 3.18/0.62
b WR-15 height 1.90/0.37
S Step height 0.38/0.07
p Step length 1.05/0.20
w Step width 1.00/0.20
q Ridge length 2.4/0.47

la Left arm length 1.28/0.25
ra Right arm length 0.78/0.15

“20=5.1 mm at 58.5 GHz.

Applying the knowledge obtained in the previous antennas, the first step is to design a
WR-15 to RGW transition necessary for compatibility with our standard experimental
setup. Intuitively, the same transition proposed in D and DHG antennas could be used
because the frequency band is the same. However, BE antennas are narrow band and

the feeding network presented was wideband. In addition, a new alternative was
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considered to avoid manufacturing errors. Therefore, a narrow band matching section is
proposed because it is simpler, easier to fabricate, and fits well with the requirements of
BE antennas. Fig. 2.11(a) shows the WR-15 waveguide connection from the bottom plate
with a slot of dimension axb. The transition consists of a simple step of height s and length
p, as shown in the top view of the feeding network in Fig. 2.11(b), with the dimensions
outlined in Table 2.3. As demonstrated in the back-to-back simulation results of Fig.
2.11(c), its performance is satisfactory. Furthermore, within the considered BW, the
transition has an excellent matching with a reflection coefficient below =10 dB and low

insertion loss.
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Fig. 2.11 (a) Photographs and schematics showing the fabricated BE antenna. (a) Bottom view of WR-15
waveguide connection. (b) Feeding system. (c) Simulated reflection and transmission coefficients of the

feeding system using a back-to-back evaluation.

24.2 Bull’s Eye Antenna Performances

As explained in detail in section 2.2.1, the CP is generated by the length difference
between the two orthogonal arms at the end of the ridge, ra and /la. In the previous
antennas, the difference between the left and right arms was nearly Ao/4, giving rise to a
phase difference of 90° and therefore to a CP at the output. However, in the present case
the length difference between both arms is 0.5 mm which is only Ao/10 (/a = 1.28 mm and
ra = 0.78 mm). To ascertain the reason behind this disagreement, it is observed that in
the present antenna the thickness of the upper plate and hence the thickness of the
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diamond slot must be increased to carve the periodic grooves, with a non-negligible
impact on the final result. To analyze it, a parametric study varying the plate thickness h
was done while keeping a constant difference between arms of Ao/4, checking the
influence on the AR (note that, without loss of generality, in this study the grooves were
removed for simplicity). It is evident in Fig. 2.12(a) that for small values of h (< 0.9 mm)
the structure behaves satisfactorily with low AR (AR < 3 dB) in good agreement with the
results of the D antenna, but when h increases beyond 0.9 mm the AR degrades rapidly.
A similar study was done fixing the arm’s length difference to A0/10; see Fig. 2.12(b). Now
the best AR is achieved with h = 1.5 mm (0.3 Ao). These results suggest that the slot
thickness has some non-trivial effect on the phase difference achieved between

orthogonal linear components.
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Fig. 2.12 Numerical study of the AR magnitude as the height of the top metallic plate h is varied between
0.5 and 3 mm (corrugations have been removed for simplicity). (a) Arm’s length difference equal to Ao/4.

(b) Arm’s length difference equal to Ao/10.

Once the wave is coupled through the slot [of side ¢ = Ao/2 to guarantee good radiation
at the operation frequency, Fig. 2.13(a)], it reaches the top plate and excites the BE
structure, as shown in the surface current representation of Fig. 2.13(b). The physical
mechanism of BE antennas is based on LW excitation and has been extensively

described in the past [128]. In the present case, wide grooves were implemented, as they

46



Chapter 2

lead to higher gain values as explained in detail in [47], [129]. The grooves support a
resonance at the operation frequency [Fig. 2.13(b) and inset)], contributing to the
enhancement of gain at broadside. It is also clear that the currents follow a circular shape

describing a RHCP pattern.

The previously discussed BE antenna was manufactured and measured, using CNC
milling machining and aluminum as in the previous designs, see Fig. 2.13(a). The
experimental characterization was done again in the anechoic chamber of Public
University of Navarra. This time the frequency span extended from 55 to 65 GHz
discretized in steps of 50 MHz due to the narrowband behavior of the BE. As shown in
the solid red curve of Fig. 2.13(c), good matching is obtained in all the considered BW
with S11 < =10 dB from 54.3 to 63.7 GHz, which represents a fractional BW of 16.2%, in

good agreement with the simulation results (dashed red curve).

- -- Simulation
1|— Measurement

56 58 60 62
Frequency (GHz)
(c)

Fig. 2.13 (a) Top view of concentric periodic corrugations around the diamond-shaped slot. (Insets)
Detailed views of each case hg = 1.28, pg = 4.36, wg = 3.13, ¢ = 2.65 and h = 1.62 mm. (b) Upper view of
the surface current magnitude on the BE antenna at 58.5 GHz. (Inset) Contribution of each corrugation.

(c) Simulated (dashed curves) and experimental (solid curves) results of the BE antenna.

The gain, AR and radiation patterns of the antenna were measured by following the
method presented in section 2.3.2. Two different measurements were taken at each point
by rotating the horn antenna (Mi-Wave 261) in two orthogonal positions. This is required
because the test antenna has linear polarization and both orthogonal components are
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needed to retrieve the CP response in the post-processing, which is based on the method
described in [127]. The experimental AR is plotted in the solid blue curve of Fig. 2.14(a).
Taking as a criterion that the wave has CP when the AR is below 3 dB, is found that the
CP BW goes from 57.7 to 61.4 GHz, which represents a fractional BW of 6.3%. The
minimum value (0.59 dB) is around 60 GHz. In the simulation, the CP BW goes from 56.7
to 58.8 GHz with a fractional BW of 3.6%, see dashed blue curve in Fig. 2.14(a), and a
minimum AR of 1 dB is obtained at 58 GHz.

The measured gain (Fig. 2.14(a) red solid curve) was obtained applying the gain
transfer (or gain comparison) method particularized to antennas with arbitrary polarization
[126], [127]. In fair agreement with the simulation results (dashed red curve) the
measured gain (solid red curve) reaches a maximum value of 18.4 dB at 58.5 GHz (which
is the frequency of minimum AR) and decays away from the operation frequency, as

typically happens in BE antennas. The aperture efficiency is approximately 9%, above

the typical value of BE antennas.
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Fig. 2.14 Simulated (dashed curves) and experimental (solid curves) results of the BE antenna.
(a) Realized gain at broadside - ¢ = 0° and 6 = 0° - (red curve) and AR (blue curve). Co-polarized and
cross-polarized radiation pattern at 58.1 GHz, (b) ¢ = 0°, (x-y plane) (c) ¢ = 90°, (y-z plane). The

coordinate axes are the same in all figures and are shown in the Fig. 2.12(a)
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Finally, Fig. 2.14(b) and (c) show the co-polarized and cross-polarized radiation
patterns at 58.1 GHz, analyzed in two different planes: Fig. 2.14(b) ¢ = 0° (x-y plane);
and Fig. 2.14(c) ¢ = 90° (y-z plane). The experimental results show an excellent
polarization isolation of more than 30 dB at broadside, a main lobe of beamwidth equal
to 11° and a small side lobe level of =9.7 dB in both cutting planes, in good agreement
with the simulation results. These results improve those of the previous DHG antenna
thanks to the addition of the BE structure, which optimizes the radiation on the top plane.

2.5 Comparison Between Different Gap Waveguide Antennas

In order to validate the behavior of the antennas manufactured in this chapter, a table
comparing the main parameters of these and other designs found in the literature is
presented. Note that most of the designs included in the table correspond to antenna
arrays, which are comparatively more complex than our antennas based on a single

radiating element and a simple feeding network.

Table 2.4: Comparison Between Different mmWave Antennas

Ref Nl(J)r];nber Fractional BW Fractional BW Peak Gain
Elements (Total BW)* (Total BW)* (GBW)*

[125] 16 x 16 14% (57 - 66) 5.0% (59-62) 32.3 (96.9)

[130] 4 x4 14.1 % (56 — 65) 21.1% (55-68) 19.5 (253.5)

[131] 2x%x2 18% (56 - 67) 16.7% (56—66.2) 14.6 148.9

D 1x1 14.2 % (60.5-69.3) 11.5% (59.9-67.2) 5.49 (102.8)
DHG 1% 1 14.7 % (60.3-69.6) 17.3% (60-71) (1 ;;;‘5

BE 1x1 16.2 % (54.3 — 63.7) 6.3% (57.7 - 61.4) 18.4 (68.0)

*Defined as S11 < -10 dB. Total BW is in GHz
*Defined as AR < 3 dB. Total BW is in GHz
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#*Peak Gain is in dB. For the gain-bandwidth product (GBW) calculation, the BW is defined as AR < 3 dB

Compared with previous designs, the antennas proposed in this thesis have a better
impedance and CP BW. The designs have a unique radiating element; hence, they are
compact and easy to design, in contrast with other approaches based on arrays. Although
the gain is below some of the designs found in the literature, their small dimensions and
high BW make the D and DHG antennas good candidates to be used in V-band. In
addition, the BE antenna has, in general, good radiation characteristics. It has a moderate
gain value (18.4 dB), similar to antenna arrays. As typically happens in BE antennas, the
operation bandwidth (6%, the AR BW taken here as it is the interesting one for
applications) is narrow, impacting the gain-bandwidth product, although there are other
examples in the Table 2.4 in which it is even narrower. Thus, from this comparison, it can
be said that the designed BE antenna can be a good choice for moderate gain and
narrowband applications at millimeter-waves. Compared with similar antennas, the
designed devices are good alternatives in a fully metallic setup that can have different

uses, covering applications form narrow to broad bandwidths at V-band.

2.6 Conclusions

In this chapter, several antennas with CP operating in the V-band of millimeter waves
were designed based on RGW technology. It was demonstrated that the use of two arms
of different lengths in the feeding system allows the generation of CP in a simple way,
without the need to implement an array along with a complex feeding network. Two
feeding systems (wide and narrowband) based on RGW technology have been

implemented to couple the wave to the radiating diamond slot.

The resulting antennas are small and very compact with excellent radiation
characteristics. The simulated results and the measurements of the manufactured
antennas are in good agreement. D antenna validates the novel way to generate CP.
Then, to improve the gain in the system a DHG antenna was implemented. A broad
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operation BW of 14.5% (60.3—-69.6 GHz) with an AR < 3 dB is obtained by the DHG
antenna. It achieves a maximum gain of 11.1 dB with a small footprint (30 mm x 30 mm),
and RHCP with more than 15 dB of cross-polarization isolation.

Taking advantage of the top plate area in the D antenna, a BE structure consisting of
four concentric periodic corrugations around the slot was implemented. The simulated
and experimental results are in good agreement, demonstrating good radiation
characteristics with a compact and low-profile structure. A high gain of around 18.4 dB at
58.5 GHz, with an aperture efficiency of 9% [small footprint (40 mm x 40 mm)] is obtained.
A good CP purity with an AR of 0.59 dB at 60 GHz is demonstrated. More than 30 dB of
cross-polarization isolation is observed in the measured radiation pattern, with a
beamwidth equal to 11° and a side lobe level of =9.7 dB. This is the first ever BE antenna
based on RGW technology and able to generate CP by itself, with excellent performance
and relatively cheap manufacturing requirements. Compared with similar antennas, these
designs are competitive variants that can have different uses, either in the 5G
implementation or in any application operating in the 60-70 GHz band. Furthermore,
thanks to their fully metallic structure, they can be scaled to operate at other frequency

bands such as terahertz.
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Chapter 3: Metasurface Lens Antennas in
Groove Gap Waveguide Technology

3.1. Introduction

As mentioned in the previous chapters, GW technology allows a reduction of the
manufacturing complexity compared to standard waveguides. In addition, fully metallic
designs can be implemented, therefore avoiding the loss of typical dielectric substrates
in the mmWave range, as well as to making the antenna robust to withstand harsh
environmental conditions. Fully metallic lens antennas have emerged in recent years as
an alternative for wireless devices at high frequencies exploiting the high directivity and
scanning resolution they offer with relatively simple structures. One of the most versatile
solutions is the Luneburg lens (LL) [87] antenna, whose rotationally symmetric Graded
Index (GRIN) profile transforms a spherical wave into a planar wavefront with (ideally)
perfect impedance matching to free space.

The geometry of the generalized LL problem with two external foci is illustrated in Fig.
3.1(a) in polar coordinates (r, 8). The LL is characterized by a spatially varying refractive
index distribution with a rotational symmetry, see Fig. 3.1(a) and (b). The main
characteristic of the LL is that when fed by a source placed exactly on the lens
circumference, the LL collimates the rays at the output producing a plane wave at the
opposite side, as illustrated in Fig. 3.1(b). In general, as shown in Fig. 3.1(a) when the

source is placed far from the lens (at P1) a focus is produced on the opposite side (P2).
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Fig. 3.1 Schematic of the (a) generalized Luneburg lens problem with two external foci P; and P»; and (b)
standard Luneburg lens with a focus on the contour and another focus at infinite (planar wavefront). (c)
Equivalent refractive index of a 2D Luneburg lens as a function of the normalized radius /R, where R is

the outer lens radius.

The refractive index profile of a LL is inhomogeneous with radial dependence and

obeys the following equation:

nr)= |[2- (1)2 (3.1)

where ris the radial distance between a point inside the lens and its center, and R is the
external radius of the lens. In the design proposed a planar LL with a fan beam radiation
pattern is considered. The focusing properties of a LL are only defined by the refractive
index distribution n(r) (Fig. 3.1(c)), which means that the lens is capable of generating

directive beams independently of the frequency provided the material has low dispersion.

3.2 Luneburg Lens Modulated in a Bed of Nails

As explained in [49], it is possible to modulate the effective refractive index for a
transverse magnetic (TM) surface wave by loading a PPW with a fakir's bed of nails
consisting of metallic posts of different heights. Since the height variation between
neighboring pins inside the lens is smooth, each pin can be considered as immersed in a
locally periodic environment. Such local periodicity entitles one to treat each pin as a unit-
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cell in a periodic problem. Therefore, the dispersion characteristics for each unit-cell can

be obtained in a straightforward manner by employing CST’s eigenmode solver [132].

For instance, Fig. 3.2(a) shows the dispersion curves obtained for a PEC metallic pin
structure of period piens = 1.1 mm, pin side aiens= 0.5 mm and 3 different pin heights, hiens
= 0.3; 0.6; and 0.8 mm Using these curves, maps that link, for a specific frequency, the
pin height to the wavenumber kx of the fundamental TM mode inside the loaded PPW can
be constructed. The effective refractive index nest can thus be retrieved using kx=nettko, as
shown in Fig. 3.2(b) and (c).
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Fig. 3.2 (a) Dispersion diagram of a periodic metallic pin structure [shown in the inset of panel (c)] with the
following dimensions: piens = 1.1 mm, aiens= 0.5 mm and Aiens varying from 0.3 to 0.8 mm. (b) Equivalent
refractive index as a function of frequency for different pin heights (from 0.3 to 0.8 mm). (c) Equivalent
refractive index as a function of the pin height at fo = 60 GHz. (¢) Schematic showing the Luneburg lens

and the GGW horn antenna; (top inset) zoom into the pins of the metalens in the central region; (bottom

inset) sketch showing the metalens side view.

The GRIN LL is synthesized by dividing the circular area according to a Cartesian lattice
that matches the selected periodicity of the unit cell, pens. Then, (3.1) is applied to
compute the ideal refractive index in each square of the lattice. Such values can be
mapped to a pin height (hiens) using the curve depicted in Fig. 3.2(b). Fig. 3.2(c) shows
the structure resulting of this synthesis process. The lens has an external diameter of 50
mm (1040, where Ao is the free space wavelength at the design frequency fo = 60 GHz)

and the metallic pin height varies between 0.3 and 0.8 mm.

3.3 Horn Antenna using Groove Gap Waveguide Technology

The next step is to design the GGW horn antenna feeding the LL. It must be ensured
that the wave is confined within the groove of width 4.2 mm and height 1.75 mm by the
metallic pins and the top and bottom metallic plates. Again, the eigenmode solver of CST
Studio Suite® was employed to obtain the pin dimensions that fix a bandgap around the
operation frequency. As shown in Fig. 3.3(a), with a width of anom = 0.5 mm, a height of
hhom = 1.5 mm, periodicity prom = 1 mm and distance to the upper metallic layer of 0.25
mm, a bandgap arises centered at 60 GHz and spanning from 40 to 80 GHz. The inset of
Fig. 3.3(b) shows the dispersion diagram of three rows of pins with a central groove of
width 4.2 mm, separated from the upper lid by the air gap, infinite along the x-direction.
The field distribution in the cross section for a frequency within the desired “monomode”
band (60 GHz) is shown in Fig. 3.3(c). In The field distribution is similar to the TE10 mode
of a standard waveguide, with the electric field vertically polarized with respect to the
plates [133].
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Fig. 3.3 (a) Dispersion diagram of a periodic metallic pins structure (shown in the inset) with dimensions:
Prom =1 mm, anorn = 0.5 mm and hnorn = 1.5 mm. (b) Dispersion diagram of three row of pins with a central
groove of 4.2 mm and height 1.75 mm. (c) 2D contour plot of the transverse electric field components (E;
and Ey) at 60 GHz, where the GGW has monomode operation. (d) Simulated input reflection coefficient of
the GGW horn antenna in dB; (Inset) top view showing the width of the step (s = 4.2 mm) the horn flare

angle (¥ = 35°) and an estimation of the phase center location (red ellipse).

Using these dimensions for the GGW pins, and after an optimization process, the
H- plane horn is designed by gradually opening the waveguide with a linear variation and
an angle of w = 35° for operation at 60 GHz. In the experimental setup the GGW must be
connected to a standard WR-15 waveguide. As the WR-15 waveguide and the GGW have
different widths, a step transition was designed to avoid impedance mismatch. Fig 3.3(d)

shows that the input reflection coefficient is below —10 dB from 54 GHz up to the upper
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limit of V-band (70 GHz). The inset in Fig. 3.3(d) shows a top cross section view of the

antenna highlighting the designed step of s = 4.2 mm and length 3.7 mm.

To optimize the performance of the lens-antenna system, the focus of the lens (which
in an ideal LL should be exactly at the circumference) must be carefully aligned with the
phase center of the GGW horn antenna. The phase center is determined from the
simulation results of the H-plane at 60 GHz. First, we determine the angular aperture
where the directivity decreases around —12 dB from its maximum value and find that it is
+42°, see Fig. 3.4(a). This value ensures a correct illumination of the lens without
excessive spillover. Next, the phase center is found by searching a phase curve between
these angles as flat as possible, Fig 3.4(b). After this process, it is concluded that the
phase center is inside the GGW horn at 3 mm from the aperture, depicted as a red ellipse
in the inset of Fig. 3.3(d). As shown in Fig 3.4(b), a small variation lower than 10° is
achieved between +42°.
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Fig. 3.4 (a) Normalized magnitude of the H-plane radiation pattern at 60 GHz (simulation result); the
shaded region is the angular aperture where the directivity is above —12 dB from the maximum. (b) Phase
of the H-plane radiation pattern at 60 GHz (simulation result); (inset) detail showing the phase variation in

the £50° range; the region where the phase variation is below 10° has been highlighted.

The GGW horn antenna is therefore slightly inserted into the LL, as shown in Fig 3.5(a),

to match the LL focal circumference with the horn’s phase center. This is corroborated by
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a parametric analysis using an auxiliary parameter mx, which represents how much the
antenna is inserted inside the lens (mx = 0 means that the antenna aperture coincides
with the LL focal circumference and a positive mx means that the horn is inserted into the
lens). Fig. 3.5(b) shows the reflection coefficient and directivity for several values of mx
varying from 0 to 4 mm. When the GGW horn aperture is exactly at the rim of the lens
(mx = 0 mm), the directivity drops at the upper frequency limit. The maximum directivity
over the bandwidth is achieved when mx = 3 mm, in good agreement with the phase

center position previously calculated.
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Fig. 3.4 (a) Schematic of Luneburg lens, GGW horn antenna and flare (top view) highlighting the
parameter mx that controls the relative position of the lens and the horn antenna (b) Parametric simulation
results of reflection coefficient and directivity varying mx from 0 to 4 mm. (c) Normalized |E,| without
metalens at 60 GHz in decibel scale. (d) Normalized |E,| at 60 GHz with metalens (mx=3) in logarithmic

scale.

Finally, Fig. 3.5(c) and (d) show the top view of the normalized vertical component of
the simulated electric field at 60 GHz with and without the lens. It is clear that the lens

shapes the cylindrical wavefront radiated by the GGW horn into a planar wavefront.

3.4 Simulation and Experimental Results

The previously discussed LL GGW antenna was manufactured and measured. A
standard CNC milling machining with a tolerance of +/-20 um was selected to
manufacture the two blocks presented in Fig. 3.5. Aluminum was considered for all of the
constituent pieces, and was modeled as a lossy metal with a conductivity of 1.72x107 S/m
[101]. Photographs of the manufactured prototype are shown in Fig. 3.5(a)-(c). A flare
section was implemented to improve the radiation pattern and the matching to free space,
as shown in Fig. 3.5(d) and its inset. The flare dimensions were obtained by launching an
optimization of the radiation characteristics, giving as a result an angle of 21° and a length
of 20.8 mm. The final system has a total volume of 88.5x62.6x19.05 mm, Fig. 3.5(a) and

(b).
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Fig. 3.5 Picture of the fabricated antenna showing: (a) a top view of the upper block (left) and bottom
block (right) with the metalens horn antenna, (b) perspective view of the upper block (right) and bottom
block (left) with the metalens horn antenna. (c) Photograph of the bottom piece in perspective view (top)
and profile view (bottom) to show clearly both the lens and GGW antenna pins. (d) Perspective view of

the bottom plate (top panel) and a zoom into the flared section (bottom panel).

The far-field measurements were performed using two different setups. Radiation
pattern planes, peak directivity and aperture efficiency (7eff) were obtained using the
planar near field setup shown in Fig. 3.6(a). In this setup, the lens antenna (Antenna
Under Test, AUT) was aligned with its H-plane parallel to the z-axis and the E-plane
parallel to the y-axis, see Fig. 3.6(a). An open-ended waveguide probe with sharp edges
(surrounded with TK-RAM absorbing material to reduce undesired reflections [134]) was
used to scan the electric field at a distance dm = 70 mm from the AUT, far enough to

prevent reactive coupling between the AUT and the probe and close enough to avoid
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measuring a very large plane. The measurements were taken by moving the probe
position along the yz-plane in a rectangle of 560x240 mm? with a step of 2 mm (less than
J0/2) and sweeping the frequency at each point. A precise alignment process was done
to ensure that the AUT and the probe were parallel prior to recording the co-polar and
cross-polar planar near fields. A PNA network analyzer E8361C (Agilent Technologies)
was used to measure the antenna in the frequency range from 45 to 70 GHz, with the
frequency span discretized in steps of 50 MHz. A single-port calibration was performed
to measure the reflection coefficient of the lens antenna system. The far field radiation
patterns and, from them, the directivity and aperture efficiency were finally obtained by
applying a near to far field transformation and probe correction.

2000 mm

(a) (b)

Fig. 3.6 Experimental: (a) near field setup highlighting the distance between the AUT and the probe (dm =
70 mm); red circles mark the LL antenna (AUT) and the probe positions. (b) top view of the far field setup

highlighting the distance between the AUT and the probe of 2000 mm.

In addition, a far field setup was implemented to measure the gain by applying the gain
comparison (or gain transfer) method, see Fig. 3.6(b). Two identical calibrated standard
horn antennas (source and detector) of known gain and linear polarization were carefully
aligned and placed at a distance of 2000 mm, farther than the minimum far field distance
determined by the AUT dimensions, which is around 1930 mm at the maximum frequency
of the band (70 GHz). To avoid undesired reflections on the ground between the

antennas, the floor was covered with RAM. Nevertheless, the setup does not use an
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anechoic chamber and hence is prone to reflections with the objects in the laboratory,
introducing some ripple and uncertainty in the measurements, at it will be shown below.
The measurements were performed using an AB Millimeter Vector Network Analyzer
MVNA-8-350 operating from 45 to 70 GHz with a frequency step of 0.5 GHz

@ 0 125 25 1
~— 1 PN oy >
= )
o - ) =)
8 10, 209__»_%20 VI \ 08%
I N T i | g
£ 158 215 {1063
Q)
2 -30 o L o
3 — — Simulated 15 @@ 8 ~- 023
= Measured e
& -40 0 0 0
45 50 55 60 65 70 45 50 55 60 65 70
Frequency (GHz) Frequency (GHz)

(a) (b)

Fig. 3.7 (a) Simulated (dashed lines) and measured (solid lines) reflection coefficient (red) and realized
gain (blue) in dB. (b) Directivity (blue curve) in dB. Inset, aperture efficiency (5ef from 50 to 65 GHz

(green curve).

Fig. 3.7(a) shows the simulated (dashed) and experimental (solid) results
corresponding to the magnitude of the input reflection coefficient (red) and the realized
gain (blue) of the lens antenna. The antenna has a good impedance matching in all the
considered band (from 45 to 70 GHz), with an input reflection coefficient below -10 dB
and an excellent agreement between simulation and experimental results. The
experimental realized gain reaches a maximum value of 22.5 dB at 61 GHz and is above
20 dB in almost the entire band, with a fair agreement with the simulation results.
Furthermore, the realized gain bandwidth (defined as the frequency range where the gain
is above —3 dB with respect to the maximum) is close to 15.7 GHz (from 50.7 GHz to 66.4
GHz). Hence, the fractional bandwidth is around 26.2%. Note that these results must be
taken with some caution because measurements were not performed in an anechoic
chamber and there are measurement uncertainties caused by undesired reflections in the

setup which add to the uncertainties intrinsic to the gain comparison method.
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Nevertheless, at the operation frequency, these reflections are not so detrimental as they

are at lower frequencies due to the rapid decay of the fields at mmWaves.

Fig. 3.7(b) shows the directivity measurement (blue curve) and the aperture efficiency
(green curve) extracted from the near field setup measurements. Notice that the realized
gain and directivity have similar behavior, demonstrating the excellent radiation efficiency
of the structure and the low losses due to the fully metallic design. However, the aperture
efficiency illustrated in Fig. 3.7(b) inset is low (between 0.2-0.3 from 50 to 65 GHz). This
parameter could be improved with a different flare implementation, following a different
shape such as an exponential curve. Nevertheless, given that antennas with a fan-beam
pattern like the one considered here usually have moderate values of aperture efficiency
(as aresult of the wide beamwidth in one of the radiation planes) a linear flare was chosen

in the design to simplify the manufacturing process.

The copolar and cross polar radiation patterns are shown in Fig. 3.8(a)-(d). Radiation
patterns are only represented from —60°< 6 <60°. This limitation comes from the size of
the sampled plane along with the AUT size and the distance between the AUT and the
probe, which does not allow to obtain larger angles with the applied method (near field
setup). Several representative frequencies were selected and plotted (from 50 to 65 GHz
with steps of 5 GHz). The E-plane (co-polar in red and cross-polar in cyan) and H-plane
(co-polar in blue and cross-polar in green) normalized radiation patterns are included in
all cases. Again, an excellent agreement between simulation and experimental results is

observed.
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Fig. 3.8 Simulated (dashed lines) and measured (solid lines) normalized far field radiation patterns at: (a)
50 GHz, (b) 55 GHz, (c) 60 GHz and (d) 65 GHz.

The SLL at 60 GHz is around —22 dB and in the worst case is 50 GHz where the SLL

is evident in both plots.

is —15 dB. An excellent cross-polar discrimination, higher than 25 dB, is noticed in all
cases. Obviously, the antenna presents a narrower beamwidth in H-plane than in E-plane
(at 60 GHz Hupew = 6.8° and Enpew = 21°), since the former one is the plane where the
LL collimates the beam. Fig. 3.9(a) shows the —3dB beamwidth versus frequency, where
it is clear that the beam is narrower in the H-plane. Fig. 3.9(b) shows the electric field
copolar magnitude in the measured plane at 70 mm from the antenna and Fig. 3.9(c) the

far-field 2D radiation pattern at 60 GHz. The fan beam pattern, narrower in the H-plane,
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Fig. 3.9 (a) —3dB beamwidth in the E-plane (red curves) and H-plane (blue curves) as a function of
frequency. Simulation (dashed lines) and measurement (solid lines) results. Field pattern at 60 GHz: (b)

near field measurement (c) far field transformation.

There are nevertheless some results that need further clarification. First, there is a dip
in the measured directivity between 55 and 60 GHz that does not appear in the simulation
results [Fig. 3.7(b)]. Furthermore, this dip is in apparent contradiction with the behavior
observed in the radiation patterns, where the beamwidth in the measured H-plane is
narrower than in the simulation [Fig. 3.8(d), (e)]. However, looking closely, it can be
observed that the measured E-plane is wider and has higher side lobes, counterweighting
the beamwidth reduction in the H-plane and leading to a decrease of the measured
directivity in that frequency range. This phenomenon can be attributed to very small errors

in the manufactured prototype.

In addition to this, there is an important directivity drop at 65 GHz that appears both in
the simulation and experimental results. This is a consequence of the dispersion of the
metallic pin array used to modulate the refractive index by varying the pin height as
presented in Fig. 3.2(b). From that figure and also from Fig. 3.2(a), it is clear that the
refractive index is dispersive and has an abrupt variation from 65 GHz onwards,
especially for pin heights between 0.7 and 0.8 mm. To fully understand the underlying

physics, the discretization applied to modulate the LL must also be considered. A contour
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plot of the ideal refractive index distribution applying (3.1) is presented in Fig. 3.10(a),
where a small discretization step of 0.1 mm has been employed. However, the
implemented lens has a coarser period (piens = 1.1 mm) leading to the discretized index
profile shown in Fig. 3.10(b). Gray circles superimposed in that figure delimit the
boundaries of regions of pins with the same height (up to 22 different pin heights were
used in the lens). Looking closely, it is found that most of the lens area (up to 48.1%)
contains pins with heights above 0.7 mm, which have strong dispersion above 65 GHz.
Therefore, it can be concluded that the drop-in directivity beyond that frequency is a
consequence of the pin dispersion, which leads to refractive index values far from the
Luneburg equation. This is corroborated in Figs. 3.10(c) and (d) that show the electric
field distribution at 65 and 70 GHz. It is appreciated that the field inside the lens greatly
differs from the electric field when the refractive index matches the Luneburg equation
[Fig. 3.4(d)]. Hence, the output wavefront is no longer planar and this effect leads to the

observed directivity drop.
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Fig. 3.10. (a) Planar LL and its radially symmetric refractive index n(r) with a discretization of 0.1 mm. (b)
Mapping representation of the LL refractive index implemented with discretization of piens = 1.1 mm, where
the gray dashed circles delimit the regions with pins of the same height (black dashed circles are some
selected labels). (c) Top view of the normalized |E;| metalens in decibel scale at 65 GHz. (d) Idem at 70
GHz.

There are excellent works in the literature that propose metamaterial unit cells with low
dispersion [7], [12], [26]. For instance, some implementations such as glide symmetric
unit cell designs are less dispersive, giving rise to wide bandwidth and good directivity
performances. However, this technology is difficult to implement as frequency increases

due to the small gap between lower and upper pins needed to obtain wide bandwidth.

Table 3.1 presents comparison of simulated and experimental results including the

previous parameters along with the matching bandwidth, peak directivity and fractional

directivity BW.
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Table 3.1: Comparison Between Simulated and Measured Results

Parameter Simulated Measured
S11 (dB) BW* 50 — 65 GHz 50 — 65 GHz
Directivity Peak 23.1 dB at 60 GHz 22.4 dB at 58.1 GHz
Realized Gain Peak 23 dB at 61 GHz 22.5dB at 61 GHz
Fractional Gain BW* 22.7% 26.2%
SLL (at 60 GHz) 20 dB 22.4 dB
E-plane = 21° E-plane = 21°
HPBW (at 60 GHz)
H-plane = 7° H-plane = 6.8°

3.5 Conclusions

To conclude, a fully metallic LL antenna system excited by a GGW horn operating at
V-band has been demonstrated. The LL has been synthesized using metallic pins to
obtain the desired refractive index profile, which provides a planar wavefront in the
direction of propagation. A GGW horn antenna has been also designed and combined
with the LL to get a fully metallic design compatible with the requirements of wireless
communication systems at mmWave. Owing to the fully metallic design, this system is
more robust and presents lower losses than solutions involving typical dielectric
substrates. Moreover, the final design is quite flat, making it easy to adapt to planar
surfaces. The simulated and experimental results are in good agreement demonstrating
that CNC micromachining is a viable alternative even at high frequencies where
tolerances are critical and designs based on small constituents such as metallic pins are
challenging.
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A high directivity of around 22.4 dB is achieved at 58.1 GHz, and a realized gain of
22.5 at 61 GHz (the gain is above directivity due to small measurement uncertainty in the
gain method). The realized gain bandwidth is of around 26.2%. A cross-polarization
discrimination higher than 25 dB is observed in the measured bandwidth. This antenna
based on GGW technology is able to generate excellent radiation characteristics and

could be used in applications at mmWave.
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Chapter 4: Dual Layer Reflector Geodesic
Lens Antenna

4.1 Introduction

The designs of 2D LL mentioned in section 3.1 are achieved mostly by varying the
refractive index using layered dielectrics or periodic structures, such as the metallic pin
array described in previous chapter. A limitation of this method is that the continuous
refractive index proposed in eq. (3.1) must be discretized due to the finite size of the unit
cell introducing deviations from the analytical equation, as explained in section 3.2.
Alternatively, a geodesic Luneburg lens (GLL) can achieve a continuous refractive index

distribution avoiding discretization.

Geodesic lenses are lenses based on curved surfaces which mimic an arbitrary
refractive index distribution [91], are rotationally symmetrical and independent of the
frequency. Rinehart [88] proposed an equivalent to the LL with a homogeneous medium
within the PPW by introducing the arc length of a geodesic as a function of the lens radius,
s(p), where p is also a normalized radius, defined in a cylindrical coordinate system with
its origin at the center of the lens. The working principle of a GLL is based on increasing
the physical path to emulate the refractive index extracted from the Luneburg equation by
guiding the wave along the height of the lens. GLLs are then a solution of LL that avoid
the use of a gradient index and achieve the required phase difference by varying the
optical path.
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Although not mentioned in the previous chapter, there are two mains solutions for LL
which can also be obtained by applying geodesic concepts: the conventional one, where
the source and the focus are at opposite spaces, represented in Fig. 4.1(a); and the
complementary solution, where the focus is virtual and is obtained in the same semi-

space as the source, as shown in Fig. 4.1(b).

(r,0)

(b)

Fig. 4.1 Schematic of: (a) a Luneburg inverse problem to find the refractive index profile, n(r)or the
equivalent geodesic lens shape, z(r), with pre-specified foci P1 and P2[135]. (b) Complementary Luneburg

lens with virtual image with inhomogeneous index (left) and geodesic lens geometry (right) [136].

Spherically and rotationally symmetric lenses producing sharp virtual images can be of
interest in antenna systems, complementing and extending existing solutions. Combined
with reflector systems, can improve the unifocal property of a hyperbolic sub-reflector in

a classical dual-reflector Cassegrain geometry. In the case studied here, the

71



Chapter 4

complementary solution is employed to illuminate a planar reflector in a dual-layer parallel

plate design to achieve a compact footprint.

This chapter is then devoted to the design of a complementary GLL with a virtual focus
designed to illuminate a planar reflector at 60 GHz. This complementary GLL design
configuration provides a virtual focus far away from the GLL. This way, the parabolic
reflector “sees” a virtual source placed at a point aligned with its focus several
wavelengths away, even though the actual source is at the GLL edge. Hence, a compact
system can be achieved. The prototype is realized using a dual-layer parallel plate,
namely a pillbox structure [101], [117], [118]. Fig. 4.2 illustrates the wave propagation
from the feeding point towards free space. A source near the GLL is used to excite the
wave on the top layer. The wave at the output of the GLL has a cylindrical wavefront with
center at the virtual lens focus. This propagates towards a parabolic reflector placed at
the end of the top layer whose focal length coincides with the virtual focus of the GLL.
Then through a 45 deg chamfered mirror [Fig. 4.2(inset)] the wave is coupled to the
bottom layer and propagates in the opposite direction with a planar wavefront thanks to
the effect of the parabolic reflector. Furthermore, taking advantage of the rotationally
symmetrical property of the geodesic lenses, multiple feeding is proposed in order to
obtain beam scanning capability.

Virtual focus

4

~o-

Real focus
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Fig. 4.2 Schematic of a dual-layer (pillbox structure) GLL + parabolic mirror system. Conceptual
representation of the field propagation from the top layer (cylindrical wavefront) to the bottom layer

(planar wavefront) through the parabolic reflector. Inset, detail of the corner reflector.

Finally, a comparison with a standard parabolic reflector is done using a ray-tracing
analysis to evaluate the pillbox structure behavior. The parameters evaluated are
directivity, SLLs, and scanning range. This comparison demonstrates the advantages of

the complementary GLL configuration over classical reflectors.

4.2 Geodesic lens configuration

In a geodesic lens, the physical path is modulated by changing gradually the height
profile, z(p). The system considered here is a PPW filled with a homogenous and isotropic
dielectric, in this case air. As discussed in [91], the height gradient as a function of the
radius particularized to the case of GLL (a rotationally symmetric case) can be obtained

with the following equation, obtained by geometrical optics:

d 1 1\
dz _ (_+—> 1 (4.1)
dp 2 2/1—p?

A schematic of a generalized LL inverse problem with foci at P+ and P2 and a gradual

index is shown in Fig. 4.1(a) left. Fig. 4.1(a) right shows the same case as before, but this
time in a geodesic shape, where the physical path is modulated with a gradual height,
Z(p) [91]". Most lens profiles are usually obtained by solving a canonical Luneburg inverse

problem? with a pair of pre-specified foci that must be real [91]. However, this concept

" The profile is obtained by solving Eq. (9) in the mentioned reference.

2 In the literature this denomination is used because the refractive index of the lens is calculated by
solving an inverse problem: assuming a plane wave coming from the infinite and focused in an arbitrary
predefined point.

73



Chapter 4

can be extended to produce a virtual focus on the same side as the source point of the

lens by solving a complementary Luneburg inverse problem [136], Fig. 4.1(b).

421 A complementary solution to the generalized Luneburg lens

problem

The complementary solution of the generalized LL is a family of lenses that can have
a virtual focal image. They are designed to produce a real image as a direct consequence
of the formulation of the generalized LL problem [87], [91], see Fig. 4.3(a).

Fig. 4.3(b) illustrates the complementary problem which in essence is similar to a
classical divergent lens. The circle delimits the boundaries between the lens filled with a
gradient index, n(r), and the background, n = 1. In this complementary lens, the rays
emerging from the lens converge in a virtual image point at the same semi space as the
source. Therefore, the rays stemming out of the lens apparently come from this virtual
image point (n) and diverge from it rather than converging at the output (unlike the
generalized LL depicted in Fig 4.3 (a)). The analytical solution for the complementary LL

is provided in [128] for both gradient index and geodesic versions.

Fig. 4.3 A schematic representation of (a) the generalized Luneburg lens problem and (b) the proposed

complementary problem in an inhomogeneous medium.

The complementary GLL profile is obtained by using the approach described in [91]
and developed in [136], assuming rs = 1 (real source exactly on the lens edge):
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(4.2)

The corresponding geodesic lens profile in cylindrical coordinates (p, 6, z) is obtained by
solving the differential equation dz? = ds? — dp?. Due to the eminently practical content
of this thesis, the detailed theoretical development of this complementary solution
extensively analyzed in [136], has not been delved into.

To illustrate the physical operation, a full simulation using the commercial software CST
Studio Suite® was done comparing the classical and the complementary LL. Fig. 4.4(a)
shows the shape of a geodesic Luneburg lens following eq. (4.1) for P1=1 (on the
periphery) and P2 = « (planar wavefront). Fig. 4.4(b) shows the electric field response,
showing clearly that the wavefront at the output is planar, as determined by the LL

equation.

75



Chapter 4

Planar wavefront

Source
point

zIR

0 0.2 04 06 0.8 1 0o 12 24 -3 a8 -60|%®

pIR
(a)
17 ’ F4
0.8 |
0.6 |
x
N
04
0.2 |
0 ‘ . ‘ .
0 0.2 0.4 0.6 0.8 1
pIR
(c) (d)

Fig. 4.4 (a) Normalized geodesic Luneburg lens. (b) Normalized |Ez| field magnitude for a geodesic
Luneburg lens. (c) Normalized geodesic curve for the complementary lens with a virtual source with rs = R

and ri = 2R, where R is the radius of the lens. (d) Normalized |EZ| field for the complementary problem.

The shape of a complementary GLL obtained from (4.2) is shown in Fig. 4.4(c) placing
the virtual image at n = 2R (where R is the radius on the lens) from the center when the
lens is excited from the periphery (rs = R). Fig 4.4(d) shows that the wavefront at the
output is centered on the virtual image () on the left side of the plot. The virtual image
and the cylindrical wavefront centered on it are highlighted in white in the figure.
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4.3 Simplified complementary geodesic lens designs

In order to simplify the design of complementary GLL it is possible to use an alternative
formulation to (4.2) as proposed in [94] by taking into account that geodesic lens profiles

(both conventional and complementary) resemble half of an ellipse curve:
1
2(p) = ho(1 — pP)d (4.3)

where ho = 0.4191 is the height of the reference Rinehart—Luneburg lens, and p = 2.07
and g = 1.802 are exponents of the generalized super ellipse. The super ellipse is a
closed curve resembling the ellipse, retaining the geometric features of semi-major axis
and semi-minor axis, and symmetry about them, but a different overall shape. This
approximation is easier to implement in a simulator like CST Studio Suite® because it has
a closed and simple parametric dependence, unlike eq. (4.2). For the lens implemented

here, the error between both expressions is less than 1.2 1073, see Fig. 4.5(a) inset.
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Fig. 4.5 (a) Axial symmetric normalized height complementary lens profiles using (4.2) dashed blue curve
and (4.3) solid blue curve. (b) Representation of three profiles, where m1 = 0.93 and m2 = 0.75 are mirror
points. Blue solid curve is the lens profile using (4.3), red solid curve is the lens profile with chamfers at
the inflection points (m1 and mz) and green dashed curve is the lens profile without chamfers. (c) Top,
reflection coefficient for the three considered cases (all the lens is simulated). Bottom, cross-sectional

view of the normalized E-field distribution at 60 GHz for the case with two chamfers implemented.

In [93], Kunz suggested that a geodesic lens may be folded by applying reflection
symmetry with respect to a plane perpendicular to the lens curve and intersecting it. This
principle was applied twice in the complementary geodesic profile as shown in Fig. 4.5(b).
This strategy allows reducing the overall height in such a way that the folded profile height
is reduced to around 0.38ho. However, the inflection points (m1 and mz) that appear in the
lens profile due to the folding introduce singularities that need to be optimized to keep the
impedance matching (green dashed curve). To smooth out the singularities, chamfers
can be implemented in the profile, see Fig. 4.5(b) red solid curve. In this representation,
the green dashed curves are removed and are replaced by two lineal chamfers which
avoid the singularity points. Fig. 4.5 (c) shows the reflection coefficient of the three lens
profiles studied, where clearly the green dashed curve (lens profile without chamfers) has
the worst behavior and is clearly improved when chamfers are added (red curve). For the
sake of completeness, the normalized electric field distribution in the chamfered design
is presented in Fig. 4.5(c) bottom.

Next, a folded complementary GLL with a radius equal to R =4 1o, where Ao is the
wavelength at 60 GHz (centered at the operation band), and a virtual focus at 8Ao from
the lens center (n = 2R) is designed, see Fig. 4.6(a). The lens is fed on the periphery
using a WR-15 waveguide and a transition to fit the size of the lens PPW with the size of
the WR-15 waveguide. This height needs to be fit because the gap between the parallel
plates is selected to be below 10/4 (gap = 1 mm) to avoid higher order modes in the PPW
and hence is smaller than the height of the WR-15 waveguide hollow. The transition is

similar to the one used in [94] but in this case tuned at 60 GHz. Fig. 4.6(b) shows a full
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wave simulation of the transition alone, where the reflection coefficient is below —20 dB

over the operation bandwidth.

Istep S 1
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Fig. 4.6 (a) Schematic of a complementary geodesic lens with i = 2R and rs = R. Cross-sectional view of
the geodesic complementary shape with R = 4 Ao (b) S-parameters for transition between WR-15 and the

input of the lens.

4.31 Phase center calculations

Up to this point, a complementary GLL with a compact height using two folds and fed
by a WR-15 waveguide has been designed. This lens is designed to produce a virtual
focus at a distance 2R from the center of the lens when the source is placed on the edge.
This section is devoted to the evaluation of the lens performance, with the aim to ascertain
the exact location of the virtual focus, so that it can be then aligned with the focus of the
parabolic mirror. The scheme followed to perform this study is shown in Fig. 4.7(a). The
idea is to obtain the electric field phase along a circumference of radius 6R centered at
—2R + 20 (i.e. the expected virtual focus location + 2A0). The solid blue curve in Fig. 4.7(a)
represents just the one case, movoit = 0 where movos is the offset of the source with

respect to the central position —2R.

The virtual focus will then correspond with the location where the phase along the
circumference is nearly uniform, following the definition of phase center. The chosen
circumference radius is long enough to ascertain with little error if the wave has a

cylindrical wavefront.
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As phase center could have variations according to the actual source used to feed the
lens, two studies are made: first using a dipole as omnidirectional feed and then a
waveguide port. The standard deviation is used to measure the amount of variation or
dispersion of the electric field phase along the circumference. Obviously, a small standard
deviation indicates that the values tend to be close to the mean. The calculation is done

applying the definition of standard deviation:

. /M (4.4)
n

where (x1, X2....,xn) Xi are the observed values of the sample items, X is the mean value
of these observations and n while the denominator N stands for the size of the sample.
Therefore, the point where the standard deviation is minimum corresponds with the point
where the phase is more uniform. Fig. 4.7(b) illustrates the standard deviation of 20
positions analyzed. The minimum appears when movos = 0 mm with a standard deviation

of o = 7°, demonstrating that the virtual image is obtained at n = -2R.

4 -10mm 30~ - - . 35,
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(b) (c)

Fig. 4.7 (a) Schematic of a complementary geodesic lens phase validation, where movor is the
displacement (in z-axis of 10 mm) applied to the circumference center ri and radius 6R. (b) Standard
deviation study feeding with a dipole. (c) Standard deviation study feeding with a waveguide port.

A similar study is performed using a waveguide to feed the lens. Fig. 4.7(c) shows the
standard deviation for the same positions analyzed. The flatter phase appears when

movott = 5 mm (with o = 7.86°), which means that the virtual image appears closer to the
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lens, with a displacement of /o with respect to the design position. This shift is caused by
the waveguide port, whose phase center is not located exactly at its physical location.
This shift will be considered in the reflector design to match the focal length. Now, the
radius of the lens is the same (R = 4 Ao), but the virtual focus is at 7 Ao from the lens center

due to the phase center calculations.
4.3.2 Spillover efficiency calculations

As mentioned at the beginning of the chapter, the main aim of the GLL is to illuminate
a parabolic reflector whose focal lens matches with the virtual image and achieve beam
scanning by using multiple sources along the lens circumference. It is clear that each
source is associated to a particular virtual image that produces a different illumination on
the parabolic reflector. Here, a spillover study is done by considering several source
positions and from it the spillover efficiency of the entire system is obtained.

Fig. 4.8(a) shows a schematic of the setup used for spillover calculation using a
waveguide attached to the transition designed before. Two main positions are analyzed,
with the source position at 0° (symmetrical pattern) from the center of the lens, and at
45°. In this last position, although the lens's radiation pattern is symmetrical, the angle
subtended from the parabolic mirror is not symmetrical and hence the integration limits
are not symmetrical either (following the spillover formulation presented in [26]). Fig.
4.8(b) and (c) show the behavior for several some F/D ratios changing only F and keeping
constant D, where F is the focal length and D is the diameter of the parabolic reflector, at
0° and 45° feeding positions. When the F/D ratio is between 0.57 to 0.75, the behavior is
similar, achieving efficiencies around 88 to 96%. However, when F/D = 1, the efficiency
decreases abruptly, being the worst case when the feed is at 45° feed. This can be
explained by noting that for large F a large portion of the power is not intercepted by the
reflector. Therefore, a value of F/D = 0.75 is selected as a compromise solution to design

the final system because it has a good spillover efficiency in the operation band.

81



Chapter 4

r mpe

0°
Yy X
i 45%

-
(=1
o

-
[=]
o

[{=]
(=]

90

SAST =

70 =——FI/D = 0.57 F=62.7 mm
—F/ID =07 F=77.0 mm
—F/D =0.75 F=82.5 mm

FID=1 F=110 mm

[=]
o

80

701

60 60 r

Spillover efficiencies (%)

Spillover efficiencies (%)

50 50 ; ; ; ‘
45 50 55 60 65 70 45 50 55 60 65 70

Frequency (GHz) Frequency (GHz)
(a) (b) (c)

Fig. 4.8 (a) Schematic of a complementary geodesic lens spillover study of several F/D values. (a)

Spillover analysis when the source is at 0°. (b) Spillover when the source is at 45°.

4.3.3 Compact pillbox reflector based on a complementary GLL

In this section, the entire system is designed and its performance analyzed. The sketch
in Fig. 4.9(a) shows a parabolic reflector positioned at 94 from the center to the
complementary GLL with F/D = 0.75 and D = 22 20 mm. The focal length of the parabolic
reflector matches the virtual source location of the lens, determined by studying the phase
center of the GLL. Eleven WR-15 waveguide ports are placed along the periphery to feed
the GLL in order to achieve scanning angle capability. The separation between the center
of each port is around 9.2°, taking as reference the center of the lens. Fig. 4.9(a) inset

shows a profile view of the folded GLL.

As mentioned at the beginning of the chapter, the parabolic reflector is illuminated by
the complementary GLL placed on the top layer (cyan). The wave travels along a PPW
with height gap =1 mm upon the parabolic mirror that has a corner reflector (two 45°
chamfers in the cross section) to steer the wave to the bottom layer, see Fig. 4.9(b).

Finally, the wave travels along the bottom PPW and is radiated in the air.
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Fig. 4.9 (a) Schematic of a dual layer geodesic lens integrated with parabolic reflector: (a) Cross sectional
view of both layers, where cyan represents the top layer and red the bottom one. (b) Detail of the corner
reflector (c) Normalized radiation pattern of the dual layer geodesic lens integrated with the parabolic

reflector.

Fig. 4.9(c) shows the normalized radiation pattern obtained for the entire system using
CST Studio Suite® simulator for all the considered sources. The maximum scanning
range is around +18°. In addition, the directivity decreases by 2.6 dB in the maximum
scanning angle close to 18°.
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Fig. 4.10 (a) Reflection and coupling coefficients at some selected ports when the active ports are
number 1 and 6. Top view of the electric field obtained with the numerical simulator considering the entire
system at 60 GHz, 15t layer (left) and 2" layer (right) when the excitation is done through (b) Port 1 and
(c) Port 6.

To get a closer view of the system performance, the simulated S-parameters of ports
1 (extreme) and 6 (center) are presented in Fig. 4.10(a). Both have a reflection coefficient
below —10 dB from 55 to 65 GHz. These ports were selected as they are an opposite
case regarding possible cross-coupling between ports. Although not presented for the
sake of clarity, the rest of the ports are also matched with S11 below —10 dB in all the
considered band. A top and bottom view of the simulated electric field at 60 GHz when

ports 1 and 6 are excited are shown in Fig. 4.10(b) and (c) respectively. As it can be
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observed, a planar wavefront is generated at the output with a tilt angle that depends on

the excitation source position.

4.4 Comparison with other reflector systems.

The motivation to include a GLL in the system is to achieve beam scanning using a
parabolic reflector in a compact system. Here, a comparison is done with a simple
parabolic reflector to evaluate the beam scanning. In addition, the system is compared
with other classical solutions for compact reflector systems such as the Cassegrain
reflector. Notice that the comparison shown below is made in terms of size, scanning
angle, directivity and SLL in order to determine how compact the GLL system is compared
to classical solutions. In the Cassegrain reflector system case, given the number of design
variables, the study presented in this thesis is not exhaustive and the comparison is done
for only two representative cases. A comprehensive analysis may be the subject for a
better optimization process to obtain a more exhaustive and detailed comparison in the

future.

In the next subsections, the analysis of a classic parabolic reflector and two different
configurations of a Cassegrain reflector system are presented. After that, the most
relevant results are simulated in CST Studio Suite® in order to establish a comparison
with the GLL.

441 Classical parabolic reflector

The first case analyzed is a classical parabolic design, with the same dimensions as
the devised pillbox-antenna. The parameters evaluated are directivity, SLL, and scanning
range. Initially, in order to perform a fast analysis all these parameters are calculated

using an in-house ray-tracing program, see appendix A.

The problem under consideration is illustrated in Fig. 4.11(a) with the origin of
coordinates placed at the vertex of the parabola. The rays emitted from a horn feed

(denoted as ps and modelled with a cosine radiation pattern) reach the parabolic reflector
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which has a focal distance F= 1710 and a diameter D, with F/D = 0.75. To avoid the
blockage effects, a dual-layer (pillbox system) reflector is assumed. The black and red

arrows denote the first and the second layer, respectively.

The beam scanning is realized by moving and rotating the feeding source off the focus,
so that it always points to the parabola center. This leads to a beam deviation in the
radiation pattern [137]. In the analysis below, the source is moved inside the boundaries
of the gray box shown in Fig. 4.11(a) defined by + D/2 (D = 110 mm) and ps + xmov (Where
Xmov = 10 mm is the maximum horizontal displacement proposed from the focal point, ps
= -82.5 mm).

Ps = Ximov Ps * Xmov

Dr2

D2

F ) x(mm)- . - x (mm)

(@) (b) (c)

Fig. 4.11 (a) Schematic of the analyzed problem with a horn feed illuminating a parabolic reflector. The
black rays represent those in the first layer and the red ones those in the second layer. (b) Contour plot of
the normalized maximum of the radiation pattern (in dB) as a function of the position of the feed along x
and y (the analysis is restricted to the gray area shown in (a)). (c) SLL in dB with respect to the maximum.
The dashed lines in (b) and (c) represent the angle of the main beam after reflection by the parabolic
mirror. The white curves in (b) and (c) approximate the optimal positions for the feed and the blue curve is

the arc followed for the geodesic shape with a virtual source at 2R.

Fig 4.11(b) shows a contour plot of the normalized (to the maximum of the broadside
beam) radiation pattern maximum as a function of the source position, varied along x and
y in steps of 0.5 mm within the gray area. The dashed lines indicate the main beam in
azimuth direction. The maximum directivity values appear near the focus. However, if the

feeding source is moved away from the focus the directivity decreases. It happens due to
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the phase aberration introduced by placing the feed out of the focus which degrades
substantially the far-field pattern, and depends very strongly on the F/D ratio. Likewise,
Fig. 4.11(c) shows the SLL in dB. The behavior is similar to the directivity results: close
to the focus, the SLL is below —10 dB and increases when the source is displaced from
that point. From these graphs, it is found heuristically that to achieve the greatest possible
scanning angle while maintaining a high directivity and low SLL, the feeding source
should move approximately along the white curve shown in Figs. 4.11(b) and (c).

4.4.2 Classical Cassegrain reflector system

Now a comparison with a Cassegrain reflector system is done, considering two different
configurations, with a big sub-reflector (as explained below) and another with a smaller

one at a distance below 12 1o to get a compact system.

The Cassegrain dual-reflector system consists of a larger (main) reflector that must be
a paraboloid and a smaller (secondary) reflector which could be a hyperboloid or an
ellipsoid, see Fig. 4.12(a). The use of a second reflector, which is usually referred to as
the sub-reflector or sub-dish [138], gives an additional degree of freedom for achieving
compact systems in a number of different applications (such as terrestrial communication

satellite antennas, radio telescopes, and the antennas of some communication satellites).

Typically, in antenna design, the parameters to consider when developing a
Cassegrain system are: the diameter of the main reflector (D), the focal length of the main
reflector (F), the focal length of the sub-reflector (Fc), and the feeding beamwidth of the
sub-reflector (@r). The rest of the design parameters, such as the diameter (Dc) and the
eccentricity (ec) of the sub-reflector, are dependent on these and can be calculated
following the formulation presented in [138]. Since the objective is to compare the GLL
and the classic parabolic reflector, F and D will be considered fixed parameters.
Therefore, the optimization parameters will be Fc and ®r. To simplify the analysis, it was
decided to set Fc = F = 82.5 mm and only modify the sub-reflector with the @ parameter.

This has as a direct consequence that the best performance of this system (in directivity
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terms) is when the feeding source supply is located at the vertex of the main reflector
ps(0;0).

The first configuration tries to maximize the size of the sub-reflector. This way, it is
possible to intercept most of the rays emanating from the source even form large angels.
For this purpose, @ was fixed to 70° which results in a sub-reflector diameter D.=97.2
mm, near the diameter of the main reflector (D = 110 mm). Following the equations shown

in [138] for a classical Cassegrain the sub-reflector shape is elliptical.

Fig. 4.12(a) shows the configuration proposed, where the elliptical sub-reflector is close
to the horn feed and the same parabolic reflector considered above. As before, the origin
of coordinates was placed at the vertex of the main parabola which the rays emitted from

the source ps reach the elliptical sub-reflector placed at — 26.6 mm.

The beam scanning was realized by moving the feeding source within the boundaries
of the gray box shown in Fig. 4.12(a) and rotating it so that it pointed always towards the
sub-reflector center. To analyze the behavior of the Cassegrain system and keeping the
same notation used in the classical parabolic reflector, the gray box limits are:

e Along x-axis: ps + 5 mm in positive and ps — 2 mm in negative direction.
e Along y-axis ps £ 35 mm.
F (dB) (dB)

D/2

. ¥ (mm)

DRV -/
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Fig. 4.12 (a) Schematic of the first problem analyzed with a horn feed illuminating a Cassegrain reflector.
Inset, cross-sectional view where the black rays represent those in the first layer, the red dashed rays
those in the second layer, and the solid red rays those the third layer. (b) Contour plot of the normalized
radiation pattern (in dB) as a function of the position of the feed along x and y [the analysis is restricted to
the gray area (a)]. (c) SLL in dB with respect to the maximum. The dashed lines in (b) and (c) represent

the angle of the main beam after reflection by the parabolic mirror.

Using the ray-tracing method (Appendix A), a study of directivity, scanning angle and
SLL was realized. Fig 4.12(b) shows a contour plot of the normalized (to the maximum of
the broadside beam) radiation pattern as a function of the source position, varied along x

and vy in steps of 0.5 mm within the gray area.

The maximum directivity values appear near the focus and decrease if the feeding
source is moved away from the focus. However, the scanning capability is increased
compared to the GLL and single parabolic reflector (see the dashed lines), achieving a
maximum scanning range around £30° [this is an approximate result assuming that the
source moves along the dashed white line illustrated in Fig. 4.12(b)]. Another criterion to
evaluate the performance is having a maximum SLL of —10 dB. According to Fig. 4.12(c),
when the feeding source is moved away from the focus, the SLL increases rapidly. Thus,
this parameter limits the scanning range of the system to +12°, see Fig 4.12(c) white

dashed line.

A second configuration is evaluated, this time with a smaller sub-reflector. The new
Cassegrain system is presented in Fig. 4.13(a). In this case, the same criteria are
maintained, where F.=F and ®r controls the shape of the sub-reflector with a reduced
beam width to optimize the illumination. So, ®r = 50° and the diameter of the sub-reflector
is modified to Dc=75.9 mm. Due to the modification of the diameter, the position of the

sub-dish is now —34.4 mm. The gray box boundaries have the same size as before.
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Fig. 4.13 (a) Schematic of the second problem analyzed with a horn feed illuminating a Cassegrain
reflector. Inset, cross-sectional view where the black rays represent those in the first layer, the red dashed
rays those in the second layer, and the solid red rays those the third layer. (b) Contour plot of the
normalized radiation pattern (in dB) as a function of the position of the feed along x and y [the analysis is
restricted to the gray area (a)]. (c) SLL in dB with respect to the maximum. The dashed lines in (b) and (c)

represent the angle of the main beam after reflection by the parabolic mirror.

The directivity behaves similarly as in the previous cases. In this case, the scanning
angle goes up to +20°, see dashed white lines Fig 4.13(b). Fig 4.13(c) shows the SLL
results. It is clear that again the SLL increases abruptly as the source is shifted from the
focal point, limiting the scanning range of the system to +14°, see Fig 4.13(c) white

dashed line.

These two configurations demonstrate the improved scanning capability of the
Cassegrain system compared with the parabolic reflector and the GLL. Nevertheless, the
high SLL values when the source is moved out of the focal point represents a limitation
for this structure compared to the GLL system. In addition, although the Cassegrain
reflector is more compact than the parabolic reflector and the GLL (in x-axes), it is
necessary to fabricate it in three vertical layers to avoid blockage effects. This an

increased degree of complexity compared to the GLL system.
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4.4.3 Comparison results using numerical simulations

In this section a full-wave numerical comparison between a classical parabolic reflector
and the proposed compact pillbox reflector GLL antenna is done. The Cassegrain system

is not analyzed due to the high SLL foreseen in the previous study.

In the numerical simulations, the source point ps (whose radiation pattern was modelled
with a cosine) is replaced by a waveguide that is a good approximation to that radiation
pattern. The results of the numerical simulations of the GLL system and the parabolic
reflector alone are presented in Fig. 4.14(a) and (b), respectively. For the sake of

completeness, this last case is compared with the ray-tracing calculation, Fig. 4.14(c).

The maximum length in the classical parabolic reflector is around 1740, while the GLL
solution is more compact, around 1210. Due to the symmetry of the GLL, the virtual
sources are located along a circumference centered at the center of the GLL, represented
as a blue curve in Fig. 4.11(b). The numerical simulations give a beam scanning of the
GLL system around £18° with a directivity drop of 2.59, dB, Fig. 4.14(a). Beyond that
angle, with the angular precision available determined by the size of the waveguides
attached to the GLL, the directivity drops more than 3 dB. Using the same arc to illuminate
the parabolic reflector [blue curve in Fig. 4.11(c)] the scanning range taking only the
criterion of —3 dB of directivity drop would be of +28°. Nevertheless, for angles beyond
1+18.2° the SLL rises above —10 dB, see figures. 4.14(b), (c) where the maximum scanning
angle is very close to this criterion. Thus, in practical terms, the maximum scanning range
is +18.2°.

The larger directivity drops of the GLL system compared to the single parabolic reflector
at £18° can be explained by noting that the output wave in the GLL case only points
towards the center of the parabolic mirror when the source is in the central position;
otherwise, the output wave points in a different direction, as presented in Fig. 4.10(b). In
contrast, in the case of the parabolic reflector alone a horn antenna can be placed so that
it points to the center of the parabolic reflector in whatever position. The worst case in the
GLL configurations happens for a beam scanning angle of 18° where SLL is equal to -
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14.5 dB. For the classical parabolic reflector, it happens for a beam scanning angle of
18.2° where SLL is equal to -10.6 dB.
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Fig. 4.14 Normalized radiation pattern comparison between the: (a) complementary GLL and (b) classical
parabolic reflector in a dual layer implementation using CST Studio Suite® and (c) ray tracing

implementation using an in-house program.

4.5 Conclusions

To sum up, in this chapter, a system combining a dual-layer Luneburg geodesic lens
with a parabolic reflector system to produce a compact antenna has been demonstrated.
First, the concept of GLL has been introduced and the extension to complementary GLL
discussed. To get a more compact structure and improve impedance matching, two folds
and chamfers have been introduced in the design of the GLL. Then the GLL has been
inserted in a pillbox structure to illuminate a parabolic reflection. The resulting lens-
antenna system has been simulated, analyzing first the phase center location and the
spillover efficiency. The results achieved for the structure are excellent, with a beam
scanning around +18° using 11 ports distributed around the periphery of the lens.

Furthermore, a good matching is obtained within the entire operation band.

Finally, a comparison between the complementary GLL, a classical parabolic reflector,

and a Cassegrain reflector system has been performed. The radiation pattern
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characteristics have been analyzed by using an in-house ray-tracing code and the main

results have been corroborated with numerical simulations.

A comparison with two Cassegrain reflector systems has been carried out. According
to the ray tracing calculations, the system with a big sub-reflector has a broad scanning
range of £30°, but the SLL limits it to £12°. A second configuration, has been tested, this
time fixing the same scanning range as the GLL system. Again, it has been observed that
side lobes limit the performance to £14°. Thus, Cassegrain systems can lead to more
compact systems compared to the GLL solution but more research is needed to settle

more solid conclusions.

In the classical parabolic reflector case, a thorough numerical study has been
performed and it has been found that the GLL systems is compact with a good directivity
and scanning range. The GLL system presents a size reduction of 510 (30%) compared
to the classical parabolic reflector. These results open new opportunities for directive

antennas using fully metallic designs at millimetre-waves and terahertz frequencies.
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Chapter 5: Homogenous Hyperbolic Lens
Antenna in Groove Gap Waveguide

5.1. Introduction

Terahertz and sub-millimetre wave technology are attracting significant research
interest due to the wide available bandwidth and a short wavelength that provides high
resolution with modest apertures. Hence, among the most popular applications one finds
high-resolution radars, imaging systems, sensing, security screening, and high-speed
communications [139]. However, the design and implementation of antennas at these
frequencies is challenging due to the limits in fabrication processes, small dimensions
and strict tolerances. An interesting idea is to combine classical lens designs with the GW

technique studied in this thesis.

In this chapter, a hyperbolic metamaterials lens is designed at 300 GHz using GGW
technology, already presented in a previous chapter of this thesis. A GGW horn antenna
is used to feed the lens and the system is designed to achieve a planar wavefront at
broadside. The implemented metamaterial lens follows a hyperbolic profile, and consists
of a bed of nails designed with uniform pin height to get a homogenous refractive index.
Both devices, the metalens and the GGW H-plane horn antenna achieve excellent

radiation results when combined together.
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5.2 Hyperbolic lens and horn antenna design

The main advantages of using classical lens shapes such as hyperbolic and elliptical
profiles are that they can be designed following analytical formulas, have a simple form
and therefore easier development. The equation to get the geometry of a plano-convex

lens can be expressed in polar coordinates as:

(5.1)

where p is the radial component, i is the angular component, nef is the refractive index
of the lens and F is the focal distance between the lens and the focal point. It is evident
that lens profile is governed by the magnitude of nest in (5.1): when neff < 1 the resulting
curve is an ellipse and when neft > 1 is a hyperbola [140]. Fig. 5.1(a) illustrates the main
geometrical parameters of a hyperbolic metalens (HL), which is the profile selected in the

proposed lens antenna system.
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Fig. 5.1 (a) Geometry of the HL. (b) Equivalent refractive index of a periodic metallic pin array structure.
The inset shows a dispersion diagram of a metallic pin unit cell with the following dimensions: pjens = 0.16
mm, aiens = 0.06 mMm, Aiens = 0.121 mm and gapiens=0.35 mm. (c) HL top layer, where F = 2.3 mm is the

focal length. (d) Cross-section view of the HL.

To avoid dielectric loss which could be high at the design frequency of 300 GHz, here
a metalens based on a metallic pin array is proposed. Unlike the LL studied in Chapter 3
a constant refractive index is implemented here, because the 2D hyperbolic profile
converts the cylindrical wave emerging from the focal point into a plane wave [Fig. 5.1(a)]
based only on the lens profile, without needing a gradient index for the lens material. As
it was done in Chapter 3, the dispersion characteristics of the unit-cell were by employing
the eigenmode solver of CST Studio Suite®. Fig. 5.1(b) inset shows the dispersion curves
obtained with metallic pin unit cell with height hiens = 0.121 mm, width aiens = 0.06 mm,

period piens = 0.16 mm and gapiens=0.35 mm. A monomode propagation with a linear,
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almost non-dispersive behavior in a large bandwidth within the considered frequency
range is achieved, making this unit-cell a suitable candidate for the realization of the lens.
The effective refractive index nerr is then retrieved using kx=neftko. In the operation band it
is between 1.1 and 1.2, see Fig. 5.1(b). Finally, fixing F = 2.3 mm the hyperbolic profile
shown in Fig. 5.1(c) and (d) is obtained by solving (5.1).

The next step is to design the GGW horn antenna feeding the HL. Notice that it must
be ensured that the wave is confined within the groove of width 0.84 mm and height 0.35
mm by the metallic pins of the GGW structure and the top and bottom metallic plates.
Again, the eigenmode solver of CST Studio Suite® was employed to obtain the pin
dimensions that ensure a bandgap in the operation bandwidth. As shown in Fig. 5.2(a),
with a width of anom = 0.1 mm, a height of hhorn = 0.3 mm, periodicity prorm = 0.2 mm and
distance to the upper metallic layer of 0.05 mm, a bandgap arises centered at 300 GHz
and spanning from 200 to 386 GHz. Fig. 5.2(b) shows the dispersion diagram of the GGW
infinite along the z-direction consisting of three rows of pins at each side with a central
groove of width 0.84 mm, separated from the upper lid by the air gap of 0.05 mm. The
mode inside the GGW is similar to the TE10 mode of a standard waveguide and is confined
inside the groove the metallic pin array stopband (205 to 355 GHz), where higher-order
modes are in cut-off, Fig. 5.2(b).
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Fig. 5.2 (a) Dispersion diagram of a periodic metallic pins structure (shown in the inset) with dimensions:
Prom = 0.2 mm, anorn = 0.1 mm and hnorm = 0.3 mm. (b) Dispersion diagram of a GGW with three rows of
pins at each side and a central groove of 0.84 mm (c) Simulated input reflection coefficient of the GGW

horn antenna in dB; (Inset) top view showing the horn flare angle (¥ = 34°).

Using these dimensions for the GGW pins, the H-plane horn was designed optimizing
the waveguide opening with a linear variation, and an angle of @ = 34° for operation at
300 GHz. Fig 5.2(c) shows that the input reflection coefficient is below —10 dB from 220
GHz to 320 GHz.

The horn antenna and the HL were analyzed together, see Fig. 5.3(a) and (b). Usually,
in metalens designs, the lens and feeding are in the same layer. However, the pins of the
lens and the antenna have different the height increasing the manufacturing complexity
considerably. For example, to manufacture the structure in a single layer different films of
photoresist to protect each etching should be employed, increasing the error due to the
selectivity of the photoresist (see Appendix B). In the proposed solution, the HL and the
horn were implemented in different silicon substrates so that they can be fabricated
independently. This way, the HL can be placed on the top and the horn antenna on the
bottom layer to simplify the manufacturing process. Another method could be to
implement a variable dose in the exposition procedure in order to obtain the required
height difference between pins. However, this would require a long exposition time and a

complex configuration in the exposition machine.
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Fig. 5.3 (a) (Top) HL top layer; (bottom) GGW horn antenna bottom layer. (b) Encapsulated of a horn
GGW antenna plus hyperbolic lens system. (c) Simulated results of the structure. Magnitude of the

reflection coefficient in dB (red curve) and realized gain (blue curve) vs frequency.

The numerical analysis of the entire system using CST Studio Suite® was performed.
Fig 5.3(b) shows the design setup: two aluminum blocks are used to host and sandwich
the metallized micromachined Si pieces with the HL and the GGW. Each aluminum block
presents a flared section to achieve a smooth air transition. The PPW opens gradually
with an angle of 74°, and its length is 5.2 mm. The lens and GGW horn antenna layers
are colored differently, because their manufacture is foreseen by means of silicon
micromachining and metallization, in contrast to the encapsulation blocks. Two thin silicon
spacers [red square in Fig. 5.3(b)] of a height of 0.05 mm are placed to fix the gap between
the pins and top layer satisfies the condition (gapnom < A0/4, where /o is the wavelength at
the central frequency). In addition, these spacers fix the metalized Si layer to avoid
displacement in the structure. Note that gapnom is different to gapiens, as this last one is
defined by the depth of the GGW horn antenna (gapiens = hhorm + gaphom).

Due to the high frequency considered, losses in the metal parts must be carefully
considered. In this case, the aluminum is modelled with an effective conductivity
corresponding to its nominal direct current conductivity divided by a factor of 6, to model
imperfections such as roughness, etc. Therefore oaierf =5 .93%x10° S/m. To emulate the
experimental setup, the system is feed by a standard WR-3.4 waveguide. Fig. 5.3(c)
shows the input reflection coefficient (red curve) and the realized gain (blue curve) as a
function of frequency. The antenna is matched in the entire operation band (from 220 to
330 GHz), with the criterion of having a reflection coefficient magnitude below -10 dB.
The prototype presents a high gain with a maximum around 20 dB at 325 GHz, see Fig.
5.3(c) blue curve.
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Fig. 5.4 Simulation of (a) Normalized |Ez| without HL and (b) normalized |Ez| at 300 GHz in decibel scale.

Moreover, Fig. 5.4 (a) and (b) show a comparison of the normalized vertical component
of the electric field from a top view of the antenna with and without HL at 300 GHz. It is
clear that a planar wavefront at broadside is achieved when the HL is included in the
design. Therefore, it can be concluded that the GGW horn antenna provides a good
radiation characteristic which, when combined with the HL, leads to an improvement of
the radiation characteristics maintaining a compact setup.
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Fig. 5.5 (a) Simulated 3D radiation pattern of a horn antenna system using a metalens HL at 300 GHz. (b)
Normalized far field radiation patterns obtained in simulation at 300 GHz, where the red and blue lines

correspond to E and H-planes copolar components, respectively.

Fig 5.5(a) illustrates the radiation pattern of the lens antenna system using an metalens
HL at the same frequency (300 GHz), with a similar beamwidth in the H and E-plane
(Hupew = 16.6° and Ewpew = 16.8°). The normalized radiation pattern at the same
frequency in Cartesian coordinates (Fig. 5.5(b)) clearly shows the similarity of both
beamwidths. The side lobe level in H- and E-plane at 300 GHz is around —22 dB and -9.1

dB, respectively.

5.3 Teflon lens design

A hyperbolic shape using Teflon is analyzed to compare its performance with the
previous metalens using the same the H-plane horn antenna to feed the lens. Following
eg. (5.1) a hyperbolic dielectric lens is designed using Teflon, see Fig. 5.6(a). Notice that
this new implementation has a modified focal length from F= 2.3 mm to 2.9 mm to cover
the volume in the horn antenna and avoid any intersection with the horn pins. In addition,
the dielectric lens is not into the top layer but fills the volume between the bottom and top
layer (d = 0.35 mm). The Teflon used has been modelled with a permittivity & = 2.1 and

a loss tangent tand = 2-10.
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Fig. 5.6 (a) Encapsulated view of a horn GGW antenna plus hyperbolic dielectric lens system. The inset
shows a top view of the dielectric lens placement, with F=2.9 mm. Simulated comparison results of the
structure with metalens (red curve) and dielectric lens (blue curve). (b) Magnitude of the reflection

coefficient (c) Realized gain.

Fig. 5.6 (b) and (c) show the reflection coefficient and realized gain for both cases,
where the solid red curve corresponds to the antenna with metalens and solid blue curve
to the antenna with Teflon (dielectric) lens. The reflection coefficient results show
differences between both lenses, although both prototypes have good matching within
the entire band. However, in the Teflon lens case, the realized gain curve has a similar
behavior with respect to the case with metalens, but it presents some irregularities. These
irregularities are attributed to a hard transition from the waveguide cavity to the dielectric

material. In order to realize a smooth transition a matching layer process is added.

Fig. 5.7(a) shows the new HL design, this time with a matching layer surrounding the
lens to achieve a smooth wave transition. Calculating a Ao/4 transformer, the permittivity

value of the new material is found. In this case, the impedance is:

510/4 = \/€Teflon (52)
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Fig. 5.7 (a) HL top layer using Teflon plus a \o/4 impedance transformer, where F = 2.9 mm is the focal
length. Simulated comparison results of the structure with metalens (red curve), dielectric lens (blue
curve) and dielectric lens with Ao/4 matching layer (green curve). (a) Magnitude of the reflection coefficient

(b) Realized gain.

Fig. 5.7(b) and (c) show a comparison between the lenses designed, where the new
one with the matching layer is represented with a green solid curve. The new reflection
coefficient is better than the original Teflon lens and does not present irregularities in the
realized gain parameter. Furthermore, the realized gain is cleaner and more similar to the

metalens case.

5.4 Lenses comparison

In this section a comparison of the designed lenses is performed and both are
compared with the antenna design without lens. Fig. 5.8 shows the reflection coefficient,
and realized gain for all the considered cases metalens (red), matched Teflon lens
(green), and horn antenna (black). The simple Teflon lens was discarded because the

lens with matching layer has a better behavior.
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Fig. 5.8 Simulated comparison results of the structure with metalens (red curve), dielectric lens with Xo/4
matching layer (green curve) and without lens (black curves). (a) Magnitude of the reflection coefficient

(b) Realized gain. (a) Encapsulated

The reflection coefficient results shown in Fig. 5.6(a) do not show significant
differences, with all the prototypes having a good matching within the entire band.
However, the realized gain shows an improvement of around 3 dB for frequencies above

260 GHz for both lenses compared to the horn antenna alone, see Fig. 5.8(b).

An important conclusion that can be drawn from these results is that the metalens and
the matched Teflon lens have almost an identical performance. Nevertheless, the \o/4
transformer needed in the latter lens to get good radiation characteristics makes the
manufacturing process cumbersome. First, the dielectric material must match with the
required exact permittivity value, have low losses at 300 GHz and a precise thickness of
0.23 mm thickness. In addition, a demanding manufacturing process is necessary to
integrate both pieces keeping a hyperbolic shape without undesired air gaps caused by
bad contact or misalignment that can lead to resonances or frequency detuning. Another
alternative to get impedance matching with the Teflon lens could be by making steps in a
lens border, but this solution would make the manufacturing process even more complex.
For these reasons, the design of a metalens seems the best option because it is compact,

is immediately matched, and gives more robustness due to its fully metallic composition.

5.5 Manufacturing process

The manufacturing process of the metalens HL was divided into two steps. First, the
two aluminium blocks (used to host and sandwich the metallized Si wafers with the HL
and the GGW) were fabricated in aluminium using CNC. Fig. 5.9(a) shows a profile view
of the manufactured pieces, where the top and bottom layers are finished in a flare
structure to guarantee a smooth transition to the air and symmetrize the beam; see the

details in Fig. 5.9(a). The blue dashed circles drawn in Fig 5.9(b) and (c) are screw holes,
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and the red ones are alignment pin holes. The green dashed square delimits the area

where the metalized silicon pieces (HL and GGW horn antenna) will be placed.

Fig. 5.9 Photographs and details of the two manufactured aluminum blocks, used to host and sandwich
the metallized Si wafers with the hyperbolic lens and the GGW. (a) Profile view (b) Perspective view (c)
Top view. The green dashed square is where the metalized silicon pieces will be placed, the blue dashed

circles are screw holes, and the red ones are alignment pin holes.

The second step is to manufacture the GGW horn antenna and the HL using the clean

room facilities of the Public University of Navarra. All the manufacturing process
developed is described in Appendix B.

Fig. 5.10 shows a microscope photograph of the metalized GGW layer, where specific
details such as GGW horn ground (green dashed square), feed transition (red dashed

square), and alignment hole (blue dashed square) can be appreciated.
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Fig. 5.10 Microscope photograph of a GGW horn antenna after metallization process with some
manufacture details. GGW horn ground (green dashed square), feed transition (red dashed square) and
alignment hole (blue dashed square)

A top layer corresponding to a structure similar to the HL but without pins was
manufactured using the same methodology to validate experimentally the comparison
presented in section 5.4. Fig. 5.11(a) shows the metallized piece without pins and Fig.
5.11(b) illustrate two spacers that keep the gap between top and bottom layer to assure

the wave propagation, as was explained in section 5.2.
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(b)

Fig. 5.11 (a) Photograph of a single top layer piece without lens. The dashed red square is a zoom of the
alignment hole. (b) Photograph of one spacer to keep the gap between top and bottom layer. The dashed
blue square is a zoom of the alignment hole.

Up to this point, the bottom layer (GGW horn antenna) has been manufactured. This
piece is used in both studies made in section 5.2, a top layer without a lens and two
spacers to assure the gap between layers. Fig. 5.12 shows the top layer including the
aluminium block plus the spacers (dashed red curve), and the top layer without the lens.

Unfortunately, the manufacturing process has not ended at the time of writing this chapter.
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Fig. 5.12 Photograph of the top aluminum layer plus the dividers (red square), alignment pins and top

layer without HL.

5.6 Conclusions

To conclude, in this chapter the designs of HLs illuminated by a GGW horn antenna at
300 GHz have been presented. The HL shapes has been synthesized using metallic pins
and dielectric material to obtain a homogeneous refractive index profile, which provides
a planar wavefront in the direction of propagation. In addition, the dielectric lens was
implemented using Teflon in order to compare the behaviour of both systems. A GGW
horn antenna has been also considered and combined with the HL to get a design
compatible with wireless communication systems at sub - mmWave. The simulated
results demonstrate that it is a viable alternative even at high frequencies where
tolerances are critical. The joint operation of both components has been verified and leads
to good radiation characteristics. A high realized gain of around 20 dB is obtained at 320
GHz. A comparison with a similar design with a dielectric lens and without a HL has been
made. It has been proved that the addition of the HL leads to a gain improvement of
roughly 3 dB at frequencies above 260 GHz. The dielectric lens achieves similar results
using a matched layer technique. These results open new opportunities for the design of
directive antennas at high frequency bands using planar designs. Furthermore, the
viability of using artificial and dielectric materials to implement these structures has been

demonstrated.
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Chapter 6: Reconfigurable Liquid Crystal
Meta-Reflectarray

6.1 Introduction

Reconfigurable or tuneable RA antennas have attracted considerable interest in the
last years due to their advantages over conventional phased arrays. Moreover, the
incorporation of new components, design techniques, and materials gives the engineering
community many alternatives to create structures that satisfy the demand of incoming

applications.

Liquid crystals (LC) are mainly employed at optical frequencies but in the last few years
their application as functional materials in the microwave and mmWave spectrum is being
explored. They have an anisotropic response which can be modulated by applying an
external biasing producing a change in the material permittivity, which can be exploited
to produce reconfigurable RA. One of the main hurdles to fully exploit LC at mmWave is
the difference between the typical thickness of LC (a few tens of microns) and the
operation wavelength (millimeter). Hence, to have a significant phase difference between
extreme biasing states it is necessary to work near a resonance. This does not happen
at visible frequencies, where the wavelength is of the order of hundreds of nanometers,

but is critical at mmWave.

This chapter implements a reconfigurable reflectarray with low loss and moderate

bandwidth using a novel nematic LC composition. This resonant structure was designed
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to operate in the frequency band of 105-120 GHz, allowing independent electric control
of the RA unit cells in one dimension (for 1D beam steering). The investigation pursues
two main goals: 1) to experimentally check prospects for using the developed LC
composition in meta-devices; 2) to find an optimal RA configuration that combines
fabrication simplicity and the ability to achieve the maximum phase shift while keeping

the reflectance as high as possible.

6.2 Design and Numerical Results

In this section the unit cell design is described and some important considerations are
summarized in order to have a better understanding of the LC used. The details of the LC
composition are shown in detail in Appendix C.

All the full-wave simulations in this work (the unit cell and RA proposed) were performed
in collaboration with the company Tafco Metawireless S.L. and using the commercial
electromagnetic software CST Studio Suite® [132].

6.2.1 Reflectarray Unit Cell Design

A detailed illustration of the proposed unit cell geometry for the designed RA is shown
in Fig. 6.1. The structure consists of two quartz wafers (represented in red) 2 and 6 mm
thick, respectively, between which a LC layer (represented in cyan) with height h.c = 40
pum is placed. Quartz was selected due to its low dielectric losses in the spectral band of
interest (see details in the next paragraph). The incident wave impinges on the structure
along the z-axis from the side of the upper 2-mm-thick wafer, on the bottom surface of
which a MTS facing the LC layer and playing a role of the upper electrode is patterned.
The MTS unit cell consists of a rectangular aluminum patch with transverse dimensions
wx = 0.65 mm, wy = 0.8 mm and thickness t = 0.4 ym connected through narrow strips 70
um wide to the vertically neighboring unit cells (represented in orange). The lateral
periodicities of the unit cells in x- and y-directions are dx = 0.9 mm and dy = 1.05 mm,
respectively. The MTS is implied to be excited by a polarization perpendicular to strips,
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which do not affect the device performance but are necessary to deliver the same electric
potential to all the patches in line when biasing the LC. The lower 6-mm-thick wafer
contains a uniform (unpatterned) 0.4-um -thick aluminum layer forming the ground plane

(GP) bottom electrode kept at a zero potential.

As shown in Fig. 6.1(b), two thin orienting layers are deposited onto both the MTS and
GP. They are made of poly (vinyl alcohol) and have a thickness below 0.1 um so they
have a negligible impact on the electromagnetic response of the device. These layers are
important in the LC technology: due to a procedure of mechanical rubbing conducted with
them beforehand, the orienting layers ensure a proper alignment of the LC molecules in
the prescribed direction (in our case parallel to the y-axis) when no bias voltage is applied.

I Liguid Crystal
[ Aluminium

Active patch (MTS)
M Quartz quartz 2 mm

LC 40 um Orienting layers

Ground plane
(GP)

(d)

(c)
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Fig. 6.1 Schematic view of the LC-based RA unit cell: (a) isometric view with the main dimensions; (b)
cross-sectional view, showing the materials and arrangement. (c) Schematic representation of the LC

molecules in the 0 V and biased states. (d) LC permittivity tensor orientation in both states.

6.2.2 Full-Wave Simulations

In the simulations, aluminum was modelled as a lossy metal with conductivity o =
5 .93x108 S/m (effective conductivity corresponding to its nominal DC conductivity divided
by a factor of 6, to model imperfections such as roughness, etc.), while the relative
complex dielectric permittivity €quartz = 3.78 (1 —j0.002) was specified for the quartz

wafers.

The inherently anisotropic LC medium was modeled using a complex dielectric
permittivity tensor £. In general, the local components of € at every point of the LC layer
depend on the orientation of the local director vector of LC molecules. This vector
represents a local optical axis of the LC medium and is a function of the local bias electric
field inside the medium. Since the biasing of the LC is done by applying a low-frequency
alternating current (AC) voltage [141] (typically 1 kHz), in a strict sense, the accurate
electromagnetic analysis of the RA should involve two subsequent stages: 1) calculation
of the self-consistent 3D spatial distribution of the quasi-static electric field inside the LC
cell and the induced distribution of local directors taking into account the geometry of the
MTS electrode (with an AC bias voltage as a variable parameter); 2) full-wave high-
frequency simulations of the RA response at millimetre waves using a 3D spatial
distribution of the dielectric permittivity tensor & (x,y,z) which directly relates to the

calculated LC director distribution.

The aforementioned two-stage scheme for the electromagnetic analysis of LC devices
is non-trivial and is not readily available in commercial electromagnetic simulators, such
as CST Studio Suite®, typically employed to model high-frequency structures. This
problem, however, can be solved approximately by assuming that the LC director is
rotated uniformly below the upper patch as the biasing voltage is varied and is kept with
the original orientation (parallel to y in our case) outside the patch. Such simplification is
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valid for the patch-like geometry of MTS unit cells with a large fraction of metal filling MF
= wx X Wy / dx X dy. In this case, MF = 0.55 meaning that near 45% of the LC layer (in gap
areas) remain biased weakly. This partially decreases the tunability of the device versus
MF = 1 case but, at the same time, it potentially diminishes dissipative losses in the

structure.

When modelling, orientation of the LC director vector n was specified by the angle a
taken from the y-axis in yz-plane: n = (0, cos a, sin ). In the unbiased state (Vv = 0) the
LC molecules are oriented along the rubbing direction, i.e. y-axis [a = 0, Fig. 6.1(c), top
and (d) “0 V], and the permittivity tensor in the chosen coordinate system xyz is diagonal

and follows the next expression [142]:

e 00
EWV,=0)= [0 g 0], (6.1)
0 0 ¢

where ¢, is the complex permittivity as defined before and the numerical values of the
real and imaginary parts are given in Table C.2. Likewise, in the maximum bias state the
LC director is oriented perpendicular to the wafer surface, i.e. along z-axis (a = 90 deg,

Fig. 6.1(c), bottom and (d) “Biased”), and the permittivity tensor transforms to:

e 0 0
E(Vp = Vinax) = [O €1 O]- (6.2)
0 0 &

To cover all possible intermediate orientations of the LC optical axis in the simulator
the local coordinate system x’y’z’ associated with the LC layer was introduced, where x*-
and y-axes coincide with the x-axis of the global coordinate system xyz and the LC
director vector n, respectively. The vector unit basis (ex, ey, ez) of the system x’y’z’is as
follows: e,, = (1,0,0), ey, = (0, cosa,sin a), e,, = (0, —sina, cos a). In the local system

x’y’z’ the permittivity tensor is described by the matrix (6.1).
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The structure was simulated in the frequency domain by using the software defined
unit cell boundary conditions, which perform a Floquet modes analysis on a single unit
cell. A TEM mode with vertical polarization (electric field parallel to x) at normal incidence
was used to excite the structure. The structure parameters wx, wy, dx, dy were tuned to
get the maximum possible phase excursion of the reflection coefficient between the
extreme cases of the LC permittivity while keeping at the same time the highest possible
magnitude of the reflection coefficient in the operation band between 105 and 125 GHz.
The LC layer thickness h.c was fixed at a value of 40 um defined by the thickness of
technological spacers available. As mentioned above, only the LC substrate below the
patch was rotated, assuming that only that area would be properly biased in the

experimental demonstration.
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Fig. 6.2 Simulated characteristics of the RA for different orientation angles a of the LC director: (a)
reflection coefficient magnitude in dB; (b) reflection phase in degrees; (c) phase curves normalized to the

case of 0 deg.

Fig. 6.2 shows the amplitude and the phase for the reflection coefficient of the RA at
different rotations of the LC director vector a varying from 0° to 90°. As shown in Fig.
6.2(a), there is a resonant dip in the spectrum of the reflection coefficient magnitude which
shifts from 117 to 108 GHz when the LC tensor is rotated from 0° to 90°. In all considered
cases, its magnitude is above —2.5 dB within the entire frequency band. This resonance
is accompanied by a phase variation [Fig. 6.2(b)] which can be modulated by rotating the

LC tensor. A maximum phase excursion of 266° is obtained at 113 GHz. To ease the
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comparison, all the phase curves have been normalized in Fig. 6.2(c), by simply
subtracting the phase of each case to that of the 0° state of the LC tensor. There, it can
be appreciated clearly the range of phases achieved by rotating the permittivity tensor.
These results validate the initial hypothesis that it is necessary to work near a resonance

to have a significant phase excursion.

With the previous simulation results, a complete characterization of the reflection phase
with respect to the LC tensor orientation was obtained. This study can be used to
implement a beam steerer working in reflection by introducing an arbitrary orientation of
the LC tensor in each unit cell. The characterization in this case was done using a single
row of the RA with 1 x 33-unit cells, illuminated by a plane wave with horizontal
polarization at an incidence angle of 6 = 10 deg, see Fig. 6.3(a). Periodic boundary
conditions were implemented along y and open+add space along x and z. The tensor
rotation in each unit cell of the RA was configured by defining the desired angle for the
reflected beam. Fig. 6.3(b) shows the radar cross section far-field patterns for the
considered cases at the frequency of maximum amplitude for the deflected peak (see
label). Fig. 6.3(c), (d), (e) and (f) show a contour plot diagram representing the radar cross
section far-field patterns as a function of frequency and angle when the RA is configured
to produce a reflected beam at 20°, 25°, 30° and 35°, respectively. As shown there, in all
cases the main reflection beam occurs at 10° (that corresponds to the specular reflection)
in all the considered bandwidth except at the operation band wherein the RA is able to

modulate the beam in the desired direction.

115



Chapter 6

Reflectarray row

20

Theta (deg)

15

y 10
7 () Specular Y x
Beam - - 5
Plane Wave

100 105 110 115 120 125 100 105 110 115 120 125
Frequency (GHz) Frequency (GHz)
(c) (d)

40
35
30
25

(a

-

—20 deg |

——25deg 116 GHz

1l— 30 deg J
Iv"‘"«

e
o®

——35 deg

o
o
.

\

I
-
Theta (deg)

113 GHz

0 m _, 7 R

0 5 10 15 20 25 30 35 40 0 405 110 115 120 125 100 105 110 115 120 125
Theta (deg) Frequency (GHz) Frequency (GHz)

(b) (e) ()

Radar cross section
radiation pattern (a.u.)
(=]
[

Fig. 6.3 (a) Beam-steerer simulation scenario where 6; = 10 deg is the angle of the incident beam and 6;
is the angle of the beam reflected in the desired direction. (b) Radar cross section far-field pattern at the
frequency of maximum amplitude for the deflected peak (see label) for four different beam-steering cases.
Contour plot diagram for a beam reflected at (c) 20°, (d) 25°, (e) 30° and (f) 35°. Scale is in dB and each

panel is normalized to the maximum.

6.3 Prototype Fabrication and Characterization

To corroborate experimentally the previous results, the designed RA prototype was
fabricated and measured. It contains 29 x 33 RA unit cells with overall dimensions of
29.7 x 30.45 mm. Fig. 6.4(a) shows in detail the biasing configuration used, with each of
33 columns connected to a corresponding metallic pad to introduce the biasing voltage

and drive correctly the LC.
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To fabricate the prototype, first, two polished round wafers made of fused quartz 2 mm
thick (used for MTS) and 6 mm thick (used for GP) with a diameter of 60 mm were
prepared. Both wafers were symmetrically cut from both sides by 13 cm as shown in
Fig. 6.4(a) and (b). Such a form of the quartz wafers was chosen to ease electric
connection to the GP electrode after assembling the device by orienting the wafers
orthogonally to each other, see Fig. 6.4(b). Both wafers were metalized then on one
surface with 0.4-pm-thick aluminum using magnetron sputtering. For the 2-mm-thick
quartz wafer, a contact photolithography technique was applied afterwards to create the
MTS pattern. Besides the active patch array itself, elongated contact pads were added to
the pattern at the periphery to allow the electric connection to individual biasing lines, see
Fig. 6.4(a). To avoid excessively narrow gaps between pads, these were separated into
two sets: 17 pads were placed on one side to control the odd biasing lines, while 16 pads

were located on the opposite side to govern the even ones.
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Fig. 6.4 (a) Schematic representation of the manufactured RA: (a) front view of the 2-mm-thick quartz
wafer with active patches (MTS) and contact pads. (b) Isometric exploded view of all the pieces
composing the RA and showing in the center the PCB used to realize the bias connection. (b) Photo of

the assembled device prepared for connection to a 33-channel voltage generator.

After metallization and photolithography, the MTS and GP faces of the wafers intended
to be in contact with the LC were spin-coated with thin poly(vinyl alcohol) orienting layers
using a spin coater HO-TH-05 (Holmarc, India). The orienting layers were then gently
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rubbed with a rubbing machine HO-IAD-BTR-01 (Holmarc, India) to ensure alignment of
unbiased LC molecules on the wafer surface along y axis. After rubbing, the LC was
injected into the gap between the quartz wafers provided by peripheral 40 pum-thick
polypropylene strip spacers 4 mm wide. Finally, all edges were sealed to guarantee

proper consolidation without LC leakage.

After completing fabrication of the “quartz-LC” core of the device, an auxiliary printed
circuit board (PCB) was implemented to simplify the biasing connections, see Fig. 6.4(b).
The electric connection between pads on the quartz wafer and PCB was done using
elastomeric connectors [143]. This type of flexible connectors, well-known in LC display
technologies, is made as a set of narrow conductive layers interleaved with insulating
ones. With elastomeric connectors the soldering process on the quartz wafers is avoided,
preserving integrity of the LC device. Fig. 6.4(c) shows the final structure after
assembling. Notice that soldering joints are located on the PCB outside the RA. The
ground connection is provided through the green wire which is attached to the GP

electrode by means of a metal foil sticky tape.
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Fig. 6.5 (a) Setup employed in the characterization (b) Reflection coefficient magnitude in dB. (c)

Reflection phase in degrees. (d) Phase curves normalized to the case of 0 V.
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For the experimental characterization of the fabricated RA, an AB Millimetre Vector
Network Analyzer MVNA-8-350 [143], equipped with a quasioptical bench and a rotary
platform was employed. The samples were measured from 105 to 125 GHz with a step
of 50 MHz. The first setup used in the characterization consisted of a transmitting horn
antenna illuminating a pair of elliptical mirrors to focus the beam on the sample at normal
incidence, see Fig. 6.5(a). In this first set of experiments, all the biasing lines were driven
at the same voltage so that the reflected wave also travelled in the normal direction (since
there is no phase difference amongst the unit cells). The reflected wave travelled back to
the horn antenna guided by the parabolic mirrors and was further detected through a
directional coupler connected to the antenna. Before performing the experimental
characterization of the prototypes, the setup was calibrated by putting a mirror at the
sample position. The biasing voltage was varied from 0 V to 10 V, with a step of 0.50 V,

although in the figures curves are represented with a step of 1 V for clarity.

Fig. 6.5(b) shows the reflection coefficient magnitude achieved for the prototype,
demonstrating good agreement with the simulation results. The losses obtained in
measurements are similar to those obtained in simulation, with a minimum of the
reflection coefficient around -2.5 dB. A frequency shift towards higher frequencies with
respect to the simulation results was also noticed, especially near the maximum bias
state. The maximum experimental phase excursion was 210°, which is 56° below the
simulation results, see Fig. 6.5(c) and (d). It is also noticed that there is an abrupt change
for the phase between 1V (light green curve) and 2 V (dark blue curve), indicating that
the sensitivity of the LC molecules is maximal in this region and that a small variation of
the biasing voltage yields large changes in the LC director orientation. Despite the
mentioned differences, the experimental results validate the simulation study, the good
performance of the LC used, and the correct bias connection implemented in the

structure.

With the previous measurements, a complete characterization of the reflection phase

with respect to the spatially uniform bias voltage was obtained. In the second set of
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experiments a non-uniform biasing was applied to the RA. This was done using the
experimental setup shown in Fig. 6.6(a). The setup is composed of two horn antennas
(working in D-band from 105 to 125 GHz) and the sample holder where the RA is placed.
The distances from the sample to the transmitting and receiving horn antennas were 20
mm and 25 mm, respectively. The sample holder was placed on a rotary platform (grey
color) to control the angle of incidence upon the RA. The receiving antenna was also
placed on a platform connected through an arm to the axis of the rotary platform, so that
it could freely rotate and scan the angular power distribution, see Fig. 6.6 (a). The setup
was covered with absorbing resin to minimize spurious ambient reflections. A custom-
made 33-channel voltage generator (voltage control unit) was used to feed all the biasing
lines of the RA independently, see Fig. 6.6(b).

To characterize the beam steering performance of the device, the incidence angle
between the transmitter and the RA was fixed to 10 deg. The RA unit cells were biased
properly by defining the desired angle for the reflected beam and tuning consequently the
voltage generator. Fig. 6.6(c), (d), (e) and (f) show a contour plot diagram for the beam
reflected at 20°, 25°, 30°, and 35°. Analysing Fig. 6.6(c) for the beam reflected at 20°, it
is seen that from 105 to 120 GHz a good pointing is achieved, validating the correct
biasing made and corroborating the simulation results. For 25° (Fig. 6.6(d)) the bandwidth
is reduced with respect to the previous result and the beam does not have a big resolution.
The rest of angles characterized have good behavior, achieving an adequate pointing in

the desired direction maintaining the bandwidth (from 105 to 120 GHz in most cases).
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Fig. 6.6 (a) Top view of the setup employed in the non-uniform biasing characterization (b)Photograph of

the measurement scenario composed of two horn antennas and a rotating positioner where the RA under

test is placed. Contour plot diagram for a reflected beam: (b) 20°, (c) 25°, (d) 30°, and (e) 35°. Scale is in
dB and each panel is normalized to the maximum.

6.4 Conclusions

To conclude, in this chapter a reconfigurable LC-loaded reflectarray operating near 110
GHz has been simulated, manufactured and experimentally measured. The device has a
configuration of a high-impedance surface with a patch MTS patterned on a 2-mm-thick
quartz substrate separated from the ground plane through a 40-um-thick LC layer. The
electric biasing of the LC-loaded RA unit cells is realized by introducing narrow inductive
strips connecting neighboring patches in one dimension. The simulations show a
maximum phase excursion of 266° with losses below 3 dB. In the 1D beam steering
scenario, when properly tuned, the reflected beam is directed in the engineered direction
at the operation frequency. The manufactured prototype with 33 x 29-unit cells shows a

maximum phase excursion of 210° with losses around 2.5 dB. The experimental results
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demonstrate the ability of this structure to steer the beam in the desired direction with a

good pointing in a bandwidth around 12 GHz.

One of the novelties of this work lies in a new LC composition developed by the Institute
of Applied Physical Problems of Minsk for millimeter-wave applications. This composition
based on n-quaterphenyl and n- quinquiphenyl substances was successfully proven in
the implemented reflectarray and is distinguished by the best dielectric parameters in
comparison with other LC developers: it has low dielectric losses (<0.003) and high
dielectric anisotropy (>1.3). In addition, the main criteria concerning parameters of LC
molecules affecting the dielectric anisotropy, dielectric losses and tunability of LC

compositions both at microwave and subterahertz frequencies were found.

The presented results demonstrate that LC technology can be viable for reconfigurable
devices operating at millimeter and submillimeter waves, providing simple solutions for

new applications.
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Chapter 7: General Conclusions and Future
Lines

7.1 General Conclusions

Noteworthy advances have been obtained in communication systems in the last years
at mmWave and terahertz waves, proposing new challenges to the engineering
community. In addition, the increase in the application and services demanding more
capability has opened new avenues for developing structures and systems that solve the
novel challenges proposed. In this thesis novel devices at mmWave and sub-mmWave
based on metamaterial concepts have been proposed as alternative solutions to address
some of the problematics created by the rapid development of digital communications in
modern society. The research work has covered concepts and technologies deemed

essential to develop the structures presented:

e Gap Waveguide technology to guide waves.

e Simple and effective way to generate circular polarization with different
bandwidths.

e The use of metasurfaces (with homogenous and variable refractive index) to
improve antenna system radiation characteristics.

e Geodesic lens combined with reflector to get a compact system with beam
scanning capability.

e Liquid crystal material to devise a reconfigurable a reflectarray operating at

mmWave.
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7.1.2 Compact fully metallic antennas with circular polarization in

Gap Waveguide Technology.

After the work realized it is clear that low loss feeding networks at mmWave are feasible

using GW technology, specifically RGW variant, which in addition fits seamlessly with the

novel way to generate CP proposed in this thesis. Chapter 2 was dedicated to the design

and experimental demonstration of three fully metallic CP antennas operating in the V-

band that use these concepts.

It has been demonstrated that using two arms of different lengths in the feeding
system allows the generation of CP in a simple and compact setup.

A simple antenna using the previous configuration and a slot on top with a gain of
5.49 dB and a BW of 11.5% has been demonstrated

A broad operation BW of 14.5% with an AR < 3 dB and RHCP has been obtained
by the DHG antenna with a small footprint (30 mm x 30 mm).

The gain has been improved from 5.49 dB (D antenna) to 11.1 dB (DHG antenna)
with the insertion of two modifications: a horn antenna profile and a circular
concentric groove.

Introducing four periodic circular corrugations on the top plate the gain has been
enhanced up to 18.4 dB exploiting leaky wave excitation and extending the reach
of BE antennas to GW technology.

In relation with the previous point, it is worth mentioning that the GW BE antenna
is the first antenna of this type having CP with a single feeder (without combining
two orthogonal sources)

In all cases, numerical simulations have been corroborated with experimental
results with good general agreement, demonstrating good radiation characteristics

in compact and low-profile structures.
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713 Fully metallic metalens systems

Metasurfaces were considered in Chapter 3 to 5 to improve the radiation characteristics
of systems based on GW technologies, keeping their versatility and the constraint using

fully metallic structures.
Chapter 3:

e A fully metallic lens antenna system combining a LL with a GGW horn antenna
and operating at the V-band has been numerically and experimentally
demonstrated.

e The LL refractive index profile has been synthesized using unit cells based on
metallic pins. It has been demonstrated that this implementation generates a
planar wavefront at broadside, validating the approximation using metallic pins.

e When combined with the GGW antenna, a compact system with excellent
radiation characteristics is obtained.

e The system is fully metallic, so that it presents low loss and is more robust than
other solutions using dielectrics. Furthermore, due to its flat profile is easy to
adapt to planar surfaces.

e The simulated and experimental results are in excellent agreement with peak
realized gain 22.5 dB at 61 GHz and a BW of 26.2%.

e An important conclusion is that it has been demonstrated that CNC
micromachining is reliable even at high frequencies such as the one considered
here.

In Chapter 4:

e A combination of a dual-layer Luneburg geodesic lens with a parabolic
reflector system has been designed.

e Using the solution to the complement of the generalized Luneburg lens
problem, virtual images have been implemented to illuminate the parabolic

reflector and get a compact system.
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e The system proposed has achieved a beam scanning around +18° using 11
ports distributed around the periphery of the lens.

e A comparison between the complementary GLL and a classical parabolic
reflector has demonstrated a reduction of size around 30%.

In Chapter 5:

714

A hyperbolic metalens illuminated by a GGW horn antenna at 300 GHz has been
presented.

The unit cell is based on a metallic pin array that synthesizes an effective
permittivity to build a hyperbolic lens with an equivalent homogeneous refractive
index.

The behaviour of the system has been compared with a conventional dielectric
lens implemented using Teflon.

A realized gain around 20 dB is obtained at 320 GHz.

The simulated results suggest that GW technologies and homogenized
metalenses could be successfully implemented at high frequencies.

The design proposed is pioneering in proposing antennas fully based on GW

operating at THz frequencies.

Liquid Crystal Reflectarray

At the end of the investigation research, a new and exciting line was considered to

design a prototype that increases the scanning capabilities. This recent incursion was

developed at mmWave, specifically at D-band.

A reconfigurable RA operating at 100 GHz based on LC has been numerically and

experimentally demonstrated.
Given the contrast between the wavelength and the typical LC thickness, a

resonant structure has been designed to work near a region with a fast phase

variation. This is challenging, because near resonances losses tend to grow.
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7.2

The

Despite the necessary resonant behavior, a maximum phase excursion of 210°
with low losses around 2.5 dB have been demonstrated in the experimental results.
The experimental results demonstrate the ability of this structure to steer the beam
in the desired direction with a good pointing in a bandwidth around 12 GHz.

This study demonstrates the viability of using LC in mmWave range devices.

Futures Lines

research presented in this thesis opens new questions an research lines in a

variety of topics. The two main research topics in this thesis have been focused on GW

technologies and MTS antennas and therefore most of the envisaged future work is

oriented towards consolidating and expanding the practical applicability of these two

topics:

A possible extension of the CP GW antennas investigated in Chapter 2 is to add
another pair of orthogonal arms at the opposite side, to generate RHCP and LHCP
in the same system. The idea is shown in Fig. 7.1(a).

Also, apertures of different shapes could be investigated to get different radiation
patterns or polarization characteristics.

Implement said antennas in similar technologies, such as SIW, more oriented
towards microwave frequencies.

Develop tunable antennas able to control de polarization exploiting the novel way
to generate CP combined with GW technology. The idea is based on the fact that
CP is obtained by using arms of different lengths. Therefore, the arms can be
divided in two parts connected by an active element (a pin diode for example) so
that in off-state the arm is short and in on-state the arm is long. Hence, by
combining states one can have RH, LH or linear polarization. To get the necessary
isolation necessary for the biasing of the active elements, the optimal technology
to implement this idea would be the MGW (RGW and GGW are fully metallic and
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then electrodes would be short-circuited). Adding active devices would definitely
extend the reach of the antennas described in Chapter 2.

Similar to the first point and related with the previous one, several elements could
be combined in an array to have a richer variety of polarization states. Therefore,
controlling their relative phase with active elements one could switch between
different polarization states or point in different directions (i.e. active beam steering
capability).

With regards to the LL GW discussed in Chapter 3, perform an experimental study
of the scanning capability using different feeding ports. Alternatively, an interesting
solution could be implementing mechanical scanning using one feeding port that
rotates around the structure.

Extend the reach of fully metallic antenna lens systems with metalenses based on
metallic pins towards other configurations, such as the half Maxwell fish eye lens
that can result in more compact structures at mmWave and terahertz frequencies.
A limitation of the LL GW antenna demonstrated in Chapter 3 is that only the H-
plane is modulated by the LL, giving rise to a fan beam radiation pattern. A possible
solution to enhance the E-plane as well is to implement a vertical packaging. This
way, several antenna-lens systems can work in parallel enhancing the directivity
in the E-plane. Fig. 7.1(b) shows an example of three vertically packaged half
Maxwell fish eye lenses.

Regarding Chapter 4, a task that is pending is manufacturing the GLL pillbox
antenna and performing the experimental demonstration.

Establish formally (other than heuristically) the optimal curve for the feeder that
illuminates the parabolic reflector [shown in Fig. 4.11(a),(b)].

Related with previous point, study if that feeding curve can be also used with a
geodesic lens, calculating mathematically the index profile it should have to
illuminate efficiently the parabolic reflector.

Another possibility would be keeping the same GLL and modify the reflector to

have a profile different from parabolic so that the beam scanning is optimized,
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considering that the wave at the output of the GLL lens does not point towards the
parabola vertex for angles different from zero.

¢ As for Chapter 5, manufacturing and experimental demonstration of the HL is still
pending. The fabrication could be done using the two methods proposed: CNC
and photolithography process (at the Public University of Navarre's clean room).
The experimental demonstration can also be done at the Public University of
Navarre's facilities.

¢ Lens profiles different from hyperbolic such as elliptical can be explored to study
their behavior at these frequencies.

e Design LC based reflectarrays able to perform full-space scanning (at least in the
two principal planes), beyond the single plane scanning demonstrated in
Chapter 6.

e Another possibility is to combine LC and bed of nails structures to get
reconfigurable lenses, where the index variation is achieved by modifying the
biasing or the LC. That way, the same structure could implement a Luneburg lens,

Maxwell lens, Eaton lens, etc. with a dynamical control over the response.

(a) (b)

Fig. 7.1 (a) Top view of two feeding networks in opposite sites to generate RHCP and LHCP. (b) A

vertically package of three half Maxwell fish eye lenses.
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A.1 Ray-tracing configuration for a simpler reflector

This appendix describes the procedure and methodology followed to develop the ray —
tracing used in Chapter 4 section 4.4 to achieve the radiation pattern of a classic parabolic
reflector. The study presented here defines some concepts employed that evaluates the
directivity, SLLs, and scanning range in the structures mentioned before.

A.2 Ray tube basics

First, the ray tube theory is presented. With this model, it is possible to obtain the
amplitude of the electric field in a ray tracing representation. If the phase and amplitude
of the electric field are known, a far-field radiation pattern can be calculated using the

Huygen'’s principle.

The ray tube theory is used in GO and assumes that the electromagnetic energy
propagates as rays with the phase velocity of the medium, and the power flows along the
ray forming a closed ray tube. The power magnitude stays constant as it propagates in a
lossless and source-free medium. Fig. A.1 shows the concept of the ray tube model with
a ray constrained inside an enclosed tube (k) by two neighboring rays [(k — 1) and (k +
1)]. The components dA and dA' are the differential areas or cross-section areas of the

wavefronts, and the ray is defined as orthogonal to these areas [144]. The ray points to
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dA" and the power flows from dA to dA'. Due to energy conservation, the power density

follows the equation:

PdA = P'dA’, (A.1)

where P and P'are the power density at dA and dA’, respectively. In particular, when the
ray tube cross section dA decreases, the power density P increases P’ and vice versa.
The case in which the power density decreases represents diverging rays, and when the

power density increases, represents converging rays.

k+1 k+1

dA e Ray path L

-
v

(a (b)
Fig. A.1 Power flows along the ray path and is constrained inside the ray tube (shaped by two

neighboring rays (k — 1) and (k + 1) form k ray), where dA and dA' are the cross-section areas of the

wavefronts [144] (b) Bi-dimensional transformation of the ray tube concepts.

As the amplitude of the electric field is proportional to the square root of the power

density P, the ray tube eq. (A.1) can be rewritten as:

E2dA = E'*dA’,
” (A.2)
E=E
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Therefore, the amplitude of the electric field is related to the cross-section area. The
phase can be directly obtained from the path followed by the ray. According to Fermat'’s
principle, which states that the variation of a ray path has a stationary optical length, the
rays follow the shortest optical path length (OPL) [145].

This method can be particularized to bi-dimensional problems by using a differential of
length instead of a differential of area, see Fig. A.1(b). Following the notation proposed

before, the transformation in a bi-dimensional system is:
PdL = P’dL’, (A.3)

where dL% is the width of the ray tube at the output and dLk at the input, see Fig A.1(b).

Then the amplitude of the electric field can be rewritten as:

E2dL = E'*dL,
A.4
o il (A.4)
T ldL

A.21 Far-field pattern control

In this section, the previous procedure is applied in a simple problem considering a
single point source to illustrate the main concepts. The problem is sketched in Fig. A.2
where a bi-dimensional system invariant along the x direction is considered. The analysis
is done following the method explained above and in [144], [146]. The wave radiated by
the source propagates a certain distance. Applying Huygens’ principle, the points
illuminated behave as secondary sources from which new wavelets are launched. The
farfield distribution can be then calculated from these secondary sources. Figure A.2(a)

shows the model with the main source P and the three secondary sources (k-1), k, (k+1)
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with their corresponding rays. Taking the excitation point as the reference (P«x), the phase

of the kin ray @« at the aperture is:
b = kooy (A.5)

where ok is the shortest physical path length between the excitation point Pk and the kin
radiating dipole. The shortest physical path length ok is calculated simply as the distance

between two points, because the medium is considered homogeneous.

Let A« be the E field amplitude of the kin ray at the input of the ray tube, and A% the
amplitude at the output. Following this notation, the amplitude associated with a given

ray-tracing is given by A.4 and rewritten as:

dL,

K A.6
dL}, (A.6)

Ay = Ay
The distance dL' can be estimated as the projection of the infinitesimal arc length dsk on
the aperture
dL', = ds,cosby, (A.7)

where 6k is the angle between the normalized Poynting vector s, of the ray and the normal
vector of the aperture 7, in the dipole. In this case, the angle 6k = 0°because the wave is
propagating in a same medium without any variations (free space) and the ray follows a

straight-line trajectory (dL'k = dsk), see Fig. A.2(a).
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Observation
X points

(a) (b)

Fig. A.2 (a) Schematic of the ray-tracing model. The two neighboring rays (k — 1) and (k + 1) form the ray
tube of the ki ray in a bi-dimensional system. (b) Circular source array model for calculating the far-field

radiation pattern. The red crosses are the observation points.

To calculate the radiation pattern the contribution of each secondary source is
considered. According to Huygens’ principle every point of the wavefront becomes a
source of wavelets that radiate in the direction of the Poynting vector [147]. An arbitrary
number of observation points are placed to calculate the radiation pattern. These points
need to be far enough to keep the far-field conditions, see Fig. A.2(b). The distance
between the ki radiating dipole to the observation points (red crosses) is . The total E
field in the far-field region can be calculated by assuming that the wavelet sources are an

array of antennas:

Jko(rk+ok)

e
E©) o ) E(0)A———— [ § + 7 Rds, (A8).
k

A.2.2 Radiation pattern calculation for a classical parabolic

reflector

The explained methodology is here used to evaluate the behavior of a classical
parabolic reflector to validate the behavior of this in-house code before performing the
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more complex analysis developed in Chapter 4. The scenario studied is presented in Fig.
A.3(a). The code is evaluated in two different situations: horn antenna is placed in the
focal length, and shifted off the focal length.

0 ,
— RT (Kirchoff) — RT (Kirchoff)
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— )
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Fig. A.3 (a) Schematic of a horn feed illuminating a parabolic reflector. Comparison of ray-tracing method
and CST Studio Suite® analyzing: (b) Normalized radiation patterns with 8 = 0 mm (b) Normalized

radiation patterns with 6 = 15 mm.

Here, the geometrical optics results are compared with CST Studio Suite®. Fig. A.3(a)
shows a schematic representation of the problem under consideration. It is a dual-layer
parabolic reflector (to avoid the blockage effects, see Fig A.3(a) cross-sectional view) with
FID = 0.75, where F is the focal length and D the diameter of the reflector, illuminated by
a horn antenna. The black rays represent the wave in the first layer and the red ones in
the second. Fig. A.3(b) shows the results when the horn antenna is placed in the focal
position & = 0 mm. The agreement between the ray-tracing method and the CST Studio
Suite® simulation is excellent. When the feed is shifted at & = 15 mm pointing towards
the parabola vertex, the radiation pattern still has a good agreement (Fig. A.3(c)) although
there are more differences compared with the previous case. Anyway, a deviation in the
main beam is appreciated in both cases. These results suggest that the ray-tracing can
be used as an alternative to get initial results, instead of depending on time-consuming
numerical simulations in all the design stages.
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In this appendix the second part of the manufacturing process (Chapter 5) developed
in the clean room of the Public University of Navarre is described.

The manufacturing process was divided in two main steps: CNC and photolithography
development. First, two aluminium blocks (used to host and sandwich the metallized Si
wafers with the HL and the GGW) were fabricated in aluminium and presented in section
5.5. The second step is to manufacture the GGW horn antenna and the HL using the
clean room facilities. A diagram summarizing the photolithography process followed to

manufacture both devices is presented in Fig. B.1.

Fig. B.1 Diagram of the methodology followed in the fabrication process.

Substrate Preparation

A 110 mm diameter Si wafer is cleaned using acetone and isopropyl alcohol in the spin

coater to prepare the substrate for the deposition process.

136



Appendix B

Deposition

The deposition is performed using an A10XT positive photoresist to cover the Si wafer

with a thin layer around 14 pm thick (on the spin coater at 1000 rpm).
Baking and hydration

A soft bake time of 180 seconds at 110°C with direct contact hotplate is needed to
improve the resist adhesion to the substrate and minimize the dark erosion of positive
resist during development. Positive photoresists require a minimum water concentration
of a few per thousand during exposure for the photoreaction. However, after the soft bake,
water is not present in sufficient quantity in the resist film. Therefore, it must be fed back
via rehydration to give the subsequently exposed areas a sufficiently high development
rate. Thus, the source of water for rehydration is the atmosphere in the clean room. This

depends on the humidity of the UPNA’s room. Usually, 45 minutes is enough.
Exposition

The exposition process is developed by an Maskless Aligner MLA 100 machine with a
dose of 1350 mJ/cm?. A GDS file is uploaded in the MLA machine with the GGW horn
antenna design in this case (see Fig. B.2(a)), where the blue zones will be etched in the
Deep Reactive lon Etching process and the white zones are protected by the photoresist
A10XT. This design is exposed over the Si wafer (after the rehydration process) using the

MLA exposure technique for 3 hours.
Develop

After that, a develop process using AZ 400K in a concentration 1:4 (1 of AZ 400K to 4
water portion) for 6 minutes is needed to achieve a 4 x 4 GGW horn antenna impression,
see Fig. 5B.2(b).
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(a) (b) (c)

Fig. B.2 (a) GDS file of 4 x 4 GGW horn antennas. (b) Photograph of a Si wafer after develop process,
where the dark zones have photoresist that protect the silicon of the etch process. (¢) Photograph of a Si

wafer etched, the red dashed square is a single piece in the end of the etch process.

Deep Reactive lon Etching (DRIE)

The etching is performed with the Deep Reactive lon Etching procedure employing the
Oxford Instruments Plasma Pro NGP80 ICP65. This is a complex process where the
material is exposed to a plasma of certain gases (typically for etching of Si are chlorinated
and fluorinated carbon) in a high vacuum environment. The etching is achieved because
a chemically reactive radical is formed in the plasma and accelerated towards the
substrate (physical bombardment). Therefore, different materials can be etched
depending on the combination of gases, RF and ICP powers, and temperature. As shown
in Fig. B.2(b), the photoresist protects the zones that should not be etched with a
selectivity of 30 um per 1 ym of photoresist. Therefore, in the deposition step, the Si wafer
was covered by 14 uym of photoresist, which allows 420 uym of etching, enough to achieve

300 pm of height in the GGW'’s antenna pins, see Fig. B.2(c).
Metallization deposition

The metallization of wafers is usually done by thermal evaporation or sputtering. Since
the adhesion of many metals to silicon is comparatively poor, it is sometimes advisable

to use a thin layer (10 — 20 nm) of chrome or titanium metallic adhesion layer between
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the substrate and the actual metallization. In this case, the metallization deposition was
done by sputter deposition, which ensures a volumetric metallization able to cover the

ground and the side walls of the pins.

Sputter deposition is a physical vapor deposition method of thin-film deposition by the
phenomenon of sputtering. Applying this method, a thin layer of 10 nm of chrome was
deposited to improve the adhesion, 1 ym of cooper as the main metallic conductor, and

30 nm of gold to avoid oxidation finalizing the sputtering metallization process.
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C.1 Developed Liquid Crystal Composition

Among the most promising classes of LC compounds for high-frequency applications
nematic LC compositions based on polycyclic LC substances stand out, in particular,
derivatives of n-quaterphenyl and n-quinquiphenyl with different terminal (R, R’) and
lateral (A, B, C, D, E) substituents [148]-[150]. The latter ones can be represented by the
general structural formulas given in Table C.1. As compared to 2- and 3-ring substances,
4- and 5-ring LC compounds are characterized by higher optical anisotropy that makes
them attractive for tunable LC-devices, while the introduction of lateral substituents into

the ring molecules enables to decrease their melting point and improve miscibility.

Table C.1: Components of the developed LC composition LCM-1.

Substances
rL PO AP~
rL O AP PP~

n-quaterphenyl:

n-quinquiphenyl:
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In collaboration with Institute of Applied Physical Problems of Minsk, new approaches
towards the synthesis of liquid-crystalline laterally substituted polyaromatic derivatives of
n-quaterphenyl and n-quinquiphenyl was developed, involving condensation methods for
the formation of substituted cyclic fragments [149], [150]. These methods are
distinguished by implementation, simplicity and availability of the initial reagents. The
developed technology opens the possibility to synthesize new polyaromatic LC
compounds with high optical anisotropy (An> 0.4, where An is the refractive index
difference between ordinary and extraordinary axes), as well as high chemical and
photochemical stability. The melting point for most of the synthesized substances does
not exceed +80, +90°C (for the best n-quaterphenyl compound it is even below +65°C,
being the best result ever achieved in the world) and have the temperature of transition
to the isotropic state less than 210°C. Synthesized LC compounds have rod-shaped
molecules and are characterized by good solubility in most organic solvents and good

miscibility with all known low-viscosity classes of LC compounds.

Table C.2: Dielectric properties of LCM-1 @110 GHz

gl g Ag' tan §, tan §;

2.38 3.72 1.34 0.003 0.002

Based on the synthesized LC compounds, a LC composition promising for applications
in tunable meta-devices both at microwaves and millimeter waves was experimentally
optimized and produced. Such a composition, hereafter referred to as LCM 1, is
characterized by low dielectric losses (< 0.003), high dielectric anisotropy (>1.3), and low
dispersion in comparison with similar products of other developers. The experimentally
measured dielectric propertied of the developed LC composition are summarized in Table

C.2, wherein the values of the real part ¢, and loss tangent tan§,, of the complex
dielectric permittivity &,, = ¢/, (1 —jtan§, ) parallel and perpendicular to the vector of

the high-frequency electric field, respectively, are presented.
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The results of this collaboration carried out also allow to draw the following conclusions
in regard to LC compounds for microwave and mmWave applications: (i) the value of the
LC molecule birefringence itself is a very important parameter, however, it is not the main
factor influencing on the dielectric anisotropy in the high frequency region; (ii) the main
factors affecting the dielectric anisotropy strongly depend on the bulk and type of the polar
groups; (iii) the bridge fragments in the LC molecules decrease the dielectric anisotropy

at high frequencies.

C.2 Operation Principle of Reflectarray and its
Electromagnetic Features

The electromagnetic features of a LC-based RA when the free-space wavelength A is
much larger than the LC layer thickness, hic, can be explained through a high-impedance
surface (HIS concept [151]. HISs are metamaterial structures, also referred to as artificial
magnetic conductors, which were originally introduced in the microwave antenna

engineering as ultra-thin artificial substrates for low-profile antennas.

In a conventional design, the LC-loaded RA has a configuration of HIS and is
represented by a single-layer frequency-selective surface or MTS of a capacitive type
patterned on a thin dielectric slab (in our case the LC layer and hence it will be referred
to as LC) with uniform back metallization (“ground plane” or GP), see Fig. C.1(a). The
term “capacitive” means that the reactive part of the MTS impedance Zwrs in the
frequency band of HIS/RA operation satisfies the condition: Im (Zurs) < 0. The thinnest
HIS is obtained when the MTS is comprised of electrically isolated (for a working
polarization) subwavelength metallic elements, e.g. patches (see Fig. C.1(a)), operating
at angular frequencies w below any possible plasmonic MTS resonances: w<wres. In the
limit w—0, the metallic elements do not support excitation of ohmic surface currents and

act as an effective lumped capacitance Cwurs: Zyrslwso = 1/(G0Cyrs)-
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Fig. C.1 Conventional HIS configuration (a) and its simplified (b) and complete (c) equivalent circuit
representation. The lumped resistance Rus is introduced to consider ohmic dissipation in the MTS
metallization and dielectric losses in the LC layer, while Rep describes ohmic dissipation in the GP [152].
(d) Qualitative spectral behavior for the HIS reflection phase. (e) lllustration of the vector distributions of

surface currents induced in the MTS and GP layers at the HIS resonance (full-wave simulations).

The possibility to realize a small electrical thickness for the HIS configuration is based
on the fact that, when neglecting dissipative losses, the input impedance Zi.c of the
‘grounded” LC layer becomes purely inductive if h;-/1 K 1 (ultra-thin regime): Z;. =
jwL; [151]. Herein, Lic represents an effective inductance of the “grounded” layer, which
is linearly proportional to its thickness hi.c:

uh
LLC S C_O th. (C1)

0
where y is the relative magnetic permeability of the LC layer (at sub-THz frequencies
u = 1), cois the speed of light, no is the impedance of the medium facing MTS (o = 377
Q for the free space). The structure can be modelled as a parallel connection of the
impedances Zurs and Zic (Fig. C.1(b)), thereby forming a resonant circuit whose total
impedance Z in the lossless case with a purely capacitive MTS is:

jwL
7 JwLyic

IR
[
D

1—w2Cyrslyc
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The HIS resonance is achieved at the angular frequency wy;s = 1/y/Cyrskc Where

the total impedance goes to infinity. The value of Z specifies a complex amplitude

reflection coefficient S11 of the structure according to the well-known formula [153]:

Z —hy
Z+hy

Sy = (C.3)

The typical spectral behavior of the reflection phase Arg(S11) near the HIS resonance
is shown in Fig. C.1(d). It is worth highlighting that Arg(S11) undergoes a strong variation
near wHis, at which S11=+1 so that the phase crosses a zero-point corresponding to the
characteristic of an artificial magnetic conductor. This distinguishes HISs from ordinary
conductors (metals) acting as low-impedance surfaces (LISs), for which S11=-1 which
implies that |Arg(S11)|=180°. As illustrated in the inset in Fig. 6.1(e), the strong artificial
magnetic properties of the HIS-structure originate from large antiparallel surface currents
flowing in the MS and GP layers at the HIS resonance. These currents are induced almost
in phase and form an effective magnetic dipole with a magnetic flux concentrated mainly
between the MTS and GP.

The rapid change of Arg(S11) is crucial for the operation of the LC-loaded RA. Actually,
its phase tunability is achieved by varying the dielectric permittivity of the LC layer by
means of a biasing quasi-static external electric field that directly affects the LC-loaded
MTS capacitance, Cwmrs. In real RA implementation, the biasing is achieved by
transforming the MTS and GP into electrodes. In case of the patch array MTS, this
requires, however, introduction of inductive strips connecting the patches in one direction
which are to be excited by an external electromagnetic wave with polarization orthogonal
to the strips. Alternatively, it is allowed to use a MTS with “inductive” topology represented
by a metal layer with slot-like resonant elements operating at frequencies where
Im(Zvts ) < 0. In this case, when the MTS inductance Lwrs cannot be neglected (Fig.
C.1(c)), the HIS resonance for the lossless regime (Ryrs = Rgp = 0) is achieved at the
frequency [152], [154].

144



Appendix C

1 Luyrs\ /?
Oppps S e (1 + ) (C.4)
vV CyrsLic Lic

It is further clear that the narrower the fractional HIS bandwidth Awys/wyis, the
stronger the tunability. Derived from the definition |Arg(S;;[whis * Y2Awyis])| = 90° [152],
conditioned by wysL; - K h,, the bandwidth is bound to the h;./ly;s ratio via a weakly
non-linear law [152], [154]:

COLMTS>_1 hic

=2n (1 +
phohyc

(C.5)

lHIS

The relation (C.5) illustrates the key feature of the HIS configuration, which is narrowing
the bandwidth when thinning the structure. A supplementary conclusion arising from (C.5)
is that the bandwidth can be additionally decreased by augmenting the MTS inductance
LMTS (see also [154]).
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