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riendo saber de antenas y radiofrecuencia. De igual manera, todo lo anterior
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Abstract
With the arrival of the new generation of communications, known as

5G, the systems that constitute it must offer better performance in terms
of data speed, latency and connection density than the previous generation
of communications. For 5G, an allocation of the frequency ranges that
will support future wireless communications has been established. This
allocation is formed by a range of frequencies corresponding to bands below 6
GHz and the other range of frequencies includes bands above 24 GHz. In the
latter frequency range, which includes part of the millimeter-wave frequency
band (from 30 GHz to 300 GHz), the development of new radio frequency
(RF) components is necessary because their design and manufacture is a
technological challenge.

As the frequency that supports wireless communications increases, prop-
agation losses also increase. Therefore, these losses must be compensated
by the radiating systems in 5G to make these communications possible. The
RF devices that make up these new systems must provide high antenna gain,
be power efficient and offer spatial reconfigurability of the radiated signal.

In this thesis, the main objective is the design of both guided and ra-
diating RF devices to provide design solutions for future 5G systems at
millimeter-wave frequencies. In particular, the contributions made have
been to the design of phase shifters and antenna arrays. To improve ef-
ficiency at millimeter-wave frequencies, these devices have been designed in
waveguide technology.

Phase shifters are essential RF devices to control the phase shift of the
electromagnetic wave that will be radiated to a certain spatial direction by
an antenna array. The design of beamforming networks requires the imple-
mentation of phase shifters that produce a fixed or variable phase shift value.
However, the design and fabrication of these devices at millimeter-wave fre-
quencies is a complex task. In this thesis, four designs of waveguide phase
shifters that produce both fixed and variable phase shift are presented. For
phase shifters that provide a fixed phase shift, the value of this phase shift
along the frequency is tuned in a desired manner by using periodic struc-
tures with higher symmetries. These types of configurations provide both
flexibility in the design process and improved electromagnetic performance
such as greater operating bandwidth. All the phase shifters have been im-
plemented in gap-waveguide technology to demonstrate its effectiveness in
these devices for millimeter-wave frequencies.
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Regarding the radiating systems, two feeding strategies have been con-
sidered in the design process. First, the design of a 70 GHz centered antenna
array implemented in gap-waveguide technology combined with the use of
separate waveguides in E-plane is proposed. In this design, the feed is guided
through a waveguide corporate-feed network. Second, the design of a reflec-
tarray whose unit cells are formed using three-dimensional geometries is
presented. In this case, the feeding is done in free space by radiation from
a source antenna. In the previous designs, the fabrication of the prototypes
was done by 3D printing based on stereolithography. Finally, using unit
cells with three-dimensional geometries, the design of radiating devices with
more complex functionalities such as reflection/transmission with high di-
rectivity and reconfiguration of the reflected radiation by means of graphene
structures are proposed.

Keywords: 3D geometry, 3D printing, antenna array, gap-waveguide
technology, glide symmetry, metal-only, millimeter-wave frequencies, phase
shifter, reconfigurable intelligent surface, reconfigurability, reflectarray, reflect-
transmit-array, unit cell.
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Resumen
Con la llegada de la nueva generación de comunicaciones, denominada

5G, los sistemas que la conforman deben ofrecer unas mejores prestaciones en
términos de velocidad de datos, latencia y densidad de conexiones respecto
a la generación de comunicaciones anterior. Para 5G se ha establecido una
asignación de los rangos de frecuencia que van a soportar las futuras co-
municaciones inalámbricas. Esta asignación se compone por un rango de
frecuencias correspondiente a las bandas por debajo de los 6 GHz y el otro
rango de frecuencias engloba a las bandas por encima de los 24 GHz. En
este último rango de frecuencias, en el cual están incluidas parte de la banda
de las frecuencias milimétricas (desde 30 GHz a 300 GHz), es necesario el
desarrollo de nuevos componentes de radiofrecuencia (RF) ya que su diseño
y fabricación supone un reto tecnológico.

Al aumentar la frecuencia que soporta las comunicaciones inalámbricas,
las pérdidas por propagación también aumentan. Es por ello por lo que
estas pérdidas deben ser compensadas por los sistemas radiantes en 5G para
que las comunicaciones sean posibles. Los dispositivos de RF que componen
estos nuevos sistemas deben proporcionar una alta ganancia de antena, ser
eficientes en términos de potencia y ofrecer reconfigurabilidad espacial de la
señal radiada.

En esta tesis, el objetivo principal es el diseño de dispositivos de RF
tanto guiados como radiantes para ofrecer soluciones de diseño a los fu-
turos sistemas 5G en frecuencias milimétricas. De manera particular, las
contribuciones realizadas han sido al diseño de desfasadores y agrupaciones
de antenas. Para mejorar la eficiencia en frecuencias milimétricas, estos
dispositivos han sido diseñados en tecnoloǵıa en gúıa de ondas.

Los desfasadores son dispositivos RF esenciales para controlar el desfase
de la onda electromagnética que será radiada hacia una cierta dirección es-
pacial por una agrupación de antenas. Las redes de beamforming tienen la
necesidad de implementar en su diseño desfasadores que producen un valor
de desfase fijo o variable. Sin embargo, el diseño y fabricación de estos
dispositivos en frecuencias milimétricas resulta una tarea de alta dificultad.
En esta tesis se presenta cuatro diseños de desfasadores en gúıa de onda
que producen un desfase tanto fijo como variable. Para los desfasadores
que proporcionan un desfase fijo, el valor de este desfase a lo largo de la
frecuencia es ajustado de manera deseada mediante el uso de estructuras
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periódicas con simetŕıas superiores. Este tipo de configuraciones propor-
cionan tanto flexibilidad en el proceso de diseño como una mejora de las
caracteŕısticas electromagnéticas como puede ser un mayor ancho de banda
de operación. Todos los desfasadores realizados han sido implementados en
tecnoloǵıa gap waveguide para demostrar su efectividad en estos dispositivos
para frecuencias milimétricas.

Respecto a los sistemas radiantes, se han considerado dos estrategias de
alimentación en el proceso diseño. En primer lugar, se propone el diseño
de un array centrado a 70 GHz implementado en tecnoloǵıa gap waveguide
combinado con el uso de gúıas de onda separadas en plano E. En este diseño,
la alimentación es guiada a través de una red de alimentación corporativa
en gúıa de onda. En segundo lugar, se presenta el diseño de un reflectarray
cuyas celdas unitarias son formadas mediante geometŕıas tridimensionales.
En este caso, la alimentación se hace en el espacio libre mediante la ra-
diación de una antena fuente. En los anteriores diseños, la fabricación de
los prototipos se realizó mediante impresión 3D basado en estereolitograf́ıa.
Finalmente, a través del uso de celdas unitarias con geometŕıas tridimen-
sionales, se proponen el diseño de dispositivos radiantes con funcionalidades
más complejas como la reflexión/transmisión con alta directividad y la re-
configuración de la radiación reflejada mediante estructuras con grafeno.

Palabras Clave: Geometŕıa 3D, impresión 3D, agrupación de de an-
tenas, tecnoloǵıa gap-waveguide, simetŕıa glide, sólo metal, frecuencias de
ondas milimétricas, desfasador, superficie inteligente reconfigurable, recon-
figurabilidad, reflectarray, reflect-transmit-array, celda unitaria.
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Chapter 1

Introduction

1.1 Background and motivation

Since the First Generation (1G) of mobile communications in the 80’s, new
generations of mobile communications have taken place, each of them bring-
ing new technological breakthroughs. Nowadays, we are facing the arrival
of a new generation of communications, the Fifth Generation (5G), which is
in its early stages of deployment. For the 5G, the capabilities offered by the
previous generation, the Fourth Generation (4G), must be improved. Some
of these improvements are related to peak data rate, latency or connection
density [1]. In general, there is an order of magnitude improvement in all
of these Key Performance Indicators (KPIs) compared to 4G. Achieving
these KPIs is the major challenge and it requires a breakthrough in the cur-
rent technology. One of the ways to achieve these improvements is through
the use of frequency bands above 30 GHz [2], i.e., where the wavelength
is in the order of millimeters and therefore, also known as millimeter-wave
frequencies. In this frequency range whose limit is set at 300 GHz, more
bandwidth is available with lower latency communications compared to the
sub-6 GHz bands where spectrum is currently quite crowded. One of the first
experimental demonstrations to check the feasibility of the millimeter-wave
frequencies for 5G communications can be found in [3]. In this work done
in 2013, the authors test a communications system at 28 GHz and 38 GHz
with successful outcomes. A bit later, the propagation channel was again
measured but at higher frequencies, specifically at 73 GHz, and its feasibility
was also demonstrated [4]. This encouraged the scientific and standardiza-
tion community to definitively establish this frequency range as the radio
support for the new wireless communication technologies [5, 6]. The 3rd
Generation Partnership Project (3GPP) has established the following divi-
sion for the 5G frequency bands, Frequency Range 1 (FR1) for frequencies in
the sub-6GHz band and Frequency Range 2 (FR2) for frequencies above 24
GHz, which correspond to the millimeter-wave frequencies [7]. For FR1, the
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CHAPTER 1. INTRODUCTION

technology is now ready for the use in commercial 5G due to the advances
inherited from the previous generations of communications while for FR2,
the technology needs to be developed. One of the main key points for the
evolution of the enabling technology in FR2 is related to the radiofrequency
(RF) hardware devices. In the wireless infrastructures, the hardware for the
RF frontends are the antennas. They are essential components that allows
an efficient power transmission or reception of the radiated signal from free
space. In the millimeter-wave frequency range, the propagation losses are
higher with the distance according to the Friis formula. Therefore, to com-
pensate for these undesired losses in the link budget, the antennas must have
higher gain. If this solution is not adopted, the signal would arrive at the re-
ceiving equipment too attenuated and it would not be possible to identify it
from the floor noise. This makes the use of high gain antennas crucial for 5G
infrastructure [8, 9]. To meet the above-mentioned requirement (high gain),
the radiating system must be as energy efficient as possible, i.e. the losses
in the hardware components must be as low as possible. This is another
of the objectives of 5G, since a greater number of antennas are expected in
the wireless infrastructure to implement small cell networks [10, 11]. The
infrastructure should be as energy efficient as possible. As a consequence
of having high gain antennas, the beamwidth of these antennas is directly
reduced [12]. This leads to a reduction of the wireless connection area in
case the antennas are used to cover a specific region instead of being used
for point-to-point backhaul link [6, 13]. This reduction in coverage area can
be mitigated by the use of multibeam antennas with fixed or reconfigurable
beams in the pointing direction [14]. These requirements presented for 5G
radiating systems in FR2 are challenges that are currently open and are the
focus of the scientific community’s attention to try to solve them in the most
optimal manner.

In the design of RF devices for millimeter-wave frequencies, the technol-
ogy chosen for implementation is crucial as it will determine their electro-
magnetic performance. For FR1, a common choice is microstrip technology
[15] as it allows compact, planar and low-cost solutions because conven-
tional Printed Circuit Board (PCB) fabrication techniques can be used. In
this frequency range, loss factors such as dielectric and radiation losses are
of limited relevance. However, when a higher frequency design is needed,
for example in the millimeter waves, the aforementioned loss factors start to
become decisive for the efficiency of the system. In fact, these loss factors
cause a reduction of the realized gain (defined in [16]), which includes all
the efficiency factors of the system. This is the reason, as the operating
frequency band increases, that other guiding technologies have to be used
for the design of RF devices. In Table 1 of work [17], a comparison in dif-
ferent points of many of the transmission line technologies and waveguide
structures can be read. The one that stands out for being the least lossy is
the metallic waveguide since it does not use dielectric in its structure and is
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CHAPTER 1. INTRODUCTION

fully shielded. On the contrary, the conventional manufacturing of waveg-
uides at millimeter-wave frequencies becomes very expensive and sensitive
to tolerances since there must be a perfect electrical contact between the
parts that form the waveguide. If this electrical contact is imperfect (very
likely to occur due to manufacturing tolerances), power leakage is generated
through the gaps due to a discontinuity of the electrical currents gener-
ated on the surfaces which form the waveguide structure. As a solution
to the problem described above, the gap-waveguide technology was devel-
oped [18], which avoids the requirement for perfect electrical contact. The
removal of this harsh requirement, which had to be met by the parts form-
ing the fabricated waveguide, is achieved by replacing the vertical walls of
the waveguide with Electromagnetic Band-gap (EBG) structures [19]. As
the name suggests, these periodic structures present an electromagnetic gap
(also called stopband) in certain frequency bands that prevents the prop-
agation of a wave through the EBG. Thus, by placing them on both sides
of the waveguide, they prevent electromagnetic field leakage and thus, the
associated losses. Usually, these EBGs are designed to produce a stopband
regardless of whether or not there is separation between the layers that
form it. This provides robustness in the manufacturing tolerance and not
altering the device performance. This fact relieves to a great extent the con-
straints of waveguide fabrication at millimeter-wave frequencies and makes
it a promising technology for future RF systems.

As mentioned above, one of the desirable features of the radiating sys-
tems in 5G is the ability to steer the main direction of radiation. For this
purpose, there are many design configurations to achieve this requirement.
One of the most popular is the adoption of beamforming networks such as
Butler matrix [20, 21, 22]. Both in this type of beamforming networks and
in other alternatively configuration [23, 24], in order to achieve the desired
progressive phase requirements in the antenna elements, phase shifters with
a determined performance along the frequency are needed. This type of
beamforming networks perform the modification of the main beam point-
ing depending on the input port selection. This is because the components,
which form the network, are not able to be tunable. As an alternative design
strategy to achieve beamforming, there are the phased arrays. These often
consist of only one input port and reconfigurable phase shifters, which are
essential among the components that form the beamforming network. Some
examples of these phased arrays in waveguide technology are presented in
[25, 26, 27, 28, 29]. In all of them, reconfigurable phase shifters are imple-
mented by some design strategy in waveguide technology. Thus, both fixed
and variable phase shifters are key RF devices to meet the needs required
by the beamforming networks.

Apart from the characteristics for 5G radiating systems to be efficient
and can perform beamforming, another relevant feature aforementioned is
that they must provide high gain which implies high directivity. For this aim,
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CHAPTER 1. INTRODUCTION

for electromagnetic reasons, the physical aperture of the radiating system
must be large compared to the wavelength [30], which is on the order of mil-
limeters for frequencies above 30 GHz. This makes that one of the solutions
generally adopted to achieve a larger physical aperture is the implementa-
tion of antenna arrays. These antenna arrays may be divided in two groups.
The first group comprises the antenna arrays fed by means of guiding struc-
tures, as in the case of beamforming networks or corporate feeding networks
[31]; and the second group is the one whose antenna arrays are fed by the ra-
diation from an primary source antenna. Arrays corresponding to the latter
group are named spatially-fed antennas. In this group of antenna arrays are
includes lenses [32], transmitarrays [33] and reflectarrays [34]. If we com-
pare both groups of antennas, network-fed or spatially-fed, both have their
advantages and disadvantages. For example, in antenna arrays fed by feed-
ing networks, the design with a lossless network, reflection-less components
that form it and great operation bandwidth becomes difficult design tasks.
However, if this is achieved, the aperture efficiency of the radiating system
is very high. On the other hand, spatially-fed antennas have the advantage
of not having to deal with the problems of implementing feeding networks
but in return, the entire system must be precisely designed to be efficient
and to avoid as many losses as possible. In the case of reflectarrays (they
can also be extended to the rest of spatially-fed antennas), the illumination
efficiency, spillover efficiency, element losses, phase efficiency, blockage and
other efficiency factors have to be maximized. The selection of one of the
two groups of antennas depends on the requirements of bandwidth, available
physical space, electromagnetic polarization, maximum reachable directivity
or number of radiated beams needed.

Recently, a new paradigm has emerged to complement the infrastructure
of the future wireless communications based on reconfigurable metasurfaces
controlled by software [35]. The main function of these metasurfaces is to
dynamically improve the coverage area in situations where there is Non Line
of Sight (NLOS) between the base stations and the users. In addition to this
functionality, there is a general desire to extend the functionalities offered
with the aim of controlling the wireless environment in a smart way [36]. The
conception of this new use for reconfigurable metasurfaces originates from
the pioneering work [37]. This work presents for the first time the coding
metamaterials that are based on discretizing the phase responses produced
by the unit cells. These unit cells compose the metamaterial or metasurface.
In the experimental results presented in [37], a unit cell controlled by a
Positive Intrinsic Negative (PIN) diode is employed, which produces two
phase responses with a difference between them of 180o. Because of this
binary behavior, the unit cell is referred to as a 1-bit unit cell. The possible
number of states of the reconfigurable unit cell determines its bit number.
In general, such metasurfaces are used to reflect the incident waves in the
desired direction(s). The electromagnetic theory for the design of these
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CHAPTER 1. INTRODUCTION

reflection metasurfaces, also called Reconfigurable Intelligent Surface (RIS),
is inherited from that used for reflectarrays with some assumptions for the
phases available in the elements and the characteristics of the incident wave.
Because RIS does not make use of RF chains in its implementation, lower
cost design and lower power consumption are obtained compared to future
5G base stations. In this way, the use of RIS is a ground-breaking device for
the sustainability and reconfigurability of future wireless communications.

This thesis is primarily devoted to contribute to the design of RF de-
vices at millimeter-wave frequencies for future generations of communica-
tions. The thesis document has the following organization. In Chapter
1, it starts with a description of the role of millimeter-wave devices in 5G
communications and the different design strategies proposed to obtain these
devices with the target requirements. In the following subsections of Chap-
ter 1, from subsection 1.1.1 to 1.1.6, a more detailed description of the
state-of-the-art of the topics most related to the contributions presented in
this thesis will be made. Section 1.2 describes the objectives achieved in
this thesis. The research methodology followed along the thesis is described
in Section 1.3. Section 1.4 lists the results produced by this thesis both in
terms of publications and awards. Chapter 2 is devoted to the presenta-
tion of the publications comprising this thesis as well as a description of the
contributions made in each publication. This chapter has been divided into
two parts, the first one dedicated to the contributions made on the topic of
millimeter-wave phase shifters. The other part of the chapter presents the
publications and contributions made on the topic of millimeter-wave radiat-
ing systems. Finally, Chapter 4 lists the main conclusions of this thesis and
envisions the future research lines based on the achieved contributions.

1.1.1 Gap-waveguide devices

The gap-waveguide technology emerged as an effective and low-cost solu-
tion for waveguides at millimeter-wave frequencies. In this frequency range,
manufacturing tolerances are more significant and determinant in RF device
performance. In [19] is described some of the most common implementa-
tions for gap-waveguide technology such as: groove gap waveguide, ridge
gap waveguide, inverted microstrip gap waveguide and microstrip ridge gap
waveguide. All of them consist of a zone where the fundamental mode of
the waveguide propagates and on both sides of this zone are placed EBGs
that can be of different types. The most popular EBG implementations
are bed of pins or substrate with mushroom patch type. These EBG struc-
tures avoid the need for perfect electrical contact between the layers that
make up the waveguide in this way, greatly alleviate the manufacturing re-
quirements. From the use of different implementations of gap-waveguide
technology, directive antenna arrays have been realized at millimeter-wave
frequencies with high radiation efficiency. Some examples of groove and
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CHAPTER 1. INTRODUCTION

ridge gap-waveguide antenna array designs are presented in the following
works [31, 38, 39, 40]. Antenna array designs in inverted microstrip gap
waveguide [41] and microstrip ridge gap waveguide [42, 43] have also been
reported.

One of the disadvantages of gap-waveguide technology, which uses the
pin bed as the EBG structure, is that as the design frequency increases, the
pin dimensions become smaller and require more precise and consequently
more costly manufacturing. In addition, small pin dimensions become more
fragile in fabrication. In 2017, gap-waveguide technology based on holes
with glide symmetry emerged as an alternative to the previously mentioned
EBG structures [44]. This new type of EBG structure provides a large
stopband in addition to a more robust fabrication at millimeter frequencies
as smaller dimensions are not necessary as in the case of pin-based EBGs.
Additionally, the holes are more robust in fabrication compared to the pin
bed. In [45], the effectiveness of glide-symmetric holes as EBGs for gap
waveguides was demonstrated. There are a few examples of RF devices
using this type of gap-waveguide technology [46, 47]. Taking advantage of
the benefit in terms of stopband provided by holes with glide symmetry, in
[48] applied to waveguides formed by multiple layers. A low-cost prototype
waveguide implemented with this gap-waveguide technology for frequencies
above 100 GHz is shown in the previous work. Some designs based on this
gap-waveguide technology are presented in [49, 50].

1.1.2 Higher symmetries

A periodic structure has a higher symmetry if it remains invariant to a
translation and another geometric operator such as a reflection or a rotation
[51]. The main higher symmetries are the glide symmetry and the p-fold
screw symmetry [51]. The latter is also referred to as the twist symmetry
[52]. The glide symmetry is composed of a half-period unit cell translation
and a reflection against a plane called the glide plane. In the case of p-fold
twist symmetry, this consists of a d/p-translation followed by a 2pi/p-radian
rotation along rotation or also called screw axis. Another type of higher
symmetry related to glide symmetry is presented in [53], which is called polar
glide symmetry. The term “polar” indicates that the glide plane is defined
as a cylindrical plane around the screw axis. If a periodic structure has
any type of higher symmetry, in general, it brings benefits to the dispersion
diagram such as improving the linearity of the propagating modes, closing
stopbands or increasing the maximum refractive index [54, 53, 55].

In the literature there are a greater number of designs with glide symme-
try compared to those with twist symmetry. This is because glide symmetry
can be applied in a more direct way in the design since twist symmetry in-
volves implementing turns around a rotation axis in the RF device. This is
less common to find in the design process. Some examples of designs with
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twist symmetry can be seen in [56, 57, 58, 59]. On the other hand, examples
of RF devices with glide symmetry can be found in [60, 61, 62, 63, 64, 65, 66].

1.1.3 Phase shifters in waveguide

Phase shifters are essential RF devices that are present in every beamforming
network both passive and active [14]. The phase shift, when dealing with
low frequencies, appears naturally in RF circuits based on lumped elements
when using capacitors and inductors. However, when we work at higher
frequencies, these RF circuits consider distributed elements [15]. These can
implicitly synthesize the frequency behavior of the above reactive elements.
If we focus on the design strategies followed to implement phase shifters
in waveguide technology, one of the first phase shifter design appears in
1947 [67]. In this paper, several practical ways of introducing phase shift
in a circular waveguide depending on the orientation of the propagating
TE11 mode are presented. The proposals to introduce the phase shift are
by means of slits, metallic rods or dielectric structures oriented in the same
direction of the electric field oscillation. Other designs of phase shifters for
rectangular waveguides can be found in [68, 69, 70]. In [68], a dielectric
structure is inserted inside a waveguide. The ends of the piece of dielectric
have a taper to maintain a low reflection coefficient. In [69, 70], phase shift
is introduced in a rectangular waveguide by including carefully designed E-
plane stubs. In general, for waveguide phase shifter designs, which provide a
non-tunable phase shift, the way to introduce the phase shift is by including
elements inside the waveguide. These are intended to modify the phase
constant β of the waveguide and/or to synthesize the behavior of reactive
elements. For instance, one of the design strategies to change the value of β
is to use periodic structures such as small corrugations [71] or tiny pins [72].
Complementary or alternatively, reactive elements can be introduced in the
form of discontinuities such as narrowing of the waveguide height [73, 74],
E-plane stubs [70] or twists between waveguides aided by the gap-waveguide
technology [75].

On the other hand, for waveguide tunable phase shifters, several designs
have been presented in the literature. One of the first designs of a waveguide
reconfigurable phase shifters was the phase shifter with ferrite [76]. Depend-
ing on the magnetic field strength provided externally to the ferrite, a phase
shift occurs in the propagating mode of the waveguide. Other types of ma-
terials whose electrical properties are changed by electric or magnetic fields
have also been used as a phase shift mechanism in waveguide. This is the
case of Liquid Crystal (LC), which has been employed in several designs to
make phase shifters in different waveguide technologies such as [77, 78, 79].
Depending on the strength of the electric or magnetic field used to orient
the LC molecules, the electromagnetic wave passing through this material
experiences a given permittivity included in the range offered by the LC
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material. A waveguide phase shifter based on the photosensitivity of the
silicon has also been reported in [80]. This characteristic of the silicon al-
lows modifying its sheet resistance depending on the received light density.
By modifying the conductivity value of a piece of silicon placed parallel to
the sidewall of the waveguide, the propagation constant is in turn modified
and thus, a phase shift is obtained. Other approaches to design variable
phase shifters using materials can be found in [81, 82]. These works have
used high permittivity materials and liquid metals, respectively. Nonethe-
less, both of them have used Substrated Integrated Waveguide (SIW)[17]
as the guiding technology. Another common feature of the latest designs
is that the reconfigurability is done mechanically, either by precisely mov-
ing the material [81] or by applying the pressure needed to move the liquid
metal [82]. Designs of phase shifters based on mechanical reconfiguration
have also been proposed in the literature. In [25], a reflection waveguide
phase shifter is proposed by mechanically moving the short circuit at the
end of the phase shifter. Following this design strategy, in [83], a hybrid
waveguide coupler is presented where certain ports are short-circuited and
loaded with a mechanically adjustable screw which provides a certain phase
shift at the output port. Instead of mechanically reconfiguring the position
of the short circuit at the end of the waveguide [25], a phase shifter can be
realized by moving the sidewall constituting the rectangular waveguide as
proposed in [84]. In [85], mechanical insertion of dielectrics into a waveg-
uide is analyzed to obtain a tunable phase shifter. In order to ensure that
the inclusion of the dielectric material inside the waveguide causes the least
amount of losses, a longitudinal opening is made in the middle of the wide
side of the rectangular waveguide.

1.1.4 Reflectarrays

Reflectarray combines features of phased arrays and reflectors to provide a
spatially fed (as in reflectors) whose radiating elements are arranged in a
plane and spaced a certain distance between them (as in phased arrays).
Depending on the incident wave direction in the reflectarray and the de-
sired direction of the main beam, the radiating elements must have certain
responses for the reflected phase [86]. The reflectarray concept emerged
in 1963 with the following paper [87]. The design developed as a proof of
concept was an array of short-circuited waveguides with variable depth to
obtain the desired phase reflection and in consequence the required phase
distribution in the reflectarray plane. Later, with the development of PCB
fabrication technology, reflectarrays based on microstrip patch antennas ap-
peared. Following a phase shift mechanism based on the length of a shorted
or open line attached to the reflectarray element, different phase values in
reflection are obtained allowing the design of the reflectarray using patch
antennas [88]. Since these early reflectarrays, a great diversity of reflectar-
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rays have been proposed in the literature from different design strategies and
technologies resulting in different electromagnetic performances [34, 89]. By
the increasing of the operating frequency and the needing of communica-
tions with more directive beams to overcome propagation losses, reflectar-
rays have been proposed as a element to improve the communication channel
[90, 91]. In addition, this increase in operating frequency leads to ensure
that the electromagnetic performance is efficient in terms of losses so that
it improves the link budget. To this end, the losses in the reflectarray struc-
ture must be minimized. A strategy followed in the design of reflectarrays
at millimeter-wave frequencies is not to use dielectric structures since this
material contributes to increase losses, specially in this frequency region.
Therefore, the use of metal-only structures is preferred to get rid of dielec-
tric losses in the reflectarray. Different designs have been presented in the
literature for metal-only reflectarrays [92, 93, 94, 95].

Recently, the term reflectarray has evolved and been combined with the
term transmitarray to produce the benefits of both in a single design. This
has acquired the term of reflect-transmit-array [96]. In this way, radiation
with high directivity can be obtained in both reflection and transmission, i.e.,
in full space. For the design of the reflect-transmit-array, the element that
forms it must allow both reflection and transmission and for both operations
it should be possible to select the phase shift introduced. For the case
of [96], the phase shift is controlled by the length of the square-ring slot.
Nevertheless, once the phase shift is set, it is the same for reflection and
transmission. One of the design approach proposed to allow the independent
main beam design for both transmission and reflection is the use of the
sparse-array method [97]. An alternative to this method is that the element
forming the reflect-transmit-array was sensitive to the incident polarization.
In this way, each polarization is assigned a radiation region, either reflection
or transmission. Thus, the independent adjustment of the phase shift in
transmission and reflection is facilitated. This approach has been employed
by the designs presented in [98, 99].

1.1.5 Reconfigurable Intelligent Surface

RIS can be viewed as reconfigurable reflectarray whose phase states are dis-
cretized by 2n bits where n is the number of bits considered. This assump-
tion in the RIS simplifies the design of the reconfigurable element, which
does not have to provide a continuous phase range up to 360o [100]. On
the other hand, implementing a discretized phase distribution in a reflec-
tarray causes phase errors decreasing the aperture efficiency. It is a good
compromise to accept this performance disadvantage in exchange for having
a low cost and reconfigurable device that improves the received signal in a
wireless communications environment. With the RIS being the central ele-
ment of the future wireless communications paradigm, different RIS designs
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have been proposed such as those presented in [101, 102, 103, 104]. These
works use PIN diodes or varactors for reconfigurability of the RIS elements
and their operation frequency bands are located sub-6 GHz. If we increase
the operating frequency, at the beginning of the millimeter-wave frequency
range, we find a few proposed designs for RIS [105, 106]. The cause of
this fact is the increased difficulty in making the RIS element reconfigurable
as there are not many models of commercial varactors or diodes that op-
erate well at millimeter-wave frequencies. In lasted works mentioned, the
reconfiguration is done with PIN diodes and for 1-bit RIS. Revisiting the
reconfiguration mechanisms of reconfigurable reflectarrays [107], there are
more reconfiguration alternatives using other type of lumped element such
as RF microelectromechanical (MEMS) or by tunable materials such as LC,
ferroelectrics or graphene. Indeed, the electromagnetic behavior of the lat-
ter has been explored in more detail for its promising use in the microwave
and millimeter-wave frequency range [108, 109, 110].

1.1.6 3D Printing for RF devices

In recent years, 3D printing technology has had a great development pro-
viding different manufacturing techniques available [111]. Depending on the
material used in the additive manufacturing, we have different types of 3D
fabrication techniques. In case the material is plastic or similar, we have
mainly: Fused Deposition Modelling (FDM), Stereolithography (SLA), Se-
lective Laser Sintering (SLS), Material Jetting (MJ) and Digital Light Pro-
cessing (DLP). On the other hand, in case the material is metal, the main
techniques are: Selective Laser Melting (SLM), Direct Metal Laser Sinter-
ing (DMLS) and Binder Jetting (BJ). The development of the above 3D
fabrication techniques has made possible the consideration of their use for
manufacturing RF devices for microwave and millimeter-wave frequencies
[112]. In particular, there are some fabrication techniques that provide bet-
ter precision and minimal print detail which makes them more suitable for
the fabrication of antennas and other devices when the frequency increases.
This is the case of SLA, which has demonstrated the feasibility of its use
for millimeter-wave frequencies [113, 114, 115]. The disadvantage of this
kind of fabrication technique based on printed plastic is that the subsequent
metallization of the printed part/s is required in the case the design needs
conductive parts such as a waveguide filter. This leads to an appropriate
choice of a plating technique that provides the necessary conductivity, thick-
ness and roughness to maintain the performance of the designed device, es-
pecially at millimeter-wave frequencies [116]. Regarding the 3D fabrication
techniques directly in metal, several antenna designs have been presented
for the millimeter-wave and submillimeter-wave range [115, 117]. In the
last work, the feasibility of SLM and BJ techniques has been demonstrated
but with the need to apply polishing and gold electroplating post-processing
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to the resulting pieces. Therefore, with the advent of these 3D fabrication
techniques, they become an effective and generally lower cost alternative
[118] that makes it possible to bring to reality RF device designs which were
impossible, or very expensive, to realize with traditional techniques such as
Computer Numerical Control (CNC).

Being able to apply three-dimensional geometries to RF devices rel-
atively easily using the aforementioned 3D printing techniques provides
an additional degree of freedom in the design process. This 3D charac-
ter brings new functionalities and potentials to the desired electromagnetic
behavior[119, 120]. For example, in [121], period structures with 3D geome-
try are used to control the phase of the incident wave in both polarizations
to achieve a metal-only polarizer. The proof of concept of the previous work
is fabricated using SLM. Another example using 3D structures in the design
process can be seen in [122]. In the design proposed in the previous work,
the incident field is transmitted through a 3D periodic structure with a total
power transfer to the cross-polarized component in a bandwidth determined
by a bandpass filter, also implemented in the design. As can be seen, this
degree of freedom offered by 3D structures allows to achieve complex behav-
iors in an efficient and direct way with the cost of making the design more
bulky compared to the conventional metasurfaces, which lack this third di-
mension and therefore, offering less flexibility and higher complexity in the
design process.

1.2 Objectives

The main objective of this thesis is the design of new radiating devices and
phase shifters at millimeter-wave frequencies as they are essential compo-
nents for the future wireless communication systems. The following is the
subdivision of this principal objective in sub-objectives that allow its ac-
complishment.

• Design of both guiding and radiating devices in waveguide for efficient
operation at millimeter-wave frequencies.

• Use of new design strategies in the design of millimeter-waves devices
in order to achieve flexibility and improvement in terms of performance
of the state-of-the-art designs.

• Development of directive radiating systems that allow in their design
a flexible and reconfigurable radiation capability for future communi-
cation scenarios as well as active elements to fulfill their functionality.

• Use of new fabrication techniques for a feasible and effective prototyp-
ing of devices at millimeter-wave frequencies.
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1.3 Research Methodology

In order to successfully achieve the above-referred sub-objectives, the fol-
lowing research methodology has been employed. First, a systematic review
of the state-of-the-art has been carried out to identify the different types of
technologies and solutions proposed for the design of millimeter-wave fre-
quency devices. This literature review has been done periodically during
the thesis. Once the opportunities for improving the state-of-the-art de-
signs have been identified, the electromagnetic simulation software is used
to perform the first tests of the conceived new designs. The electromagnetic
software used has been CST Studio Suite, which allows the calculation of
the useful electromagnetic results for the performance of the device under
design. In CST Studio Suite software, different types of solver have been
used according to the properties of the analyzed design. As an example, for
the periodic structures, for which we are interested in calculating their dis-
persion diagram (relationship between frequency and phase constant), the
solver used was the eigensolver. In this stage of design and optimization of
the electromagnetic behavior of the device, in addition to CST Studio Suite,
Matlab has been used for the calculation of some electromagnetic results
in an efficient way to control more finely the application of optimization
algorithms.

After having reached the design with the desired performance in sim-
ulation, we proceed to select the most appropriate fabrication technique.
This technique will depend on the type of geometries that form the struc-
tures in the device and their orientation. In this thesis we have used both
conventional manufacturing techniques such as CNC and more innovative
manufacturing techniques such as 3D printing in plastic plus a subsequent
metallization. With respect to the last technique, different options have been
explored such as 3D printing plus electroplating (provided by the company
Protolabs) and 3D printing with the Formlabs 3 (3D printer of Formlabs)
plus a silver spray metallization provided by the company JetMetal. For the
characterization and validation of the manufactured prototypes, the equip-
ment and infrastructure of the SWT laboratory [123] of the University of
Granada has been used. For the measurements of the guiding devices, only
it is neccesary the use of the Vector Network Analyzer (VNA) from 10 MHz
up to 67 GHz (model: ZVA67 from R&S), 1.85mm RF cables, coaxial-to-
waveguide transitions and frequency extenders (model: ZVA-Z110E from
R&S) if necessary to expand the frequency range. For the measurements
of the radiating devices, in addition to the described equipment, the ane-
choic chamber has been used, which is a shielded enclosure covered on the
inside by absorbent material. In addition, the anechoic chamber is equipped
with software-controlled positioners that allow the automatic acquisition of
2D and 3D radiation patterns, gain and other antenna parameters of the
Device Under Test (DUT). Once the measurements are acquired, they are
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processed and compared with the results obtained in simulation to see their
similarities and differences and, if the latter appear, to seek the origin of
these differences in relation to the fabrication technique used.

1.4 Thesis Results

This is the list of publications in renowned journals and conferences that
support the results achieved in this thesis:

• [P1] Á. Palomares-Caballero, A. Alex-Amor, P. Padilla, F. Luna
and J. Valenzuela-Valdés, “Compact and Low-Loss V-BandWaveguide
Phase Shifter Based on Glide-Symmetric Pin Configuration,” in IEEE
Access, vol. 7, pp. 31297-31304, 2019.

• [P2] Á. Palomares-Caballero, A. Alex-Amor, P. Padilla and J. F.
Valenzuela-Valdés, “Dispersion and Filtering Properties of Rectangu-
lar Waveguides Loaded With Holey Structures,” in IEEE Transactions
on Microwave Theory and Techniques, vol. 68, no. 12, pp. 5132-5144,
Dec. 2020.

• [P3] Á. Palomares-Caballero, C. Meǵıas, C. Molero, A. Alex-Amor
and P. Padilla, “Wideband Gap-Waveguide Phase Shifter Based on a
Glide-Symmetric Ridge,” in IEEE Microwave and Wireless Technology
Letters, vol. 33, no. 1, pp. 27-30, Jan. 2023.

• [P4] Á. Palomares-Caballero, A. Alex-Amor, P. Escobedo, J. Valen-
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• [P5] Á. Palomares-Caballero, A. Alex-Amor, J. Valenzuela-Valdés
and P. Padilla, “Millimeter-Wave 3-D-Printed Antenna Array Based
on Gap-Waveguide Technology and Split E-PlaneWaveguide,” in IEEE
Transactions on Antennas and Propagation, vol. 69, no. 1, pp. 164-
172, Jan. 2021.

• [P6] Á. Palomares-Caballero, C. Molero, P. Padilla, M. Garćıa-
Vigueras and R. Gillard, “Metal-Only Reflectarray Unit Cell for Dual-
Polarization Control,” in 2022 16th European Conference on Antennas
and Propagation (EuCAP), 2022.

• [P7] Á. Palomares-Caballero, C. Molero, P. Padilla, M. Garćıa-
Vigueras and R. Gillard, “Wideband 3-D-Printed Metal-only Reflec-
tarray for Controlling Orthogonal Linear Polarizations,” in IEEE Trans-
actions on Antennas and Propagation, doi: 10.1109/TAP.2023.3240583.
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Chapter 2

Publications

This chapter includes the publications that present and detail the research
results developed during this thesis. There are 7 publications in JCR indexed
journals and 2 publications in international conferences. The publications
have been organized in two sections: phase shifters and radiating systems,
which are the two main topics of the thesis. For each publication, the
contributions included in the given publication have been discussed. Besides,
information about the journal where it has been published and the quality
indexes of the journal are also provided.

2.1 Phase Shifters

2.1.1 Compact and Low-Loss V-Band Waveguide Phase
Shifter Based on Glide-Symmetric Pin Configuration

This paper presents a new waveguide phase shifter where the elements that
introduce the phase shift are pins placed with glide symmetry. Through the
use of this higher symmetry, the phase shifter can provide a higher phase
shift compared to its counterpart design where the pins do not preserve
this higher symmetry. This provides an improvement in compactness in the
phase shifter design and a relaxation in fabrication requirements since the
pins can be spaced a greater distance apart without losing performance.
The prototype has been implemented in gap-waveguide technology based
on glide-symmetric holes for ease of fabrication. The operating band of
the proposed design ranges from 46 GHz to 60 GHz with an insertion loss
low and no use of dielectrics in its structure. In addition, it improves the
compactness of the waveguide phase shifters that make up the state-of-the-
art.
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ABSTRACT
This paper presents a compact and low-loss V-band waveguide phase shifter based on glide-symmetric pin
configuration. This kind of higher symmetry permits the control and improvement of the electromagnetic
behavior or radiofrequency devices, as it is the case of the proposed phase shifter. The study of the
dispersion diagram of the phase shifter unitary cell demonstrates that the pin configuration is a proper option
for introducing phase shift in a waveguide-based system. There is significant increase in terms of phase
shift when using a glide-symmetric pin distribution compared to its corresponding non-glide-symmetric
configuration. Through this study, the key geometrical parameters are also determined. The complete phase
shifter is composed of an optimized cascade of tailored unitary cells so that the desired final phase shift
value is achieved. A prototype has been manufactured in order to validate the theoretical approach through
the comparison of phased shifters with both non-glide-symmetric and glide-symmetric configurations. The
measurement results demonstrate the higher performance and compactness of the glide-symmetric phase
shifter. For the same distance, the glide-symmetric version of the phase shifter provides more than 60%
of phase shifting compared to the non-glide-symmetric phase shifter. Both phase shifters have a good
impedance matching between 46 to 60 GHz and an insertion loss lower than 1 dB, thus clearly enabled
as a 5G technology.

INDEX TERMS phase shifter, millimeter-wave, glide symmetry, gap waveguide.

I. INTRODUCTION

Digital society is evolving faster and faster and new appli-
cations are being created that demand unprecedented per-
formance from mobile communications, some of which are
expected to require communication speeds of the order of
Terabit/s. To satisfy these requirements, it is necessary to
develop high data transfer communication systems allowing
these speeds, which makes it is essential to perform com-
munications in a frequency band above 50 GHz. Traditional
radiofrequency solutions do not work for this frequency
bands and new technologies have to be developed. In the first
place it is necessary to develop very directive antennas to face
the propagation losses that exist at those frequencies. In that

way, beamforming is one of the major goals of the future
generation of communication systems. The steering of the
radiated beam in wireless communication links is possible by
means of antenna arrays whose input signals are controlled
in amplitude and phase. Beamforming networks [1]- [3]
are typically used for this purpose. Millimeter-wave range
is a challenging spectrum range in these next-generation
systems. In this frequency ranges, the beamforming networks
are needed for producing directive beams that overcome
the undesired effect of the high propagation losses in this
frequency range [4]- [7].

Beamforming networks make use of phase shifters that
provide a different amount of phase shift depending on the
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requirements. These phase shifters need to be lossless and
compact in order to achieve the maximum efficiency and
reduce the footprint of the beamforming network. Moreover,
in the millimeter-wave frequency range the transmission
technologies are decisive since they impose the level of prop-
agation losses. Microstrip or coplanar waveguides present
a high loss level at high frequencies due to the substrate
and radiation losses. Substrate Integrated Waveguide (SIW)
is another planar technological solution for high frequency
since it reduces the transmission loss level. A variety of SIW
phase shifters in high frequency range have been presented
[8]- [10]. In waveguide-based designs, stretching the broad
side of the waveguide by utilizing metallic posts or etching
air holes in the upper layer are the usual techniques used to
introduce signal phase shift. However, for SIW technology,
the presence of dielectric material imposes a strong efficiency
drawback. Hollow waveguide technology is the most suitable
technology in this frequency range. Nevertheless, metallic
contact between waveguide plates is needed for avoiding
unwanted signal leakage. Recently, gap waveguide technol-
ogy has arisen to overcome waveguide plate contact and
shielding requirements [11], [12]. Different phase shifters
using gap waveguide technology are presented in [13]- [15].
Dielectric material use and low compactness are the principal
disadvantages in these designs. On the other hand, there are
waveguide-based phase shifter solutions that have a good
performance in millimeter-wave range but they are highly
complex and have a high manufacturing cost [16], [17].

Metasurfaces can also provide signal phase shift. Tuning
the design of the metasurface, the phase shift can be con-
trolled. One of the best advantage for this kind of phase
shifter is that, for the same size, the phase shift can be
different, depending on the design [18]. In these terms, a
recent study [19] presents a prototype made in groove gap
waveguide technology that uses a pin lattice to get the desired
phase shift. Compared to other previous designs that make
use of corrugated ridges [20], it is demonstrated that a higher
phase shift and a higher compactness can be achieved by
using pin lattices.

Structures with higher symmetries make possible to tailor
the signal propagation behavior [21]. Some intensive studies
about structures that posses higher symmetries have been
recently presented [22]- [24]. Based on higher symmetries,
it is possible to widen stop-bands or to control the equivalent
refractive index. Some examples such as lenses or filters in
microwave and millimeter-wave range based on higher sym-
metries are [25], [26]. Thus, introducing higher symmetries
in electromagnetic devices permits a new degree of freedom
in the design process.

This work presents a waveguide phase shifter working
in millimeter-wave and based on higher symmetries. Glide
symmetry is the chosen type of higher symmetry to achieve
a greater phase shift for the same waveguide length. A unit
cell has glide symmetry configuration if it is generated by a
translation of half unit cell period and a mirroring regarding
to a symmetry plane [21].

The document is organized as follows: Section I introduces
the phase shifter designs for the millimeter-wave range. In
Section II, the phase shifting unitary cells are presented and
studied by means of the dispersion diagrams. Section III
provides the description and design of the glide-symmetric
phase shifter, joined to its comparison with the non-glide-
symmetric counterpart. Section IV introduces the manufac-
tured prototype and presents the measurement results. Fi-
nally, the conclusions are drawn in section V.

II. GLIDE-SYMMETRIC PIN STRUCTURES
Glide symmetry is the most suitable higher symmetry for this
kind of phase shifter structures. Through the application of
glide symmetry to the pin lattice that composes the phase
shifter, the electromagnetic performance can be significantly
improved and controlled. In this section, the forming phase
shifting unitary cells for the different configurations are pre-
sented and analyzed through dispersion diagram studies.

(a) (b)

(c) (d)

(e)

FIGURE 1: Phase shifting unitary cells: (a) non-glide-symmetric
design, (b) its longitudinal cutting view, (c) glide-symmetric design,
(d) its longitudinal cutting view, and (e) top view.

A. PHASE SHIFTING UNITARY CELLS
Phase shifter based on a cascade of pin rows located per-
pendicular to the propagation direction can be divided into
unitary phase shifting cells, as it is illustrated in Figure 1.
Two types of unitary cells are depicted in 3D, longitudinal
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and top view. The non-glide-symmetric unitary cell (Figure
1(a)) corresponds to the unitary cell that forms the phase
shifter state-of-art presented in [19].

The metallic pins that compose the phase shifter are placed
only in one broad side of the waveguide. Glide symmetry
is applied to each pair of pin rows that form the non-glide-
symmetric cell, taking advantage of having free the upper
broad side of the waveguide. This pin row displacement to
impose a glide-symmetric configuration in the unitary cell
is depicted in Figure 1(d). The reference symmetry plane
for pin mirroring is located in the middle of the lateral
waveguide side and perpendicular to it. Note that, in the pin
displacement, the heights of the pins (H) are preserved, which
means that Hng = Hg .

The top view illustrated in Figure 1(e) is the same for
both phase shifting unitary cells. Considering p as the fixed
unitary cell length, the distance between pin rows is p/2.
The separation between pins in the transversal direction is
denoted as sep. The width (W) and height (H) of the pins are
also the other geometric variables that have influence in the
performance of the phase shifter.

The following subsection shows the comparison between
both phase shifting unitary cells, glide and non-glide, pre-
sented by means of their dispersion diagrams.

B. PERFORMANCE AND DISPERSION DIAGRAM
COMPARISON
Dispersion diagrams let accurately demonstrate the per-
formance of a guiding structure through the study of the
propagating modes and their distribution in frequency. The
position of the first propagating mode is normally the one
that defines the working range and the forward mode disper-
sion properties. The dispersion diagrams contained in this
study have been carried out with the eigenmode solver of
CST Microwave Studio. Each dispersion diagram shows the
first propagating mode of the unitary cell for a parametric
sweep. Figure 2 and Figure 3 illustrate the dispersion diagram
comparison between both types of unitary cell, including
height and width pin tuning, respectively. The reference
line corresponds to the first propagating mode of the WR-
15 standard waveguide. The sweeps of pin heights and pin
widths are referred, in percentage, to the narrow and broad

FIGURE 2: Dispersion diagram comparison modifying pin height.
Dimensions are: p = 2.1 mm, w = 0.45 mm, sep = 0.6 mm and
Hng = Hg .

FIGURE 3: Dispersion diagram comparison modifying pin width.
Dimensions are: p = 2.1 mm, sep = 0.6 mm and Hng = Hg = 0.85
mm.

waveguide side dimensions, respectively.
The height variation in the phase shifter pins have a

higher influence in the dispersion behavior than the pin width
variation. Both pin configurations, non-glide-symmetric and
glide-symmetric, lower the first propagating mode regarding
to the reference mode. This means that, for a given frequency,
the propagation constant is increased. It can be identified
that the glide-symmetric phase shifting unitary cell produces
a higher propagation constant for any value of pin height
and width than the non-glide case. This is directly translated
into a higher phase shifting for the same waveguide length
in the case of the glide-symmetric configuration. Therefore,
the glide-symmetric unitary cell has a better performance
in terms of phase shifting capacity compared to any other
configuration. A remarkable propagation effect that appears
in the mode distribution is the position of the initial propa-
gation frequencies. The reference waveguide mode starts to
propagate at approximately 40 GHz while the phase shifting
unitary cell starts at 30 GHz in the case of H45%. This
decrease in the cutoff frequency for the same waveguide
size is useful for miniaturization and size reduction. This
will be matter for further work since is not the scope of
this document. Additionally, modifications in cell length (p)
have been studied and illustrated in a dispersion diagram
comparison in Figure 4. The normalization of the length, p,
has been removed for a more realistic representation of the
dispersion diagram and fair comparison between modes and
their propagating properties.

FIGURE 4: Dispersion diagram comparison modifying the cell length
(p). Dimensions are: W = 0.45mm, sep = 0.6 mm and Hng = Hg =
0.85 mm.
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From these results, two main conclusions can be drawn.
First, the length of the phase shifting unit cell does not
affect the locations of the modes for the non-glide-symmetric
unitary cell. However, for glide-symmetric unit cell, the
frequency position of the modes decreases as the cell length
is reduced. Second, the position of the cutting frequency be-
tween the two types of cell configuration is different. It is also
noticed that, for greater values of p in the glide configuration,
the cutting frequency between modes is reduced. This effect
is due to the reduction of electromagnetic coupling between
pin rows placed in in the glide-symmetric configuration.
Therefore, the length of the unitary cell strongly affects the
mode distribution and has to be carefully chosen for a proper
effect of the glide symmetry in the frequencies of interest.

III. PHASE SHIFTER PERFORMANCE
The design of a complete phase shifter consists of several
phase shifting unitary cell in cascade along the direction
of propagation. The pin heights and cell length have to be
properly chosen according to the phase delay required and the
working frequency band. In this section, 53 GHz is fixed as
the central frequency, providing a phase shift of 180 degrees
for the glide configuration. Once the glide-symmetric phase
shifter is designed complying with this requirement, the
same pins are considered, but placed in non-glide-symmetric
configuration. Figure 5 illustrates both phase shifter de-
signs, non-glide-symmetric and glide-symmetric configura-
tions, and the parameter values of each constituting unitary
cell introduced. For a proper impedance matching, incremen-
tal tailoring of the pin row heights at both ends of the phase
shifter are needed.

The gap waveguide technology employed for manufactur-
ing both phase shifters and a reference waveguide, is the
glide-symmetric holey gap waveguide reported in [27], [28].
This technology provides very low manufacturing costs with
a great waveguide propagation performance. The periodic
glide-symmetric holey structure used provides a stop band
from 36 to 70 GHz. The holey-glide-symmetric unit cell
posses these dimensions: hole diameter 2r = 3.5 mm, hole
depth h = 3.6 mm, unit cell size a = 5.36 mm and gap
g = 0.05 mm. Complete information regarding this manu-
facturing technology and design guidelines can be found in
the referred work [28].

A. DESIGN AND SIMULATION RESULTS

In order to validate these results, a complete prototype is
designed, shown in Figure 6. It is formed by three WR-15
gap waveguide, each one with a different configuration: ref-
erence waveguide (without pins), non-glide-symmetric phase
shifter and glide-symmetric phase shifter. Glide-symmetric
holes are included in both sides of each waveguide path for
avoiding signal leakage and coupling.

The simulation results are illustrated in Figure 7. Both
phase shifters achieve a great bandwidth, from 46 to 60 GHz
with insertion losses below 0.5 dB.

(a)

(b)

(c)

FIGURE 5: Phase shifter designs: (a) pin configurations integrated
into the glide-symmetric holey gap waveguide (b) longitudinal cutting
view of the non-glide-symmetric configuration, (c) longitudinal cutting
view of the glide-symmetric configuration. Transversal separation sep
= 0.6 mm.

Parameters w p h1 h2 h3 h4

Values 0.45 2.1 0.35 0.5 0.75 0.85

TABLE 1: Dimensions of both phase shifters [mm].

Regarding to the phase behavior, both phase shifters have
a higher phase shift than the reference waveguide. The glide-
symmetric phase shifter provides a greater phase shift along
the whole frequency band. Nevertheless, this difference in
phase decreases as frequency increases.

Figure 7(c) illustrates the phase shift produced by each
phase shifter regarding the reference waveguide phase. It is
noticed that, at the center frequency, the phase shift pro-
vided by the glide-symmetric phase shifter is 40 degrees
higher than its non-glide-symmetric version. This difference
in phase shift was predicted in the previous dispersion di-
agram study. Moreover, the difference between both phase
shift graphs decreases as frequency increases since they are
approaching to the cutting frequency between modes.

Additionally, non-glide-symmetric phase shifter can be
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(a)

(b)

FIGURE 6: Phase shifter prototype design: (a) assembled (b) upper
and lower parts.

designed to produce 180 degrees phase shift by means of
enlarging the pins. However, its phase deviation with the
same reference phase degree (180 degrees at 53 GHz) is
bigger than the glide-symmetric phase shifter case as Fig-
ure 8 shows. This higher phase deviation in the non glide-
symmetric case can be explained through linearity compar-
ison in Figure 4. The glide-symmetric case provides a less
dispersive propagating mode than the non-glide-symmetric
case when the frequency increases. Table 2 shows the per-
formance differences between both depicted phase shifter
designs. Also, some aspects about manufacturing are listed.

Gap waveguide technology confines the propagation signal
inside waveguides and avoids any coupling between paths. A
clear vision of this fact and the difference between the field
distribution for both phase shifters is illustrated in Figure 9,
where the absolute E-field distribution in the gap plane is
presented.

IV. PROTOTYPE MEASUREMENTS
Once designed, the prototype has been manufactured to val-
idate the simulation results discussed above. For manufac-
turing, the technique used is CNC milling. The prototype is
presented in Figure 10. Some screws are introduced between
each row of glide-symmetric holes to achieve an accurate
assembly.

The prototype has been measured from 46 to 60 GHz

(a)

(b)

(c)

FIGURE 7: Simulated S-Parameters of the phase shifters and ref-
erence waveguide: (a)Return loss and Insertion loss (b) Unwrapped
phase of S21 (c) Phase shift referred to the reference waveguide.

FIGURE 8: Phase shift referred to the reference waveguide when
non-glide-symmetric is designed to produce 180 degrees at 53 GHz
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TABLE 2: Comparison between non-glide-symmetric and glide-symmetric phase shifter designs

Phase Shifter design Compactness (degree/mm)
(Simulated Results)

Phase deviation (degree)
regarding to Figure 8 Manufacturing

Non glide-symmetric 16.7 ±65 Hard due to large and close pins

Glide-symmetric 22.1 ±20 Easy due to small pins and
bigger separation between pins

TABLE 3: Comparison between proposed and reported waveguide phase shifters

Ref. Frequency (GHz) Compactness (degree/mm) Complexity Use of Dielectric Insertion Loss (dB)
[15] 44.5-61 7.56 Low Yes <1.5
[8] 26.5-40 4.63 Low Yes <0.4

[16] 85-115 7.08 High No <0.2
[17] 33-50 11.49 High No <9

This work 46-60 25 Low No <1

FIGURE 9: E-field distribution for the phase shifters and the reference
waveguide at 53 GHz

FIGURE 10: CNC milling manufactured prototype.

with a R&S-ZVA67 VNA and the results are depicted in
Figure 11(a). Regarding to the S-parameters, the return loss
is higher than 10 dB in the whole frequency band for both
phase shifters. On the other hand, the insertion loss of both
phase shifters are very similar. The maximum is 1 dB of
losses in the entire operational band. The slight increase of
0.5 dB of insertion losses compared to simulations are due to
the manufacturing process, and are negligible for the phase
behavior validation. Also, the ripple presented in all of the

measured S-parameters are caused by the use of 1.85mm
coaxial to WR-15 waveguide transitions in the measurement
process. Nevertheless, there is an appropriate agreement
between simulations and measurements. The comparison
between the measured phase shift achieved for each phase
shifter is illustred in the Figure 11(b). It is observed a
difference in phase shift between the glide-symmetric and
non-glide-symmetric pin configurations quite similar to the
simulation results. The phase shift difference between both
phase shifters is around 80 degrees. The phase shift provided
by the glide-symmetric phase shifter is 40 degrees greater
than the simulation results. The reason of this increment
could be related to a higher height in the pins during the
manufacturing process. Therefore, taking in to account the
length of the phase shifter, a compactness of 25 degrees
per millimeter can be achieved in comparison with the 15
degrees per millimeter provided by the non-glide-symmetric
configuration. The table 3 presents a comparison with others
reported works. This work presents a phase shifter design in a
fully metallic structure with high compactness and low loss.
Additionally, the phase shifter with the glide-symmetric pin
configuration has an advantage in the pin manufacturing. The
pins that compose the phase shifter are easier to manufacture
since the distance between pins can be greater to achieve
equal phase shift than in the non-glide-symmetric version.

V. CONCLUSIONS

In this work, we have presented a compact and low-loss
V-band waveguide phase shifter design technique based on
glide-symmetric pin configuration. This kind of higher sym-
metry permits the control and improvement of the electro-
magnetic behavior or radiofrequency devices. It has been
demonstrated that the pin configuration is the proper option
for introducing higher phase shifting effect in a waveguide-
based system. There is significant increase in terms of phase
shift when using a glide-symmetric pin distribution compared
to its corresponding non-glide-symmetric configuration. A
prototype has been manufactured in order to validate the the-
oretical approach through the comparison of phased shifters
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(a)

(b)

FIGURE 11: Measured S-Parameters of the phase shifters and the
reference waveguide: (a) Return loss and Insertion loss (b) Phase
shift referred to the reference waveguide.

with both non-glide-symmetric and glide-symmetric config-
urations. The measurement results demonstrate the higher
performance and compactness of the glide-symmetric phase
shifter. For the same distance, the glide-symmetric version of
the phase shifter provides more than 60% of phase shifting
compared to the non-glide-symmetric phase shifter. Both
phase shifters have proper impedance matching between 46
to 60 GHz and insertion loss levels lower than 1 dB in the
entire band.
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Dispersion and Filtering Properties of Rectangular
Waveguides Loaded with Holey Structures

Ángel Palomares-Caballero, Antonio Alex-Amor, Pablo Padilla, and Juan F. Valenzuela-Valdés

Abstract—This paper analyzes thoroughly the dispersion and
filtering features of periodic holey waveguides in the millimeter-
wave frequency range. Two structures are mainly studied depend-
ing on the glide and mirror symmetries of the holes. A parametric
study of the dispersion characteristics of their unit cells is
carried out. Glide-symmetric holey waveguides provide a higher
propagation constant and a low dispersion over a wide frequency
range regarding hollow waveguides. This property is particularly
useful for the design of low-loss and low-dispersive phase shifters.
We also demonstrate that glide-symmetric holey waveguides are
less dispersive than waveguides loaded with glide-symmetric
pins. Furthermore, we perform a Bloch analysis to compute
the attenuation constants in holey waveguides with mirror and
broken glide symmetries. Both configurations are demonstrated
to be suitable for filter design. Finally, the simulation results are
validated with two prototypes in gap-waveguide technology. The
first one is a 180o phase shifter based on a glide-symmetric holey
configuration that achieves a flat phase shift response over a
wide frequency range (27.5% frequency bandwidth). The second
one is a filter based on a mirror-symmetric holey structure with
20-dB rejection from 63 GHz to 75 GHz.

Index Terms—Filter, gap waveguide, glide symmetry, hollow
waveguide, low dispersion, millimeter-wave, mirror symmetry,
multi-modal (M-M) transfer matrix, periodic holey structures,
phase shifter.

I. INTRODUCTION

WAVEGUIDE technology is one of the preferred guiding
structures technology for high-frequency applications

due to the low losses produced in the field propagation [1].
Hollow waveguides are suitable for the design of electronic
devices that operate at millimeter-wave and terahertz regimes
[2], at the expense of the complexities in its manufacturing
process that were lately relieved with the implementation of
gap waveguides [3]–[7].

In communication systems, the implementation of filters and
phase shifters is typically necessary [8]–[10]. A strategy to
design these RF (radio-frequency) components is the inclusion
of periodic structures inside the waveguide [11]–[13]. In the

Manuscript received X, 2020; revised X, 2020. This work was supported
in part by the Spanish Program of Research, Developmentand Innovation
under Project TIN2016-75097-P, Project RTI2018-102002-A-I00 and, Project
EQC2018-004988-P, in part by “Junta de Andalucı́a” under Project B-TIC-
402-UGR18 and Project P18.RT.4830 and in part by the predoctoral grant
FPU18/01965. (Corresponding author: Ángel Palomares-Caballero.)
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case of filters, the stopbands produced by the periodic con-
figuration are utilized to tune rejection bands [14]–[21]. The
design of phase shifters based on metallo-dielectric periodic
structures allows to artificially modify the propagation constant
in the waveguide with high tunability. In substrate integrate
waveguide (SIW) technology, there are some designs that
make use of periodic metallic posts [22], omega particles [23]
or thin slots [24] to achieve the desired phase shift. Conversely,
only a few phase shifters based on periodic structures are
reported in hollow waveguides. Corrugations [25], [26] and
structures based on pins [27]–[29] are commonly used.

Some previous works have already combined periodic struc-
tures with glide symmetry to enhance the properties of their
devices: increase the propagation constant and reduce the
dispersion over a wide frequency range [30]–[39]. Glide-
symmetric holey structures [40] are of particular interest from
a manufacturing point of view due to their cost-effective fabri-
cation with milling techniques. For instance, glide-symmetric
holes have been implemented in a parallel-plate waveguide
[41] and in multilayer waveguide [42]. A similar periodic
structure with a higher separation between plates is used in
[43] to design a prism in order to decrease the beam squint
of a leaky-wave antenna. Furthermore, it has been detailed in
[44] that breaking the glide symmetry is a complementary tool
for the design of filters, due to the creation of a stopband. The
only reported work that uses glide-symmetric holey structures,
namely braided glide symmetry, for the design of a filter device
in waveguide is [45].

Most of the previously reported works are focused on the
study of parallel-plate structures loaded with glide-symmetric
holes. In this paper, we analyze the wave propagation when
periodic holes possessing glide and mirror symmetries are
inserted in the upper and lower plates of the rectangular
waveguide. We characterize the influence of the geometrical
parameters that define the holey structures on their dispersion
curves. In particular, the variations of the cutoff frequencies
in the holey waveguide are studied in detail. A comparison
between waveguides loaded with glide-symmetric holes and
pins [28] is also carried out, showing that holey waveguides
are generally less dispersive than pin-loaded waveguides. In
addition, the attenuation constant is computed to accurately
characterize the stopbands that appear in both holey configu-
rations. Finally, two prototypes are manufactured for validation
purposes: a wideband and low-dispersive phase shifter based
on a glide-symmetric holey configuration that operates in V-
band, and a filter based on the a mirror-symmetric holey
configuration with 20-dB rejection from 63 GHz to 75 GHz.

The paper is organized as follows. In Section II, the anal-
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ysis of the dispersion properties of the holey waveguide is
carried out. We also elaborate a comparison with pin-loaded
waveguides, as well as a discussion of the stopband properties
for the mirror-symmetric and broken glide-symmetric cases.
Section III presents the design, manufacturing and experimen-
tal results of a filter and a wideband phase shifter composed
by the analyzed mirror-symmetric and glide-symmetric holey
unit cells, respectively. Finally, the conclusions are drawn in
Section IV.

II. DISPERSION AND STOPBAND ANALYSIS OF THE HOLEY
WAVEGUIDE

In this section, we study the wave propagation in pe-
riodic holey waveguides and analyze their dispersion and
stopband features. The periodic holey waveguides under study
are illustrated in Fig. 1(a) where perfect metallic boundary
conditions are enforced on the lateral walls of the waveguide.
In this figure, the air zones inside the periodic structures are
depicted to observe the configurations of the holes inside
the waveguide. A cut showing their longitudinal sections is
also presented in Fig. 1(b). Two configurations are considered
depending on the symmetry of the holes of the upper and lower
waveguide plates. In the mirror-symmetric configuration, the
upper and lower holes are aligned along the z-axis. In the
glide-symmetric configuration, the lower holes are off-shifted
half a period in x-direction in regard to the upper holes [31].
A reference waveguide is also considered in the study in order
to compare the properties of the holey unit cells to it.

Fig. 1(c) illustrates the unit cells associated to the aforemen-
tioned periodic holey 1D structures. Both mirror-symmetric
and glide-symmetric structures are periodic in x-direction.
They have a waveguide height g and a waveguide width w
whose size corresponds to the WR15 waveguide. All simu-
lated results in this section are related to lossless structures.
The computation of the dispersion diagrams is performed in
commercial software CST Microwave Studio and an own code
based on multi-modal analysis. Our reference unit cell has the
following dimensions: height of the waveguide g = 0.3 mm,
width of the waveguide w = 3.76 mm and period p = 2.4
mm. Moreover, for the sake of completeness, the first or
fundamental and second propagating modes of the unit cell
are represented in the dispersion diagrams.

A. Dispersion Properties

In this subsection, the effect of the geometrical parameters
in the holey unit cells is analyzed in detail. Both mirror-
symmetric and glide-symmetric unit cells are studied in order
to identify their dispersion behaviors and differences between
them. The present results are computed with the Eigenmode
solver of CST.

Fig. 2(a) presents the dispersion diagram of a holey
waveguide whose lower holes are off-shifted a distance dx
with respect to the upper holes. Displacements of dx = 0
and dx = p/2 correspond to the mirror-symmetric and
glide-symmetric configuration, respectively. A displacement
different from the glide-symmetric one introduces stopbands.
This effect is also appreciated for other kinds of unit cells [34],

(a)

(b)

(c)

Fig. 1. Reference and holey waveguide periodic structures. (a) Formed by
four unit cells where input waveguide is marked in red. (b) Longitudinal cut
views and (c) Unit cells.

[38]. Another advantage provided by the glide-symmetric
configuration is that the first mode is approximately parallel
regarding the reference waveguide in a wide frequency
range. This dispersive behavior will be used in Section III
to design a low-dispersive phase shifter in waveguide. For
the sake of completeness, Fig. 2(b) presents the comparison
of the glide-symmetric unit cell with PEC (perfect electric
conductor) and PMC (perfect magnetic conductor) lateral
walls. In the case of placing a lateral PMC condition, a mode
without cutoff frequency propagates. This mode corresponds
to the TEM mode in a parallel-plate waveguide.

The influence of hole radius r on the dispersion diagram
of the glide-symmetric and mirror-symmetric unit cells is
illustrated in Fig. 3. As previously evidenced in Fig. 2, a
stopband exists between the first and second propagating
modes when the holes do not preserve glide symmetry. In
both structures, an increase in the radius of the hole provokes
a denser unit cell, in terms of propagation constant, due to
a higher interaction between the propagating modes and the
hole radius. Another important effect that is observed is the
increase in the separation between the cutoff frequencies of
the first and second propagating modes.

Fig. 4 illustrates the dispersion diagram for the glide-
symmetric and mirror-symmetric structures when the depth
of the hole h is modified. In both configurations, an increase
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(a) (b)

Fig. 2. (a) Dispersion diagram of a glide-symmetric unit cell when the lower
holes are displaced dx in x-direction. (b) Dispersion diagram when PEC or
PMC are placed at lateral walls in the glide-symmetric unit cell. First, second
and third propagating modes are displayed in the figure. Holey waveguide
unit cell has the following dimensions: p = 2.4 mm, g = 0.3 mm, h = 1
mm and r = 0.75 mm.

(a)

(b)

Fig. 3. Dispersion diagrams of the (a) Glide-symmetric and (b) Mirror-
symmetric holey waveguides when the radius of the holes is modified. First
and second propagating modes are displayed in the figure. The geometrical
parameters of the depicted unit cells are: p = 2.4 mm, g = 0.3 mm, h = 1
mm and w = 3.76 mm.

in the depth of the hole provokes a denser unit cell. Neverthe-
less, from certain hole depth, the dispersion diagram remains
unchanged since the modes are evanescent inside the holes.
This effect also occurs in holey metasurfaces [32], [35], [37],
[40]. This enables an interesting cost-effective manufacturing
of waveguide structures with holey unit cells by through holes
if the selected hole depth is large enough. That is, the end of
the hole does not need to be short-circuited if the hole is depth

(a)

(b)

Fig. 4. Dispersion diagrams of the (a) Glide-symmetric and (b) Mirror-
symmetric holey waveguides when varying the depth of the holes. First
and second propagating modes are displayed in the figure. The geometrical
parameters of the unit cells are: p = 2.4 mm, g = 0.3 mm and r = 0.75 mm.

in terms of wavelength.
In Fig. 5, the influence of the height of the waveguide g

is analyzed. It is observed that smaller values of g provide a
higher propagation constant, since the top and bottom holes
are closer and their interaction with the propagating mode is
stronger. This fact makes the need of a waveguide height small
enough in order to take into account the effect of the holes. An
additional effect of reducing the height of the waveguide is the
increase in the separation of the cutoff frequencies, similar to
the one shown in Fig. 3. This is another possibility to extend
the bandwidth of the fundamental mode.

The effect of the period p on the glide-symmetric and
mirror-symmetric holey waveguides is shown in Fig. 6. Note
that propagation constant βx is normalized to k0 in Fig.
6 to take into account that the period is varying. For both
configurations, as the period increases, the holes are more
distant and thus, their interaction decreases. For instance, the
consequence in the mirror-symmetric case is the narrowing
of the stopband region. Conversely, reducing the period, the
stopband widens and displaces upwards in frequency.

The last parameter under study is the number of upper
and lower holes that define the unit cell. The influence
of the number of holes on the dispersion diagram is
illustrated in Figs. 7(a) and 7(b) for the glide-symmetric
and mirror-symmetric configurations, respectively. The cutoff
frequencies of the first and second propagating modes vary
according to the number of holes placed in the unit cell.
Furthermore, both configurations present the same effects
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(a)

(b)

Fig. 5. Dispersion diagrams of the (a) Glide-symmetric and (b) Mirror-
symmetric holey waveguides when varying the height of the waveguide. First
and second propagating modes are displayed in the figure. The geometrical
parameters of the unit cells are: p = 2.4 mm, r = 0.75 mm and h = 1 mm.

when the number of holes is varied with the difference of
the appearance of stopbands in the mirror-symmetric unit cell.

The amplitude distributions of the different modes provide a
physical rationale for understanding the cutoff frequencies for
each unit cell case. Thus, Fig. 7(c) illustrates the electric field
distributions of the propagating modes in the glide-symmetric
unit cell as the number of holes is varied. For the sake of
conciseness, the electric field of the mirror-symmetric unit
cell has not been shown. In the case of a unit cell with a
single hole (blue lines), the cutoff frequencies of the first and
second modes are above and below the reference waveguide
modes, respectively. The presence of a hole in the middle
of the waveguide makes the TE10 splits in two quasi-TE10
modes that form the first mode (see blue box of Fig. 7(c)).
The effective width of the quasi-TE10 mode is shorter than
the width of the original TE10 and thus, the cutoff frequency
for the first mode increases regarding the reference waveguide.
The value of the cutoff frequency takes into account all the
effective widths along the length of the unit cell since the
size of the hole varies along the x-direction due to its circular
geometry. However, it should be remarked that the illustrated
transversal cut is shown at the center of the unit cell, that is,
where the size of the hole is maximum and the effective width
is minimum.

The second mode for the single-hole unit cell has a similar
configuration that the TE20 of the reference waveguide. A
lower cutoff frequency compared to the reference waveguide
is obtained due to the increase of the separation in y-direction

(a)

(b)

Fig. 6. Dispersion diagrams of the (a) Glide-symmetric and (b) Mirror-
symmetric holey waveguides when varying the period of the unit cell. First
and second propagating modes are displayed in the figure. The geometrical
parameters of the unit cells are: g = 0.3 mm, r = 0.75 mm and h = 1 mm.

between amplitude maxima of the second mode, which means
the increase of the effective width for the mode. If the radius
of the hole is progressively smaller, the cutoff frequency of
the second mode increases turning into the TE20 mode in the
reference waveguide.

In the case of the unit cell with two holes in glide-symmetric
configuration, the cutoff frequencies of the first and second
modes are below and above the reference waveguide modes,
respectively. Observing the electric field distributions of the
modes, they resemble to the existing modes in a single ridged
waveguide [46]. Comparing the mirror-symmetric and glide-
symmetric unit cells, the differences in the cutoff frequencies
are caused by the existence of transversal cuts without pres-
ence of holes, in the same manner that it occurs for the single-
hole unit cell.

Lastly, the unit cell with three holes is analyzed. In this case,
the electric fields for the first and second modes are similar
to those observed in a double-ridged waveguide section [47].
In addition, it is evidenced in Figs. 7(a) and 7(b) that the
phase constant for the first mode in the two-hole and three-
hole unit cell are quite similar. This fact can be explained by
the similarity between their electric field distributions (see red
and green boxes in Fig. 7(c)).

B. Comparison between holey and pin-loaded unit cells

A dispersion comparison between the holey waveguide
unit cell and its counterpart, the pin-loaded unit cell, is
carried out in this subsection. The dispersion properties of
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(a)

(b)

(c)

Fig. 7. Dispersion diagrams when the number of holes is modified for (a) The
glide-symmetric and (b) Mirror-symmetric holey unit cells. The geometrical
parameters of the unit cells are: p = 2.4 mm, g = 0.3 mm, r = 0.75 mm and
h = 1 mm. First and second propagating modes are displayed in the figure.
(c) Electric field distributions for the propagating modes in the reference and
glide-symmetric unit cells when modifying the number of holes.

the structure with pins in waveguide were analyzed in our
previous work [28]. The results show the beneficial effect
of the glide-symmetric structure with pins for the design of
waveguide phase shifters. Since both holey and pin-loaded
waveguides can tune the propagation constant depending on
the dimensions of holes and pins, respectively, it is of interest
to analyze the advantages and disadvantages of their use. In
Fig. 8(a), the dispersion diagram of the fundamental mode in a
glide-symmetric configuration is illustrated. In order to make

(a)

(b)

Fig. 8. Comparison between holey and pin loaded unit cells. (a) Dispersion
diagrams of the first propagating mode and (b) Electric field distributions in
different cut views at the same phase difference (βxp/π = 0.75) between
limits of the unit cell (p = 2.4 mm). The first propagating mode is displayed
in the figure.

a fair comparison, the geometrical parameters of both unit
cells have been adapted so the same cutoff frequency with
the same unit cell period p and the same waveguide width
(WR15 waveguide size) is obtained. Thus, the height of the
pins has been set to 0.85 mm. It is observed that the pin-
loaded waveguide is more frequency-dispersive compared to
the holey waveguide. That is, the dispersion curve of the holey
waveguide maintains approximately parallel to the reference
curve in a wider bandwidth.

To get a physical insight on the behavior of both holey and
structure with pins configurations, the electric field distribution
at different sections of the unit cells is analyzed in Fig. 8(b).
For the computation, a fixed phase constant (βxp/π = 0.75)
has been selected. As the mode is propagating in the unit cells,
the pin-loaded design has more noticeable differences in the
boundary conditions between transversal sections. The electric
field in the transversal cut T1 has different boundary conditions
due to the presence of pins compared to the ones in T2 where
there is no structure with pins. This inhomogeneity in the
structure along different transversal sections is not observed
for the holey unit cell where the transversal sections are very
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similar among them approaching to a single-ridged waveg-
uide section. This fact provokes that glide-symmetric holey
waveguides are low-dispersive over a wide range of frequency
in contrast with the dispersive behavior of the pin-loaded
waveguide. This enhanced performance can be exploited for
the design of wideband and low-dispersive components with
fine tunability of their dispersive properties, as it was depicted
in the previous subsection. In addition, the reduced size of
pins as the frequency increases implies in general a higher
manufacturing complexity compared to the implementation of
holes.

C. Stopband Analysis

In this subsection, we study the filtering capabilities of
the mirror-symmetric and broken glide-symmetric holey struc-
tures. We analyze the effect of the geometrical parameters
that define the holey unit cells on the stopband region. The
Eigenmode solver of CST is not able to compute the atten-
uation in periodic structures, namely the real part α of the
propagation constant γ = α + jβ. To solve this problem,
we perform a Bloch analysis, similar to [48], [49], based
on the multi-modal transfer-matrix method detailed in the
Appendix. The multi-modal transfer matrix T is extracted from
the generalized scattering matrix S of a single unit cell [50],
[51]. The S matrix is computed via full-wave simulations with
the frequency solver (tetrahedral mesh) of CST.

From the different configurations presented in Fig. 9,
the most demanding for the multi-modal method are the
glide-symmetric structures, due to the strong coupling of
higher-order Floquet harmonics [49], [52]–[54]. Thus, mirror-
symmetric and broken glide-symmetric structures will de-
mand, in general, a lower number of modes N . During the
computation of the results, it is observed that the choice
of modes that possess a maximum of electric field in the
center of the waveguide (area between holes) favours the
convergence of results. It is found that N = 3 modes are
needed in the glide-symmetric holey configuration. See that
the undesired stopband disappears and the results converge.
N = 2 modes are used in the computation of broken glide-
symmetric structures. Only one mode (N = 1) is needed in the
mirror-symmetric configuration due to the lower higher-order
coupling between modes.

As previously discussed in Section II.A, the glide-symmetric
structure suppresses the stopband between first and second
modes, so the fundamental mode propagates in the entire
WR15 frequency range. This fact can be appreciated in Fig.
9(a). In order to create a stopband in the glide-symmetric
structure and exploit its filtering properties, the glide symmetry
must be conveniently broken. This can be achieved by using
holes of different radii and heights, as previously discussed
in [44]. Alternatively, work in [45] presents a holey unit cell
with braided glide symmetry that provides a high attenuation
value. In this work, different configurations of the holes are
depicted in detail to produce stopbands in holey unit cells.
As an example, Fig. 9(b) shows the creation of a stopband
from 65 GHz to 75 GHz after breaking glide symmetry by
modifying the radius r2 of the intermediate bottom holes.

(a)

(b)

(c)

Fig. 9. Dispersion diagrams of the (a) Glide-symmetric, (b) Broken glide-
symmetric (r 6= r2) and (c) Mirror-symmetric unit cells with two holes.
Attenuation (α) and phase (βx) constants are shown in the figure. The
geometrical parameters of the unit cells are: r = 0.72 mm, r2 = 0.2 mm,
g = 0.25 mm, h = 1 mm, and p = 2.4 mm.

On the other hand, the mirror-symmetric configuration shows
an inherent stopband between the first and second modes, as
shown in Fig. 9(c), located approximately at the upper part of
the WR15 frequency range. Good agreement is observed in
the computation of the phase constant βx between the multi-
modal method and the Eigenmode solver of CST. Note that
no comparison is shown for the attenuation constant α, since
the Eigenmode solver of CST cannot compute it.

Finite number of concatenated unit cells can be also studied
with the use of the multi-modal method by simply cascading
the transfer matrix. This is of interest for the design of filters
made of periodic arrangements. Simulation time and compu-
tational efforts are saved, since simulating a large number of
concatenated cells in a commercial software like CST is time
consuming. Fig. 10 presents the |S21| parameter of the broken
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Fig. 10. |S21| parameter of finite mirror-symmetric and broken glide-
symmetric structures as a function of the number of concatenated unit cells
Nc. The cutoff range of the waveguide is shadowed in blue. In the legend,
M-M states for the multi-modal technique. The geometrical parameters of the
unit cell are: r = 0.72 mm, g = 0.25 mm, h = 1 mm, and p = 2.4 mm.

glide-symmetric (labeled as “B. Glide”) and mirror-symmetric
(labeled as “Mirror”) structures as a function of the number of
concatenated unit cells, Nc. The stopband centered at 70 GHz
observed in Figs. 9(b) and 9(c) is also appreciated in Fig. 10.
As shown in these figures, the mirror-symmetric configuration
offers a higher attenuation constant in the rejection band
compared to the broken glide-symmetric one. This will be
discussed in detail later. Note that the maximum value of
the attenuation constant α is slowly converging to the values
evidenced in Fig. 9 as the number of concatenated unit cells Nc
increases. As an example, the maximum attenuation constant
is 4.35 dB/unit cell for the mirror-symmetric structure with
periodic holes, while in the finite mirror-symmetric structures:
α = 1.92 dB/unit cell (Nc = 2), and α = 3.82 dB/unit cell
(Nc = 10). For validation purposes, a full-wave simulation
in CST of the complete structures with 10 unit cells is also
presented in Fig. 10 (green circles and black squares). As
shown, there is a good agreement between CST and the multi-
modal approach.

Fig. 11 presents the influence on the dispersion diagram
of the number of holes placed in the unit cell. Both broken
glide-symmetric and mirror-symmetric configurations follow
the same pattern. The attenuation constant is higher for the
case of a single hole and lower for the case of two holes.
Placing three holes is an intermediate case. This fact can
be better understood by looking at the electric field at the
stopband region (70 GHz) of several concatenated unit cells.
The attenuation constant is greater in the case of a single
hole because the maximum amplitude of the fundamental
mode coincides with the center of the hole. Thus, in this
case, the mode is more strongly perturbed than the other
two cases. Conversely, α is lower in the case of placing
two holes since the maximum of the electric field occupies
precisely the undrilled region between these two holes and, as
a consequence, the wave propagation is less perturbed.

Fig. 12 illustrates the influence of the hole depth h on
the attenuation and phase constants for the broken glide-
symmetric and mirror-symmetric structures. In general, the
deeper the hole is, the wider the stopband and the higher

(a)

(b)

Fig. 11. Dispersion diagrams of the (a) Broken glide-symmetric and (b)
Mirror-symmetric structures as a function of the number of holes. Attenuation
(α) and phase (βx) constants are shown in the figure. The inset shows the
electric field at the stopband region (70 GHz) for the three cases under study.
The geometrical parameters of the unit cells are: r1 = 0.72 mm (1 and 2
holes), r = 0.60 mm (3 holes), r2 = 0.20 mm, g = 0.25 mm, h = 1 mm,
and p = 2.4 mm.

the attenuation constant are. However, there is a limit value
where increasing the hole depth has no longer influence in the
dispersion diagram. Note that for h = 0, the holey waveguide
turns into a common hollow waveguide and the stopband
closes. The parameter h was expressed in terms of wavelength
(at 70 GHz) to give a further insight on the physical mecha-
nisms that rule the structures. From that, it can be appreciated
that such electrically-small values as h = λ/200 (21µm)
provoke noticeable attenuations in the stopband region: 0.42
dB/unit cell and 0.88 dB/unit cell for the broken glide-
symmetric and mirror-symmetric configurations, respectively.
Therefore, in waveguides with closely-spaced metal plates, any
small protuberances repeated along the waveguide may cause
noticeable losses due to the opening of narrow stopbands in
the frequency range of the fundamental mode. These losses
also exist for holey waveguides whose small protuberances
are repeated in a non-periodic way. If the mirror-symmetric
unit cell defines a holey waveguide but the locations and sizes
of the holes vary among the unit cells, the produced losses
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(a)

(b)

Fig. 12. Dispersion diagrams of the (a) Broken glide-symmetric (r 6= r2)
and (b) Mirror-symmetric unit cells with two holes as a function of the hole
depth. Attenuation (α) and phase (βx) constants are shown in the figure. The
geometrical parameters of the unit cells are: r1 = 0.72 mm, r2 = 0.20 mm,
g = 0.25 mm, and p = 2.4 mm.

will be variable and depend on the non-periodic configuration.
However, its drop in transmission will be around the stopband
that appears in the mirror-symmetric unit cell.

The radius of the intermediate holes r2 determines the
stopband region and the attenuation factor in the broken glide-
symmetric configuration. Fig. 13(a) illustrates the dispersion
diagram of the broken glide-symmetric structure with two
holes when varying the radius r2. It can be appreciated that
smaller values of r2 provoke wider stopbands and higher at-
tenuation constants. In addition, note that the dispersion curves
are quite similar in the cases r = 0 (no intermediate holes)
and r = 0.20 mm. This fact allows us to explain why in Figs.
11 and 12 the mirror-symmetric structure presents a higher
attenuation constant compared to the broken glide-symmetric
one. The effect of the intermediate holes in the dispersion
curves is negligible for small values of r2. Therefore, the
intermediate holes can be eliminated and the operation of
the periodic structure remains the same, as shown in the
schematic of Fig. 13(b). By applying image theory, the bottom
metallic plate of the waveguide (situated at a distance g) will
create an image of the upper holes at a distance 2g. That
is, the broken glide-symmetric configuration for small values
of r2 is equivalent to a mirror-symmetric structure of double
gap height 2g, which offers a smaller attenuation constant
compared to a mirror-symmetric structure of gap height g
(see Fig. 5(b)). It should be remarked that image theory is
applicable because of the mirror symmetry of the unit cell.

(a)

(b)

Fig. 13. (a) Dispersion diagram of the broken glide-symmetric (r 6= r2) unit
cell with two holes as a function of the radius r2. Attenuation (α) and phase
(βx) constants are shown in the figure. The geometrical parameters of the unit
cell are: r1 = 0.72 mm, g = 0.25 mm, h = 1 mm, and p = 2.4 mm. (b)
Illustration of the performance of 1D broken glide-symmetric structures for
small values of r2.

III. APPLICATIONS: WAVEGUIDE PHASE SHIFTER AND
FILTER

Based on the results obtained in the previous section for
the holey unit cells, two proof-of-concept prototypes have
been fabricated. The selected designs are a wideband low-
dispersive phase shifter and a filter in order to validate the
performance of the glide-symmetric and mirror-symmetric unit
cells, respectively. Their dispersion diagrams correspond to
Figs. 3(a) and 3(b) (green lines) with a slight modification in
the size of the hole radius. The mirror-symmetric unit cell
is selected in the design of the filter because it produces
greater attenuation in the stopband compared to the broken
glide-symmetric unit cell. A reference WR15 waveguide is
also included to compare the performance of the phase shifter
and the filter. The three designs have been implemented in
the same metallic pieces, as it is illustrated in Fig. 14(a).
Planar view and key geometries are depicted in Figs. 14(b)
and 14(c). The phase shifter and the filter are composed by
a concatenation of ten glide-symmetric and mirror-symmetric
holey unit cells, respectively. The waveguide has been split
in two different parts (blue and grey pieces) in order to ease
the manufacturing process. The operation frequency range is
between 50 to 75 GHz. In order to prevent field leakage
throughout the air gap due to an imperfect assembly, we
make use of the gap-waveguide technology [41]. Thus, glide-
symmetric EBG (electromagnetic bandgap) holes, marked in
yellow in Fig. 14(a), are placed on both sides of the reference
waveguide, filter and phase shifter. As the width of the holey
waveguide unit cells is w = 3.76 mm, the feeding sections are
waveguides with the width and the height corresponding to
the WR15 waveguide to have appropriate flange connections in
the setup. Nevertheless, waveguide transitions between feeding
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(a) (b) (c)

Fig. 14. Design of the prototype composed by the reference waveguide, filter and phase shifter: (a) 3D view, (b) Planar view of the forming layers and (c)
Relevant geometries that composed the design. The dimensions are: w11 = 1.5 mm, w12 = 1.5 mm, w21 = 1.5 mm, w22 = 0.4 mm, Lcorr = 1.8 mm,
acorr = 2 mm, wcorr = 0.6 mm, h11 = 0.28 mm, h12 = 0.7 mm, h13 = 0.6 mm, h21 = 0.18 mm, h22 = 0.4 mm, h23 = 1 mm, gEBG = 0.05 mm,
rEBG = 1.25 mm, pEBG = 3.22 mm, hEBG = 3 mm, g = 0.3 mm, r = 0.72 mm, p = 2.4 mm and h = 1 mm.

sections and the designs are required since the height of the
waveguide in the unit cells are set to g = 0.3 mm. Two different
transitions are implemented for the phase shifter and filter,
because they have different input impedances. The transition
implemented for the reference WR15 waveguide is the same
as for the phase shifter, in order to avoid any additional phase
shift discrepancy introduced by the feeder.

The dimensions of glide-symmetric EBG holes are pEBG =
3.22 mm, rEBG = 1.25 mm, hEBG = 3 mm, and gEBG = 0.05
mm. In this manner, the applied gap-waveguide technology can
operate from 45 GHz to 85 GHz since this is the location of the
bandgap in the EBG structure. The parameter gEBG indicates
the gap between layers, so the dimension of this parameter is
selected to be the value at the worst case. In general, smaller
gap heights provide wider stopbands.

Despite of the presence of glide-symmmetric EBG holes to
prevent leakage throughout the gap, field resonances may exist
at certain frequencies in the space between the EBG holes and
the waveguide. In order to avoid the unwanted resonances,
wall corrugations in the waveguide are demonstrated to be
an effective solution [42], [55]. Fig. 14(b) illustrates the
corrugations implemented in the prototype to cancel field
resonances.

The phase shifter and filter are formed by cascading ten
holey unit cells. Using this number of unit cells, it is expected
to obtain in the filter a rejection band from 61 GHz and
in the phase shifter, a phase shift value around 180o in the
entire frequency range. The electric field distributions in the
gap between layers, at different frequencies, for the reference,
filter and phase shifter are illustrated in Fig. 15. Note that a
higher field intensity along the waveguide width is observed
at the middle of the three designs due to the narrowing
of the waveguide height in this part. Moreover, it can be
appreciated the absence of field leakage in the gap. At the
lower frequencies (Figs. 15(a) and 15(b)), the input power
reaches the output ports without visible attenuation. However,
in both filter and phase shifter structures, the output signals
are out-of-phase compared with the reference waveguide. At

an intermediate operating frequency (Fig. 15(c)), the filter
begins to produce effect since the selected frequency is in the
stopband region (see Fig. 9(c)). On the other hand, the phase
shifter still provides the same out-of-phase signal. Lastly, in
Fig. 15(d), the attenuation provided by the filter increases and
the amplitude of the signal propagates in a shorter distance
regarding the intermediate frequency. In contrast, at the output
port of the phase shifter keeps arriving the 180o phase shift,
showing the low-dispersive behavior of the phase shifter.

A. Experimental Validation

Fig. 16 illustrates the manufactured prototype, containing
the reference waveguide, phase shifter and filter. The prototype
was manufactured in CNC (Computer Numerical Control)
technology. In order to measure the prototype, two setups
have been employed since the R&S-ZVA67 VNA is limited
up to 66.5GHz. Therefore, ZVA-Z110E Converters in WR10
are used to reach up to 75 GHz. The produced insertion losses
when the WR10 setup is applied are negligible. Fig. 17 shows
the simulated and measured results for the three manufactured
designs. In simulations, aluminium is used instead of PEC in
order to make a realistic comparison with the measurements.
There exists a good agreement between the measurements
and the simulation results, insertion loss being in all cases
less than 2 dB. In the case of the filter, the rejection band
reaches the 20 dB of attenuation from 63 GHz onwards. Note
that the attenuation in the rejection band would be greater
if a larger number of unit cells were employed to compose
the filter. The peak in the attenuation is achieved around 70
GHz where the attenuation α in the mirror-symmetric unit
cell has its maximum. This is in good agreement with the
results presented in Fig. 9(c), where the attenuation and phase
constants of the same mirror-symmetric unit cell are analyzed.
Regarding the phase shifter, low insertion losses and good
impedance matching band are obtained in a wide frequency
range. The additional ripples in the reflection coefficient are
produced by the coaxial to waveguide transitions used in the
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(a) (b)

(c) (d)

Fig. 15. Amplitude of the electric field distribution in the gap between layers
at different frequencies in the operating band for the reference waveguide,
filter and phase shifter at: (a) 50 GHz, (b) 55 GHz, (c) 62.5 GHz and (d) 70
GHz.

Fig. 16. Forming layers of the manufactured prototype and details under
microscope.

setup. In spite of that, good agreement between simulations
and measurements in the |S11| are observed.

Finally, the phase shift measurements for the phase shifter
and filter are shown in Fig. 18. For the phase shifter, a 180o±5o

is achieved from 56.5 GHz to 74.5 GHz (27.5% frequency
bandwidth). These results illustrate that a low-dispersive phase
shifter (with respect to the reference waveguide) can be
implemented with the use of holey waveguide whose holes are
arranged in a glide-symmetric configuration. In addition, note
that the dispersion of the filter (holey waveguide with mirror-
symmetric holes) is higher out of the rejection band compared
to the phase shifter (holey waveguide with glide-symmetric
holes). This behavior is expected due to the approximated
parallel fundamental mode of the holey waveguide in glide-
symmetric configuration compared to the fundamental mode
of the reference waveguide. At the lower part of the frequency

(a)

(b)

(c)

Fig. 17. Simulated (dashed lines) and measured (solid lines) results in
magnitude of the S-parameters for the: (a) Reference waveguide, (b) Filter
and (c) Phase shifter.

Fig. 18. Simulated (dashed lines) and measured (solid lines) results in phase
of the S-parameters for the phase shifter (in blue) and for the filter (in orange).

band, there is an increase in the error of the produced phase
shift due to two causes. First, at the lower frequencies of the
stopband region of the EBG structure (50 GHz), the attenua-
tion constant is low and thus, the electric field can propagate
further in the transversal direction (see Fig. 15(a)). This fact
produces an enlargement of the effective waveguide width that
provokes a higher phase shift. When the frequency increases,
the attenuation constant of the EBG structure is higher and the
effective waveguide width becomes stable and similar to the
one selected in the dispersion diagrams. Second, the first mode
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of the unit cell exhibits a lower dispersive behaviour beyond
54 GHz. Compared to the state-of-art hollow waveguide phase
shifter [29], in this work it is obtained a wideband fully-
metallic phase shifter with low-dispersive behavior and cost-
effective design. Furthermore, it is of interest to compare
the phase dispersion observed in the passband region of the
filter with the phase shift produced by the phase shifter. As
observed in Fig. 18, a lower dispersion is obtained when the
holes are arranged in a glide-symmetric configuration (the
case of the phase shifter) compared to a mirror-symmetric
configuration (the case of the filter). This fact agrees with the
results presented in Section II.A. In addition, good agreement
is obtained in both the passband and rejection band of the
filter, despite the fact that in the latter the amplitude signal
received suffers from a great attenuation.

IV. CONCLUSION

In this paper, the dispersion and filtering properties of the
holey waveguides are analyzed in detail. Glide-symmetric
holey waveguides are demonstrated to be low dispersive in
a large frequency bandwidth. On the other hand, both mirror-
symmetric and broken glide-symmetric holey waveguides offer
inherent stopbands that are beneficial for filter design. In
addition, we show that the mirror-symmetric configuration
provides a greater attenuation compared to the broken glide-
symmetric one. A comparison between holey and pin-loaded
waveguides is also carried out. The results show that periodic
holey configurations are less frequency-dispersive compared
to periodic structure with pins. The main properties of the
holey waveguide with glide-symmetric and mirror-symmetric
configurations are exploited to design a wideband phase shifter
and a filter, respectively. They are prototyped in the WR15
waveguide by employing gap-waveguide technology. More-
over, the implementations of the phase shifter and filter pro-
vides an easy manufacturing since they are composed by holes
that can be easily fabricated with drilling techniques in gap
waveguides. The experimental results are in good agreement
with the simulations. The phase shifter presents a phase shift
of 180o±5o from 56.5 GHz to 74.5 GHz (27.5% frequency
bandwidth) and the filter offers a rejection band of 20-dB from
63 GHz to 75 GHz. The manufactured devices show cost-
effective implementations of filters and low-dispersive phase
shifters in millimeter-wave frequencies.

APPENDIX A
MULTI-MODAL TRANSFER-MATRIX METHOD

For the 1D periodic structure under study in this work,
the eigenvalue problem that leads to the dispersion relation
is presented in [48], [56] as

T

(
V
I

)
= eγp

(
V
I

)
(1)

where

T = (
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...
. . .
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|
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C
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. . .
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D
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is the multi-modal transfer matrix of dimensions 2N ×2N , V
and I are N ×1 arrays containing the voltages and currents at
the output ports, γ = α+ jβ is the propagation constant, p is
the period of the unit cell and N is the number of considered
modes.

If the structure under study is symmetrical and reciprocal,
the 2N -rank eigenvalue problem of (1) can be reduced to the
N -rank eigenvalue problem [56]

AV = cosh(γp)V (3)

which have two degenerate set of eigenvalues.
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“3-D-Printed Modified Butler Matrix Based on Gap Waveguide at W-
Band for Monopulse Radar,” IEEE Trans. Microw. Theory Techn., vol.
68, no. 3, pp. 926-938, March 2020.

[8] W. Hong et al., “Multibeam Antenna Technologies for 5G Wireless
Communications,” IEEE Trans. Antennas Propag., vol. 65, no. 12, pp.
6231-6249, Dec. 2017.

[9] M. Akbari, A. Farahbakhsh and A. Sebak, “Ridge Gap Waveguide Mul-
tilevel Sequential Feeding Network for High-Gain Circularly Polarized
Array Antenna,” IEEE Trans. Antennas Propag., vol. 67, no. 1, pp. 251-
259, Jan. 2019.

[10] A. Vosoogh et al., “Compact Integrated Full-Duplex Gap Waveguide-
Based Radio Front End For Multi-Gbit/s Point-to-Point Backhaul Links
at E-Band,” IEEE Trans. Microw. Theory Techn., vol. 67, no. 9, pp.
3783-3797, Sept. 2019.

[11] J. Esteban and J. M. Rebollar, “Characterization of corrugated waveg-
uides by modal analysis,” IEEE Trans. Microw. Theory Techn., vol. 39,
no. 6, pp. 937-943, June 1991.

[12] S. Marini, Á. Coves, V. E. Boria and B. Gimeno, “Efficient Modal
Analysis of Periodic Structures Loaded With Arbitrarily Shaped Waveg-
uides,” IEEE Trans. Microw. Theory Techn., vol. 58, no. 3, pp. 529-536,
March 2010.

[13] J. E. Varela and J. Esteban, “Characterization of Waveguides With a
Combination of Conductor and Periodic Boundary Contours: Applica-
tion to the Analysis of Bi-Periodic Structures,” IEEE Trans. Microw.
Theory Techn., vol. 60, no. 3, pp. 419-430, March 2012.



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. X, NO. X, 2020 12

[14] O. Quevedo-Teruel, M. Ng Mou Khen, E. Rajo-Iglesias, “Numerical and
experimental studies of split ring resonators loaded on the sidewalls of
rectangular waveguides,” IET Microw. Antennas Propag., vol. 3, no. 8,
pp. 1262-1270, December 2009.

[15] R. S. Kshetrimayum and Lei Zhu, “Guided-wave characteristics of
waveguide based periodic structures loaded with various FSS strip
layers,” IEEE Trans. Antennas Propag., vol. 53, no. 1, pp. 120-124,
Jan. 2005.

[16] C. Bachiller, H. Esteban, F. Dı́az, J. V. Morro and V. E. Boria,
“Radio-frequency performance comparison of several H-plane rectangu-
lar waveguide filters loaded with circular dielectric posts,” IET Microw.
Antennas Propag., vol. 10, no. 5, pp. 536-545, 13 4 2016.

[17] G. Goussetis, A. P. Feresidis and P. Kosmas, “Efficient Analysis, Design,
and Filter Applications of EBG Waveguide With Periodic Resonant
Loads,” IEEE Trans. Microw. Theory Techn., vol. 54, no. 11, pp. 3885-
3892, Nov. 2006.

[18] Alejandro Pons-Abenza et al., “Design and implementation of evanes-
cent mode waveguide filters using dielectrics and additive manufacturing
techniques,” AEU-Int. J. Electron. Commun., vol. 116, no. 153065,
March 2020.

[19] M. Baquero-Escudero, A. Valero-Nogueira, M. Ferrando-Rocher, B.
Bernardo-Clemente and V. E. Boria-Esbert, “Compact Combline Filter
Embedded in a Bed of Nails,” IEEE Trans. Microw. Theory Techn., vol.
67, no. 4, pp. 1461-1471, April 2019.

[20] A. Coves et al., “A novel band-pass filter based on a periodically drilled
SIW structure,” Radio Science, vol. 51, no. 4, pp. 328-336, April 2016.

[21] L. Silvestri, E. Massoni, C. Tomassoni, A. Coves, M. Bozzi and L.
Perregrini, “Substrate Integrated Waveguide Filters Based on a Dielectric
Layer With Periodic Perforations,” IEEE Trans. Microw. Theory Techn.,
vol. 65, no. 8, pp. 2687-2697, Aug. 2017.

[22] T. Yang, M. Ettorre and R. Sauleau, “Novel Phase Shifter Design Based
on Substrate-Integrated-Waveguide Technology,” IEEE Microw. Wireless
Compon. Lett., vol. 22, no. 10, pp. 518-520, Oct. 2012.

[23] M. Ebrahimpouri, S. Nikmehr and A. Pourziad, “Broadband Compact
SIW Phase Shifter Using Omega Particles,” IEEE Microw. Wireless
Compon. Lett., vol. 24, no. 11, pp. 748-750, Nov. 2014.

[24] W. Zhang, Z. Shen, K. Xu and J. Shi, “A Compact Wideband Phase
Shifter Using Slotted Substrate Integrated Waveguide,” IEEE Microw.
Wireless Compon. Lett., vol. 29, no. 12, pp. 767-770, Dec. 2019.

[25] J. L. Cano, A. Mediavilla and A. Tribak, “Parametric Design of a Class
of Full-Band Waveguide Differential Phase Shifters,” Electronics, vol.
8, no. 346, March 2019.

[26] M. Chung, D. Je, S. Han and S. Kim, “Development of a 85-115 GHz 90-
deg phase shifter using corrugated square waveguide,” in 44th European
Microwave Conference, Rome, 2014, pp. 1146-1149.

[27] S. A. Razavi and A. U. Zaman, “A compact phase shifter in groove
gap waveguide for millimeter-wave applications,” in 12th European
Conference on Antennas and Propagation (EuCAP 2018), London, 2018,
pp. 1-3.
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M. Fernández-González and O. Quevedo-Teruel, “Wave Propagation in

Periodic Metallic Structures with Equilateral Triangular Holes,” Applied
Sciences, vol. 10, no. 1600, Feb. 2020.

[36] A. Palomares-Caballero, P. Padilla, A. Alex-Amor, J. Valenzuela-Valdés,
and O. Quevedo-Teruel, “Twist and Glide Symmetries for Helix Antenna
Design and Miniaturization,” Symmetry, vol. 11, no. 349, March 2019.

[37] A. Alex-Amor, F. Ghasemifard, G. Valerio, M. Ebrahimpouri, P. Padilla,
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CHAPTER 2. PUBLICATIONS

2.1.3 Wideband Gap-Waveguide Phase Shifter Based on a
Glide-Symmetric Ridge

The ridge waveguide technology has been used for the design of antenna com-
ponents at millimeter-wave frequencies [20, 40]. The following publication
proposes a phase shifter in this type of waveguide technology. The design
is based on the inclusion of holes in glide symmetry with semi-circular base
in the ridge. In this way, the phase shift provided by the periodic structure
becomes flexible in design and the desired phase behavior can be adjusted.
As a proof of concept, a phase shifter has been fabricated that provides a
phase shift of 90o from 33 GHz to 43 GHz with low insertion loss. One of the
relevant features of the proposed phase shifter design is that the reference
waveguide is also a ridge waveguide unlike what is found in the literature.
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Wideband Gap-Waveguide Phase Shifter Based on a
Glide-Symmetric Ridge

Ángel Palomares-Caballero, Carlos Megı́as, Carlos Molero, Antonio Alex-Amor, and Pablo Padilla

Abstract—This letter presents a gap-waveguide phase shifter
based on ridged unit cells with glide-symmetric configuration.
The proposed unit cell design provides a higher stable phase
shift compared to a conventional ridged unit cell whose ridge
height and waveguide width are tuned to achieve a stable phase
shift. Through the insertion of glide-symmetric holes with semi-
circle base in the ridged waveguide, a stable phase shift in a wide
frequency range is achieved. Depending on the radii of the holes,
the operating frequency range of the phase shifter can be tuned.
A 90o phase shifter in millimeter-wave range is designed and
manufactured to validate the analysis. The experimental results
reveal a 85o± 5o phase shift from 33 GHz to 43 GHz (26.3%
bandwidth). In this bandwidth, the reflection coefficient is below
-10 dB with a maximum insertion loss of 0.7 dB.

Index Terms—Glide symmetry, millimeter-wave frequencies,
phase shifter, ridge gap-waveguide, wideband.

I. INTRODUCTION

PHASE shift in multi-beam antennas is a critical mecha-
nism to achieve the adequate performance of this kind

of radiating systems. One of the most attractive network
to produce multi-beam radiation is the Butler matrix. For
millimeter-wave applications, this beamforming network has
been implemented in different waveguide technologies such
as substrate integrated waveguide [1], rectangular waveguide
[2], groove gap waveguide (GGW) [3] and printed ridge gap
waveguide (PRGW) [4]. In all the previous works, a phase
shifter in the corresponding technology had to be designed.
Ridge waveguide (RW) technology and its evolution in gap
waveguide [5] have gained interest to develop millimeter-wave
antennas [6] and multi-port components [7], [8]. Nevertheless,
there are few reported ridge gap-waveguide (RGW) phase
shifters in the literature. A RW phase shifter based on multiple
steps is proposed in [9], while [10] proposes an approach
based on a optimization of a smooth-ridge waveguide model.
However, the phase shift is calculated considering another
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Fig. 1: Proposed gap-waveguide phase shifter with glide-symmetric ridged
unit cells. Planar view of the rectangular waveguide to ridge gap waveguide
transition. Dimensions (in mm): w = 5.69, h = 2.845, wt = 0.725, Lt1 =
1, Lt2 = 1.1, Lt3 = 3.5, rt = 0.3, p = 3.6, dx = 0.9, rh = 0.6, wr1 =
1.3, wr2 = 3.6, hr = 1.55, hp = 2.37, pp = 2.7, wp = 1.2, g = 0.03.

waveguide technology (rectangular waveguide) as a reference
and gap-waveguide technology is not employed. The insertion
of materials with different permittivity in the RW is another
way to introduce phase shift. In [11], the propagation constant
is modified in the RW through the rotation of a dielectric slab
placed atop the ridge. Liquid crystal (LC) is used in [12] inside
a gap-waveguide to properly bias the material but the phase
shift has no ability to be stable in frequency and also has large
insertion losses. Materials with different relative permeability
are also employed in the design of phase shifter in ridge gap
waveguide [13]. Additionally, mechanical approach by taking
advantage of the gap-waveguide technology is applied in [14]
to vary the waveguide length and produce the phase shift.

Waveguide phase shifters loaded with pins [15] and holes
[16] that present glide symmetry have demonstrated the bene-
fits for producing and tuning phase shift in waveguides. This
kind of higher symmetry greatly enhances the performance
of radio-frequency devices [17]. In this letter, we present a
gap-waveguide phase shifter that exploits the use of ridged
unit cells with glide symmetry to produce a stable phase shift
response over a wide bandwidth in millimeter waves.

II. GLIDE-SYMMETRIC RGW UNIT CELL

The proposed ridge gap-waveguide phase shifter is illus-
trated in Fig. 1. It is composed by glide-symmetric ridged
(GSR) waveguide unit cells and two rectangular waveguide to
ridge gap-waveguide transitions inspired by [18] to design a
back-to-back device. The electromagnetic bandgap pin lattice
provides a stopband from 12 GHz to 61 GHz that allows
the proper operation of the RGW in the WR22 frequency
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range. Gap-waveguide technology has been selected for its
robustness under manufacturing tolerances. Additionally, the
proposed phase shifter can also be adopted in conventional
ridge waveguide considering perfect electric conductor (PEC)
conditions in the design process.

The strategy for the phase shifter design is based on
obtaining a unit cell that produces a constant phase shift along
the frequency. Once this is achieved, multiple unit cells are
concatenated until the desired phase shift is reached. The main
difference of the proposed unit cell regarding a conventional
RGW line [5] is the insertion of holes with semi-circle base
placed along the x-direction. These holes present a glide-
symmetric configuration where the symmetry plane is the XZ
plane placed in the middle of the ridge and, the separation
between hole centers is half of the unit cell period p.

In order to study the phase shift behavior produced by a
unit cell, the dispersion diagrams are very useful to assess this
characteristic [16]. For the simulated dispersion diagrams, the
periodicity value of the pins pp has been reduced to match the
periodicity p of the unit cell. Fig. 2(a) shows the dispersion
diagram of a conventional RGW unit cell where its main
dimensions are modified. For the computation of the phase
shift in Fig. 2(b), we select as the reference the RGW unit cell
whose dimensions are: hr = 1.4 mm and, wr = 3.6 mm (black
line with circled markers in Fig. 2(a)). As the ridge height hr
increases, the fundamental mode of the RGW unit cell lowers
regarding to the reference RGW unit cell. This lowering of the
modes in the dispersion diagram is translated into an increase
of the phase shift for the RGW unit cells with higher ridge
height. This is because the TE mode supported by the RGW
unit cell approaches a TEM mode and therefore, decreases its
cutoff frequency. However, the phase shifts obtained are not
stable along the frequency range as can be observed in Fig.
2(b). On the other hand, another approach to introduce phase
shift in a conventional RGW unit cell is by narrowing the
width of the waveguide wr2 (green line with squared markers).
In this case, the mode in the dispersion diagram goes up
regarding the mode of the reference RGW unit cell due to an
increase of the cutoff frequency of TE mode. A combination
of both effects can be applied to achieve a RGW unit cell with
stable phase shift along a wide frequency range (yellow line
with downward-pointing triangles).

The use of GSR unit cells instead of conventional RGW
unit cells with modified parameters provides an advantage in
the design of phase shifters. The proposed glide-symmetric
configuration is the one that produces the largest bandwidth
regarding other hole configuration in the unit cell. This can be
observed in the dispersion diagram of Fig. 2(c) since stopbands
do not appear for GSR unit cell. The parameter dx in Fig. 2(c)
stands for the distance between the center of the holes and
that of the unit cell. This parameter is of special attention to
preserve the glide symmetry configuration. If dx is not equal
to a quarter of the period of the unit cell, the distance between
hole centers is not equal to half of the unit cell period and a
stopband appears. This implies a reduction of the operating
frequency range and also a loss of linearity of the propagating
mode near the stopband [19]. Note that the glide-symmetric
configuration of the holes makes the stopband to vanish while
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Fig. 2: (a) Dispersion diagram of a conventional RGW unit cell when the
height and width of the ridge are varied. (b) Phase shift obtained from Fig.
2(a). (c) Dispersion diagram of the GSR unit cell when hole displacement dx
is varied. (d) Dispersion diagram of the GSR unit cell when hole radius is
varied. (e) Phase shift obtained from Fig. 2(d). To compute the phase shift,
the reference RGW unit cell corresponds to hr = 1.4 mm and wr2 = 3.6
mm. The other dimensions can be found in Fig. 1.

the mirror-symmetric configuration (dx = p/2) provides the
widest stopband according to the results discussed in [16].

Figs. 2(d) and 2(e) present the dispersion diagram and the
produced phase shift of the GSR unit cell. The ridge height of
the GSR unit cell must be slightly higher than the reference
RGW unit cell to reduce the cutoff frequency and achieve
the desired effect of the glide-symmetric holes. The increase
in ridge height leads to set a higher offset in the produced
phase shift while the glide-symmetric holes enable a wideband
fine tuning. The reference RGW unit cell is the same as the
one considered for the Fig. 2(b). The modification of the hole
radii allows a fine variation of phase constant (βx) along the
frequency in the dispersion diagram. Depending on the value
of the hole radii, the slope of the fundamental mode is varied
and subsequently, the produced phase shift shown in Fig. 2(e).
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Fig. 3: RGW reference line and phase shifter: (a) Prototypes. (b) Measured
and simulated magnitude of transmission and reflection parameters. The solid
and dashed lines correspond to simulated and measured results, respectively.
(c) Simulated and measured phase shift.

The modification in the slope of the mode is mainly from 30
GHz onwards. As the hole radius increases, a lower slope is
obtained in the dispersion diagram regarding of GSR unit cells.
This relevant effect enables a stable and higher phase shift
depending on the selected hole radius as illustrated in Fig.
2(e). In this figure, three different ranges of frequencies with
phase-stable behavior are achieved. The smaller the radius,
the smaller the phase shift produced by the unit cell but the
produced stable phase shift has a higher value than the one
obtained for the best case in Fig. 2(b) (yellow line).

III. PHASE SHIFTER DESIGN AND EXPERIMENTAL
VALIDATION

Based on the proposed GSR unit cell, a 90o phase shifter has
been designed by the concatenation of eight unit cells whose
dimensions are in the caption of Fig. 1. A RGW reference
line with the same length of the phase shifter has also been
designed. The dimensions of the unit cell employed in the
RGW reference line correspond to the unit cell with hr =
1.4 mm and wr2 = 3.6 mm in Fig. 2(a). The manufactured
back-to-back designs of the RGW reference line and phase
shifter are displayed in Fig. 3(a). Same transitions have been
used in both designs to accurately measure the phase shift. The
simulation of this design has been performed with CST Studio
Suite where the metal considered in the structure is aluminum,
the same metal as used in the prototype. In Fig. 3(b), the
simulated and measured |S21| and |S11| of the RGW reference
line and phase shifter are shown. The experimental results
show a common impedance bandwidth where |S11| is below -
10 dB from 33 GHz to 43 GHz with a maximum insertion loss
of 0.7 dB. Tolerances of ±75µm in the position of the holes

due to manufacturing has also been studied in simulation but
the effect of possible stopband in the transmission coefficient
is negligible. In the impedance bandwidth, the output phase
difference between the reference line and phase shifter is
calculated and presented in Fig. 3(c). The expected phase
shift from the simulated result was approximately 90o± 2o in
the bandwidth under consideration. Measured results reveal a
phase shift of 85o± 5o. A further study has been carried out to
find out the cause of this slight difference between simulated
and measured results. The parameter g (see Fig. 1) has been
varied and the simulated results are shown in Fig. 3(c). The
larger the air gap g, the greater the variation in the phase
shift, besides a reduction in the average phase shift in the
considered bandwidth. Nevertheless, the phase shifter design
can be considered robust under this gap tolerance.

Finally, Table I presents a comparison with other related
waveguide phase shifters found in the literature. The pro-
posed RGW phase shifter provides a wideband performance
comparable to other state-of-the-art waveguide phase shifters.
Specifically, if we compare with the other wideband ridge
waveguide phase shifter [10], it uses a rectangular waveguide
as a reference while in the proposed design the reference
is a ridge waveguide. This is of interest when the same
waveguide technology is required in a more complex circuit.
Furthermore, the phase shifter design in [10] relies on an
optimization process as opposed to the one presented in this
work, which is based on dispersion diagrams. This provides
greater physical insight and lower computational cost but with
lower compactness in the phase shifter.

TABLE I:
Comparison of phase shifters in mm-wave band with this work

Ref.
Frequency

(GHz)
Waveguide
Technology

Max. IL
(dB/o)

Stable
Phase Shift

Compactness
(o/λ)†

[4]* 27-33.6 (21.78%) PRGW 8.88·10-3 Yes (45o±2o) 30
[10] 33-50 (40.1%) RW 4.44·10-3 Yes (92o±2o) 48.58
[12] 20-27 (29.78%) RGW & LC 14.3·10-3 No 58.92
[14] 75-76.5 (1.98%) RGW 8.33·10-4 No 197.37
[15] 46-60 (26.41%) GGW 4.65·10-3 No 141.5
[16] 56.5-74.5 (27.5%) GGW 11.11·10-3 Yes (180o±5o) 31.22

This
work 33-43 (26.3%) RGW 8.24·10-3 Yes (85o±5o) 24.67

* Simulated results.
† At center frequency.

IV. CONCLUSION

This paper presents a RGW phase shifter with a stable
phase shift response in a wide frequency range. By tuning
the radii of the glide-symmetric holes and the height of the
ridge of the unit cell, a stable phase shift can be achieved
in a desired frequency range. A 90o phase shifter is designed
and manufactured. The measured results reveal a low loss and
wideband phase shifter whose produced phase shift is 85o± 5o

from 33 GHz to 43 GHz. The RGW phase shifter enables the
potential development of cost-effective Butler matrix in ridge
waveguide. Additionally, the GSR unit cell allows a wideband
control of the β which can potentially be used for the design
of leaky-wave antennas in ridge waveguide.
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CHAPTER 2. PUBLICATIONS

2.1.4 Low-Loss Reconfigurable Phase Shifter in Gap-Wave-
guide Technology for mm-Wave Applications

In the literature, it is a challenge to obtain reconfigurable phase shifters
in waveguides for millimeter-wave frequencies. In the below publication,
a mechanically reconfigurable phase shifter design is proposed through the
use of gap-waveguide technology based on glide-symmetric holes. Taking
advantage of the fact that the gap-waveguide technology allows the design
to be divided into two layers, a metallic strip capable of deforming under
pressure is placed on one side of the waveguide before assembling. Using
a pressing screw placed externally and in the middle of the metallic strip,
the metallic strip deforms in a controlled manner and shapes the lateral
side of the gap waveguide. Through this deformation, the phase constant
of the waveguide is modified while preserving good transmission and low
reflection. The experimental validation of this design is performed for a
prototype that has an operating band from 64 GHz to 75 GHz reaching a
maximum reconfigurable phase shift of 250o.
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Á. Palomares-Caballero, A. Alex-Amor, P. Escobedo, J. Valenzuela-
Valdés and P. Padilla, “Low-Loss Reconfigurable Phase Shifter in Gap-
Waveguide Technology for mm-Wave Applications,” in IEEE Transac-
tions on Circuits and Systems II: Express Briefs, vol. 67, no. 12, pp.
3058-3062, Dec. 2020.

• Journal Impact Factor (JIF) in JCR 2020: 3.292

• Category: ENGINEERING, ELECTRICAL & ELECTRONIC.
JIF Rank: 97/273 (Q2).

Disclaimer:
This work has been published on IEEE Transactions on Circuits and
Systems II: Express Briefs. DOI: 10.1109/TCSII.2020.3000058

Copyright:
© 2020 IEEE. Personal use of this material is permitted. Permission
from IEEE must be obtained for all other uses, in any current or future
media, including reprinting/republishing this material for advertising
or promotional purposes, creating new collective works, for resale or
redistribution to servers or lists, or reuse of any copyrighted component
of this work in other works.

50



1

Low-Loss Reconfigurable Phase Shifter in
Gap-Waveguide Technology for mm-Wave

Applications
Ángel Palomares-Caballero, Antonio Alex-Amor, Pablo Escobedo, Juan Valenzuela-Valdés, Pablo Padilla

Abstract—In this brief, we present a low-loss mechanically
reconfigurable phase shifter implemented in gap-waveguide tech-
nology for mm-wave frequencies. The proposed design gives a
practical implementation of tuning elements inside the waveguide
providing alternatives to the use of the E-plane split waveguide
at high frequencies in order to avoid leakage losses. The depicted
phase shifter design is based on a H-plane split waveguide. The
phase shift is controlled by means of a tuning screw, which
exerts pressure on a flexible metallic strip inserted inside the
waveguide. The flexible strip bends with different curvature
radii and determines the phase shift at the output port. Cost-
effective manufacturing and simple implementation of the flexible
metallic strip are achieved by means of the gap-waveguide design.
A prototype has been manufactured for validation purposes.
Good impedance matching is achieved from 64 GHz to 75
GHz providing a 15.8% impedance bandwidth. The results show
a maximum phase shift of 250o with a maximum and mean
insertion loss (IL) of 3 dB and 1.7 dB, respectively.

Index Terms—Phase shifter, gap-waveguide technology, low-
loss, reconfigurable waveguide, mm-waves.

I. INTRODUCTION

RECONFIGURABILITY is playing a fundamental role in
present and future mm-wave communication systems.

Thus, reconfigurable phase shifters are necessary to provide
beamforming capabilities to the antennas [1]. However, this
kind of phase shifters has to be implemented in a proper
technology to present low losses and fulfill demanding re-
quirements. Waveguide technology is a good candidate since
it provides reduced losses in the mm-wave frequency range.
Some examples of mechanically reconfigurable phase shifters
in waveguide technology at K-band can be found in [2], [3].
In both designs, short waveguide couplers with mechanical
reconfigurable elements at the output ports have been used to
achieve the desired phase shift in reflection. Another solution
in waveguide technology is presented in [4], where the wide
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Fig. 1: Tunable phase shifter design model.

side of the waveguide is adjustable to achieve the desired
phase shift at the output port of the waveguide. Similarly, [5]
shows a reconfigurable phase shifter based on a piezoelectric
actuator, where the side wall of the waveguide is in this case a
perfect magnetic conductor (PMC). Other approaches to obtain
phase shift employ PIN diodes [6]–[12]. Nevertheless, PIN
diodes suffer from high losses in mm-wave regime. Some
reconfigurable material such as liquid crystals [13]–[17] or
ferroelectrics [18]–[20] are also used to vary the phase shift.
These approaches are currently attractive but present some
drawbacks such as complex implementation in waveguide and
high insertion losses incurred when the frequency increases.

Waveguide technology has evolved in order to provide a less
demanding manufacturing process. Gap-waveguide technology
[21] enables the waveguide fabrication in two separate parts
with no mandatory perfect electrical contact in the assembly,
avoiding possible leakage throughout the gap. This fact permits
to relax the requirements of manufacturing providing a low-
cost fabrication. Besides, taking advantage of the waveguide
fabrication in splitted parts, tuning elements can be easily
implemented inside the waveguide in order to modify the
phase of the propagating signal. For example, in [22] and [23],
gap-waveguide based on glide-symmetric holes [24] has been
used to design a mm-wave phase shifter inserting a dielectric
slab and pinned structures, respectively. This work presents
a tunable phase shifter based on gap-waveguide technology.
The reconfigurable behavior of the phase shifter is achieved
by means of a flexible metallic strip inserted in the side wall
of the waveguide. The variation of the curvature radius of
the flexible metallic strip is produced by a tuning screw that
exerts a pressure on the center of the strip. It allows to narrow
the wide side of the waveguide and modify the propagation
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constant (βg), producing an adjustable phase shift. Figure 1
depicts the design of the proposed tunable phase shifter.

Some patents about mechanically tunable phase shifter in
conventional waveguide technology are in [25], [26]. The latter
inserts a pair of dielectric rods inside the waveguide in order to
change the phase shift. However, low phase shift is achieved
and increase in the insertion losses are expected due to the
wave propagation in the dielectric material at high frequen-
cies. Additionally, no in-depth details are provided about the
manufacturing issues and performance of a real prototype.
There exist examples of commercially available phase shifters
in waveguide technology [27], [28]. Nevertheless, their way
of implementing the phase shift in waveguide is not reported.
In addition, they are bulky and high-cost designs due to the
complexity of implementing the phase shift mechanism. The
proposed phase shifter design exploits the advantages of the
gap-waveguide technology to allow a cost-effective device
with low losses. To the best of the authors’ knowledge, this is
the first reported mechanically reconfigurable gap-waveguide
phase shifter in mm-waves frequencies.

The paper is organized as follows. Section II presents the
phase shifter design and its reconfigurable behavior. Section
III shows the experimental results obtained with the prototype
as well as the comparison with the simulation results. Finally,
conclusions are provided in Section IV.

II. PHASE SHIFTER DESIGN

A top view of the proposed phase shifter is illustrated in
Fig. 2. The contour of the metallic strip can be modeled with
an elliptical profile, whose semi-major axis ae is fixed and
whose semi-minor axis be depends on the position of the
tuning screw. The more pressure the screw exerts, the larger
be is. Since the waveguide works in its fundamental mode, the
propagation constant βg for the TE10 [29] is presented in Eq.
(1). The right-hand side of this expression shows the depen-
dence with the narrowing of the waveguide (ω − he(x, be)).
Therefore, when the signal propagates along the waveguide,
the propagation constant βg(x, be) varies according to selected
position x of the waveguide and be. Note that fundamental
mode is considered in the entire length of the phase shifter,
2ae. The expressions for βg(x, be) and the approximated phase
shift φ obtained along the waveguide are represented as:

βg(x, be) =
2π

λg(x, be)
= 2π

√
1−

(
λo

2(ω − he(x, be))

)2

λo
(1)

φ(be) =

∫ ae

−ae

βg(x, be) dx (2)

where λo is the free-space wavelength and w is the size
of the broadside in waveguide rectangular size 15 (WR15).
From Eqs. (1)-(2), it is clear that a variation in the profile of
the ellipse produces a modification in the total phase shift.
The selection of the dimensions ae and be are based on
the proposed model and represent a tradeoff between three
main aspects of the phase shifter: operational frequency range,

Fig. 2: Description of the upper layer of the phase shifter. Dimensions: ae =
11 mm, be = 0.55 mm, ω = 3.76 mm, a = 3.22 mm, r = 1.25 mm, wcorr =
0.6 mm, hcorr = 0.25 mm, pcorr = 2 mm, Lcorr = 1.8 mm, h1 = 1.8 mm, p1
= 1.1 mm, w1 = 0.8 mm.

maximum phase shift and compactness. The phase shift results
provided by this model are shown at the end of this section
compared with the simulations in CST Microwave Studio.

In order to allow an easy implementation of the metallic
strip inside the waveguide, gap-waveguide technology based
on glide-symmetric holes is chosen [24]. The dimensions for
the glide-symmetric holes are depicted in Fig. 2, where the
gap height g and the depth of the holes d are set at 0.05 mm
and 3 mm, respectively. This electromagnetic bandgap (EBG)
structure provides a stopband for the gap leakage from 45 GHz
to 85 GHz, covering the frequency range of the waveguide
standard WR15. Figures 3(a) and 3(b) show the effect of the
gap-waveguide technology in the proposed phase shifter. It is
observed how the phase shift can be controlled by changing
the curvature radius of the metallic strip.

In order to prevent undesired resonances between glide-
symmetric EBG holes and the waveguide, corrugations are
implemented to avoid resonant fields [30], [31]. In addition,
a vertical thin gap gs (shown in Fig. 3(c)) should exist
between the long side of the metallic strip and the upper
and lower surface of the waveguide to permit the flexible
movement of the metallic strip. These thin gaps may cause
resonant fields in the same manner as previous situation. For
that reason, the flexible metallic strip has also a corrugated
shape in order to prevent resonances. A transversal cut of the
phase shifter is illustrated in Fig. 3(c), where 50 µm gaps
are included in both sides of the metallic strip to observe
the E-field distribution in presence of an imperfect electrical
contact between the metallic strip and the waveguide walls. No
resonances are observed, since the electric field is confined in
the waveguide despite the existence of thin air gaps. Figure
4(a) illustrates the simulated |S21| of the phase shifter for a
design with and without corrugations. These corrugations, on
both the metallic strip and the waveguide wall, enhance the
transmission in the entire operating frequency range. When
the strip corrugations are not included (blue lines), peaks in
the upper part of the frequency range begin to appear due to
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(a) (b)

(c)

Fig. 3: Amplitude of the E-field distribution: (a) top view of the gap between
layers at 65 GHz when the tuning screw does not exert any pressure, (b) when
the tuning screw exerts a pressure. The phase changes as a consequence of
the tuning screw. (c) 3D views of the selected cutting planes and transversal
cut of the phase shifter showing the fundamental propagative mode.

(a)

(b)

Fig. 4: Simulated transmission coefficient: (a) with (w/) and without (w/o)
strip and wall corrugations for different curvature radii (different be values).
(b) Comparison with a straight gap-waveguide and conventional waveguide
that have the same length as the phase shifter (for different curvature radii).

resonances. Other deeper peaks in transmission show up in the
case of not implementing the wall corrugations. Moreover, as
the metallic strip employs dielectric material for its structure,
additional insertion losses exist. To take into account these
losses, a comparison between the phase shifter, a straight gap-
waveguide and a conventional hollow waveguide is shown
in Fig. 4(b). The increase of insertion losses because of the
addition of the metallic strip is about 0.7 dB compared to the
straight WR15 gap-waveguide section.

The simulated phase shift results are presented in Fig. 5
along with the results provided by the model. Good agreement
is observed between the simulation and the model results,
providing more phase shift dispersion when the radius of
curvature increases. For lower curvature radii, which entail
larger broadside waveguide, the deviation of the phase shift

Fig. 5: Simulated phase shift for different curvature radii and comparison with
the proposed model for be = 0.55 mm.

tends to decrease. This is because of the resulting propagation
constant, which is less dispersive when the screw does not
increase the curvature radius (reference position). According
to this effect, a less dispersive phase shifter can be designed
by extending the phase shift area (i.e. enlarging the range of
the semi-major axis ae) and employing smaller curvature radii.

III. EXPERIMENTAL VALIDATION

In order to validate the simulation results, a prototype of the
proposed phase shifter was manufactured in CNC (Computer
Numerical Control) technology. Figure 6(a) shows the forming
layers of the reconfigurable phase shifter, as well as the final
assembly. Figure 6(b) shows the effect of the pressing screw
over the metallic strip. The flexible metallic strip has been
manufactured in FR4 (substrate thickness of 0.4 mm and εr =
4.5) to obtain the desired flexible behavior to implement the
reconfigurability in the phase shifter. The gaps between the
metallic strip and the lower and upper surface of the waveguide
were measured to assess the correct assumption of gap sizes.
The measured gaps have a size of 25µm ± 10µm. Figures
7(a) and 7(b) show the effect of the gap sizes in the produced
phase shift and insertion losses, respectively. For gap sizes
bigger than 100 µm, the gaps have a significant effect in the
performance of the phase shifter because of the existence of
electric field that is not guided properly by the metallic strip.
Since the measured gaps are less than this value, the electric
field remains confined by the metallic strip, similarly to that
shown in Fig. 3(c).

The measured and simulated scattering parameters, for the
complete range of curvature radius, are shown in Fig. 8(a).
They have been measured using the ZVA-Z110E Converters
that are connected to the vector network analyzer (VNA) R&S-
ZVA67. The frequency multipliers ZVA-Z110E are capable of
raising the measurement range to 110 GHz because the VNA
is limited approximately up to 66.5 GHz. A frequency range
from 63 to 75 GHz is established. The measured results show
a shift in the lowest limit frequency, achieving a |S11| lower
than -10 dB from 64 to 75 GHz (15.8% impedance bandwidth).
This large impedance bandwidth is due to the taper in the
waveguide width provided by the elliptical profile of the
metallic strip. There is a smooth decrease in waveguide width
up to the middle of the phase shifter and then, the waveguide
width experiments a smooth increase to the width of the
output port. The values obtained for the measured reflection



4

(a)

(b)

Fig. 6: Manufactured prototype: (a) forming layers and assembled prototype,
(b) detail of the modification of the curvature radius by the pressing screw.

(a)

(b)

Fig. 7: Effect of the vertical gap gs (illustrated in Fig. 3(c)) between the
metallic strip and the upper and lower surfaces of the waveguide: (a) on the
phase shift, and (b) on the insertion losses. The reference simulation of the
phase shifter has a gs = 30 µm and a curvature radius be = 0.8 mm.

coefficient are greater than the simulation results. This fact is
due to the standard waveguide size 10 (WR10) used by the
ZVA-Z110E Converters employed in the measurement setup.
The transitions between WR10 and WR15 (waveguide size of
the phase shifter) increase the |S11|. The measurement setup
in WR15 has not been used since it is limited up to 66.5 GHz
due to the 1.85 mm coaxial to WR15 waveguide transitions.
For the sake of validation, a measurement with the setup in
WR15 has also been done, in the range of 63 to 66.5 GHz, and
it is observed the decrease in the reflection value approaching
to simulation levels (green line in Fig. 8(a)). Furthermore, low
insertion losses are obtained with a mean value of 1.7 dB and
lower than 3 dB in the impedance bandwidth.

The measured phase shift is shown in Fig. 9. In order to
assess the repeatability of the prototype, three consecutive
measurements have been carried out. This test ensures that
the metallic strip returns to its original position after being
deformed by the tuning screw. The screw has a standard
metric 1.6 (M1.6), whose pitch thread is 0.35 mm. Therefore,

(a)

(b)

Fig. 8: Measured S-parameters: (a) magnitude of the phase shifter for the
complete range of radius of curvature and comparison with the simulated
results and, (b) measurement setup in WR10.

Fig. 9: Measured phase shift for three consecutive measurements in compar-
ison with the simulation results for be = 0.55 mm.

an increment in bellipse of 0.05 mm implies approximately
0.14 screw turns. The phase shift resolution will depend on
the precision with which the pressing screw is turned. For
instance, in the presented prototype, one turn on the pressing
screw is approximately translated into a mean phase shift
of 180o. The measurement results present a good agreement
with the simulation results providing the same dynamic range
for the phase shift. The small discrepancies evidenced could
be associated to approximating the real deformation of the
metallic strip with an elliptical profile. Moreover, the re-
peatability of the measurements show the good performance
of the flexible metallic strip to set the desired phase shift.
Finally, a comparison between the proposed phase shifter and
other reconfigurable phase shifters in mm-wave frequencies
is illustrated in Table I. The proposed reconfigurable phase
shifter achieves a better performance in insertion losses and
FoM (figure-of-merit) along the operating frequency [13]. The
return losses (RL) achieved by our phase shifter has good
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performance compared with the referenced works except for
[26]. However, that work provides low phase shift. Some of
the reported tunable phase shifters require a complex setup [5]
or a more complicated implementation of the tuning elements
in the waveguide [15]. By applying the gap waveguide to
the phase shifter design, more options in the location of the
gap for the split waveguide is achieved in contrast with the
traditional implementation using E-plane split waveguide [13].
In addition, compared with the commercial devices [27], [28],
the gap-waveguide phase shifter presents a reduced volume
and low cost that allow a cost-effective and easy integration
in a full system.

TABLE I:
Comparison of reconfigurable phase shifters in mm-wave band with this

work

Ref.
Frequency

(GHz) Technology
Max. IL

(dB)
RL

(dB)
φmax
(o)

FoM
(o/dB)

Complexity/
Cost

[5] 230-250 Piezoelectric 3 10 380 127 High
[6] 26-30 PIN Diode 7.8 10 348.75 44.7 Low/Medium
[8] 33-50 PIN Diode 10 10 270 30 Low/Medium

[13] 85-110 Liquid Crystal 8 n. a. 900 125-145 High
[15] 99-105 Liquid Crystal 2.7 6 318 118-148 High
[18] 30-40 Ferroelectric 9 5 360 36-50 Low
[19] 50-54 Ferroelectric 6 n. a. 30 5 Low
[26] >75 Waveguide n. a. 25 30 n. a. Medium

[27], [28] 50-75 Waveguide 1 18 180 180 High
This work 64-75 Gap-waveguide 3 12 250 95-152 Low

IV. CONCLUSION

This paper presents the first mechanically reconfigurable
phase shifter design in gap-waveguide technology for mm-
wave frequencies. The gap-waveguide technology enables a
low-complex prototype that allows the inclusion of a flexible
metallic strip inside the waveguide. This element provides the
reconfigurability behavior of the phase shifter. A prototype
has been manufactured to validate the simulation design. The
experimental results show an operational frequency bandwidth
from 64 to 75 GHz with averaged insertion loss of 1.7 dB and
a maximum dynamic phase shift of 250o.
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2.2.1 Millimeter-Wave 3-D-Printed Antenna Array Based on
Gap-Waveguide Technology and Split E-Plane Waveg-
uide
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whose central frequency is 70 GHz. The contribution of this work is the
ability to use in a combined way the gap-waveguide technology based on
glide-symmetric holes and split E-plane waveguides in an antenna arrays for
millimeter-waves frequencies. Due to the geometries applied in the design,
the prototype was fabricated with 3D printing based on SLA with subse-
quent copper plating. This results in a low cost fabrication for the considered
frequency range. Experimental results showed an operating band from 68
GHz to 74 GHz, with a gain above 19 dBi with a maximum of 20 dBi and
an average efficiency of 74%.
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Millimeter-Wave 3D-Printed Antenna Array based
on Gap-Waveguide Technology and Split E-plane

Waveguide
Ángel Palomares-Caballero, Antonio Alex-Amor, Juan Valenzuela-Valdés, and Pablo Padilla

Abstract—A multilayer aperture antenna array in millimeter-
wave band is presented in this communication. The antenna array
is based on glide-symmetric holey gap-waveguide technology
combined with E-plane insertion gaps for a low-cost and low-loss
design. The radiating part of the antenna array is formed by an
array of sixteen aperture antennas, grouped in four sets of 2x2
antenna subarrays in E-plane configuration. The 2x2 subarrays
are fed by a one-to-four corporate feeding network in E-plane
with holey gap-waveguide technology. The antenna array has
been manufactured with high precision stereolithography (SLA)
and subsequent metal plating. This design procedure yields a
low-cost and low-weight manufacturing process for functional
prototypes. The complete array has been manufactured and
measured, comparing its performance with the simulation results.
Measurements show an input reflection coefficient below -10 dB
which ranges from 68 GHz to 74 GHz. The measured radiation
patterns suit adequately the defined ones in the design stage.
Moreover, gain above 19 dBi in the entire operating frequency
band is achieved with a 74.1% mean antenna efficiency.

Index Terms—Aperture antenna array, gap-waveguide tech-
nology, millimeter-wave, stereolithography (SLA).

I. INTRODUCTION

Millimeter-wave bands are promising frequency ranges for
future communication systems [1]. Antennas at these fre-
quencies provide high directivity to compensate free space
propagation losses. However, the manufacturing of millimeter-
wave antennas is challenging since high accuracy and perfect
assembly are needed. Recently, gap-waveguide technology has
arisen as a solution for accomplishing the latter conditions
with low-loss performance and low manufacturing cost [2].
Several slotted arrays based on gap-waveguide technology
have been reported [3]- [6]. In them, the use of pin lattice-
based metasurface structures is introduced to define the guid-
ing structures of the array [10], [11]. However, the increase
of frequency at the millimeter-wave bands forces the pin
structures to become smaller and hard to be manufactured.
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(a) (b)

Fig. 1. Multilayer aperture antenna array in millimeter-wave band: (a) As-
sembled array view, and (b) The different layers that conform it. Dimensions:
La1 = 60 mm, La2 = 30 mm, wa1 = 30 mm, wa2 = 6.9 mm, wa3 = 3.49 mm,
ha1 = 11.25 mm, ha2 = 6.35 mm, ha3 = 10 mm, ha4 = 6.37 mm.

Gap-waveguide technology based on glide-symmetric holes
presents an advantage in regard to pin structure manufacturing
at such frequencies [12]. A variety of guiding, filtering and
phase shifting structures have been designed using this type
of gap waveguide technology [13]- [16] with high performance
in terms of propagation losses and cost-effective fabrication.
However, only [17] presents an antenna design based on this
novel gap-waveguide technology.

All the previous works have been manufactured with metal-
lic milling, which leads to a higher cost compared to incoming
3D printing techniques. Specifically, the 3D printing technique
based on stereolithography (SLA) is an adequate candidate
for manufacturing high-precision and low-weight prototypes
at millimeter-wave bands [18], [19]. Some works make use of
this manufacturing technique to design high-frequency arrays
[20]- [22]. A subsequent metallic plating stage is needed after
SLA manufacturing. Another attractive 3D printing technique
is direct metal laser sintering (DMLS). Antenna arrays in
[23]- [25] apply this manufacturing technique. The principal
disadvantage of DMLS is the surface roughness that is not
negligible and produces high losses at upper bands of the
millimeter-wave frequency range.

In this document, we present an aperture antenna array
based on glide-symmetric gap-waveguide technology centered
at 70 GHz. The operating frequency band ranges from 66 to 74
GHz. This range covers both access and backhaul millimeter-
wave applications for 5G [26]. It is included in a band of
interest for 5G above the WiGig (Wireless Gigabit Alliance)
frequency band targets to high speed indoor applications. This
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wide 5G frequency band for millimeter-wave is composed
by two bands. The first frequency band, ranging from 66
to 71 GHz, is addressed to the radio access network for 5G
connections since the propagation losses at this frequency band
is lower than its adjacent band (57-66 GHz). The second band,
ranging from 71-76 GHz, is intended to support fixed high-
speed connection for different applications such as macro or
micro cell backhaul links, and front haul connection between
a base station and theirs remote radio heads to extend the
coverage area.

The design consists on a multilayer design composed by
means of stacking horizontal and vertical layers, as shown in
Fig. 1. The vertical and horizontal layer gaps are located in
the E-plane and the H-plane of the gap-waveguide elements,
respectively. Layers with the gap in the H-plane need the
gap-waveguide technology to avoid field leakage throughout
the gap in millimeter-wave frequencies. Four 2x2 aperture
antenna subarrays conform the radiating part that is fed by
a corporate feeding network. A fully-functional prototype has
been manufactured in SLA with subsequent copper plating,
and conveniently measured for its validation. The relevance
and novelty of our work is based on two main aspects.
First, we propose a novel design antenna array that uses
holey glide-symmetric gap-waveguide and E-plane waveguide
structure to reduce the propagation losses in a multilayer
array design. In our work, we propose a feasible multilayer
design array with a combination between the traditionally used
split H-plane waveguide structures with glide symmetric holes,
and split E-plane waveguide structures that does not require
such elements. Secondly, we demostrate the potential use of
SLA to fabricate multilayer array design at millimeter-wave
frequencies. Although multilayer array prototoypes based on
gap-waveguide technology are commonly manufactured in
CNC because of higher accuracy compared to traditional 3-D
printing techniques, with the appearance of SLA technique,
a high-precision and cost-efective fabrication is possible [19].
The document is organized as follows. Section II depicts the
principal elements that constitutes the antenna array design. In
this section gap-waveguide technology selected, the corporate
feeding network and the subarrays are conveniently described
and simulated. Section III provides the measurements of the
manufactured prototype and the discussion of the results.
Finally, the conclusions are detailed in Section IV.

II. ANTENNA ARRAY DESIGN

The antenna array design is formed by two horizontal layers
and five vertical layers. All of them are stacked and not welded
but assembled with mechanical pressure by screws. Thus, in
the array assembling, there are inevitably gaps between layers
of at least some tens of microns. Therefore, the gap-waveguide
technology and E-plane configurations are adopted to avoid
any field leakage due to the layer gaps. Note that gaps are
considered between all stacked layers in the design process.

A. Glide-symmetric Holey Gap-waveguide Technology

Gap-waveguide technology based on glide-symmetric holes
provides a wide stopband in a cost-effective way [13]. The

(a)

(b)

(c)

(d)

Fig. 2. Design of the corporate feeding network: (a) Bottom part (1st

horizontal layer), w1c = 1.4mm, h1c = 0.75 mm, w2c = 1mm, h2c = 0.2
mm; (b) Dispersion diagram of the employed EBG unit cell; (c) Upper part
(2nd horizontal layer), w1s = 0.85 mm, h1s = 1 mm, w2s = 0.25 mm, h2s =
0.2 mm; and, (d) Planar views of bottom and upper parts.

electromagnetic bandgap (EBG) unit cell is shown in Fig. 2(a).
The dimensions used for our simulated EBG structure are: a
= 2.26 mm, r = 0.88 mm, h = 2.2 mm and g = 0.03 mm.
The considered gap size is in the range of reported multi-
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layer antennas at millimeter-wave frequencies. The provided
stopband of the EBG unit cell ranges from 62 GHz to 118
GHz as it is shown in Fig. 2(b). The unit cell dimensions are
chosen in such a way that they fit inside the corporate feeding
network and at the same time the stopband is included in the
target operating frequency band (66-74 GHz). This is why the
lowest frequency limit of the stopband is close to the start
operating frequency.

B. 1-to-4 Corporate Feeding Network

Figs. 2(a), 2(c) and 2(d) show the two halves that form
the corporate feeding network both in 3D and planar views.
The waveguides that compose this design and the feeding port
(input port) have WR-10 waveguide dimensions. The input
port is located at the bottom of the first horizontal layer, as
shown in Fig. 2(a) and Fig. 2(d). Each horizontal layer of the
feeding network occupies half of the width of the waveguides.
When the layers are stacked, they form a feeding network
with split E-plane waveguides. The gap between layers is
preserved in the middle of the wider side of the waveguide
(E-plane) except in the H-plane divider located next the input
port and in the 90o bends before the output ports. Because
there are locations in the feeding network where the gap is not
kept in the E-plane, glide-symmetric holey gap-waveguide is
implemented between layers. The feeding network distributes
in-phase and equally the input power among the output ports
(highlighted in red). These ports connect the feeding network
with the four subarrays. The matching elements in the power
dividers and the 90o bends are shown in detail in Figs. 2(a),
2(c) and 2(d).

The simulated performance of the feeding network design
is illustrated in Fig. 3. The reflection coefficient is maintained

(a)

(b)

Fig. 3. Performance of the corporate feeding network: (a) Amplitude of the
S-parameter simulated results, (b) Phase imbalance between the output ports.

below -10 dB from 66 GHz to 74 GHz, with an approxi-
mately balanced and in-phase transmission coefficients. The
maximum amplitude and phase variations are 1 dB and 1.8o,
respectively. Although the feeding network has E-plane power
dividers, the in-phase output fields are obtained due to the
presence of E-plane bends before the output ports.

C. 2x2 Aperture Antenna Subarray

The configuration of the 2x2 aperture antenna subarrays is
shown in Figs. 4(a) and 4(b). The power division from the
output ports of the corporate feeding network to the aperture
antennas is carried out by H-plane and E-plane power dividers
as they are illustrated in Fig. 4(c). The H-plane power divider
is located at the joint between the second horizontal layer
and the vertical layers and just above the output ports of
the feeding network. This fact is observed on the left part
of Fig. 4(c). E-plane power dividers are implemented before
the antenna apertures as it is illustrated on the right part of
Fig. 4(c). These power dividers design are formed by stacking
the vertical layers in the horizontal direction as it is shown
in Figs. 4(a) and 4(b). This stack of layers does not need
any gap-waveguide technology since the gap is preserved in
the E-plane location of the waveguide belonging to subarray
antenna design. Absence of leakage is only produced by split
E-plane waveguides because it does not exist disruption of
the surface currents. The array antennas are E-plane aperture
antennas with a separation between them of 0.87λ0 in x and y
directions, where λ0 is the free-space wavelength at 74 GHz.

(a) (b)

(c)

(d) (e)

Fig. 4. Subarray: (a) Assembled view, (b) Exploded view, (c) E-plane and
H-plane power dividers locations, (d) Simulated reflection coefficient and
directivity, and (e) Simulated isolation level between subarrays.
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The simulation results in periodic conditions for the subarray
design are illustrated in Fig. 4(d). An impedance matching
under -10 dB is obtained in the complete operating frequency
range with a stable directivity in frequency of 14 dBi.

Glide-symmetric EBG holes are also necessary between
the upper part of the second horizontal layer and the bottom
part of each vertical layer. This need is due to the existing
gap that surrounds the H-plane power dividers. However,
there are areas where holes cannot be placed, as Fig. 4(e)
shows highlighted. Despite that, more than 30 dB of isolation
level between subarrays is achieved in the entire frequency
range. Fig. 5 illustrates an E-field comparison between the
antenna array design with and without the implementation of
the gap-waveguide technology. The electric field at different
frequencies inside the gap between the first and the second
horizontal layers for both designs, with gap-waveguide and
without gap-waveguide technology, are shown in Figs. 5(c)
and 5(d), respectively. Gap size corresponding to the EBG
unit cell has been introduced between layers in both antenna
designs for a fair comparison. It is clearly seen the importance
of the glide-symmetric holes to not produce leakage and thus,
loss in antenna efficiency as illustrated in Fig. 5(e).

D. Details of the gap-waveguide performance and field con-
finement

For the sake of completeness, two cases of study have been
carried out for the selected EBG unit cell and waveguide
dimensions. They demonstrate the beneficial use of this gap-
waveguide technology when a split waveguide is designed. It
is important to note that the structures with and without gap-
waveguide have the same gap of 30 µm. The first comparison
is shown in Fig. 6 between a E-plane split waveguide with the
use of gap-waveguide technology (marked in red) and without
gap-waveguide technology (marked in blue). In this case the
gap is in the ZY plane and it is displaced from the center of
the wide side of the waveguide since if the gap is located at
the center, no leakage occurs. The S-parameters are illustrated
in Fig. 6(b). A drop of the transmission coefficient is observed
in the design without gap-waveguide. In Fig. 6(c) the electric
fields reveal the absence of leakage when holey EBG structures
are employed. Conversely, field resonances appear in the gap
region due to the leakage provoked by the absence of EBG
holes (case without gap waveguide). Note that the electric
field in this figure is represented in absolute value in order to
observe the electric field in the waveguide (oriented along z
direction) and in the gap (oriented along x direction since it is
a parallel-plate mode). The second comparison corresponds to
the H-plane bend implemented in the proposed array before the
outputs of the feeding network (Fig. 4(c)). The gap is in the ZY
plane as it is observed in Fig. 7(a). The transmission coefficient
for the case in which the gap-waveguide technology is not used
(Fig. 7(b)) suffers a drop in the transmission coefficient which
does not occur for the case with gap-waveguide technology. In
addition, Fig. 7(c) confirms these losses and the existence of
leakage when the gap-waveguide technology is not employed.
Since the proposed array has zones where the gap is not
located in the center of the wide side of the waveguide,

(a)

(b)

(c)

(d)

(e)

Fig. 5. Simulated E-field distribution inside the antenna array and between
layers at 70 GHz: (a) With gap-waveguide and, (b) Without gap-waveguide.
Electric field at different frequencies in the gap between horizontal layers of
the antenna array for: (c) The design with gap-waveguide technology and, (d)
The design without gap-waveguide technology. (e) Total antenna efficiency
comparison.
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(a)

(b)

(c)

Fig. 6. Performance comparison between a E-plane split waveguide with
gap-waveguide and without gap-waveguide: (a) Design and forming layers,
(b) Simulated S-parameters and, (c) Electric field at different frequencies in
the gap.

the application of gap-waveguide technology is mandatory to
avoid leakage throughout the gap.

III. MANUFACTURING, MEASUREMENTS AND DISCUSSION

High-precision SLA with a posterior copper plating stage
was the selected manufacturing technique due to its low cost
compared to milling fabrication. The used plastic material and
type of plating for the fabrication are Accura Xtreme White
[27] and electroplating, respectively. Fig. 8 shows different
views of the fabricated antenna array. The antenna is composed
by 7 different forming layers to guarantee a proper metal
plating. Detail view on the manufactured parts of the antenna
array is shown in Fig. 8(c). Good geometry definitions are
observed under the microscope. An extension of the size of the
antenna array was needed to place the holes of the assembling
screws which in spite of their size do not affect the radiation
pattern measurements. Moreover, the first horizontal layer
was thicken in order to allow the screwed connection with
the waveguide flange. The dimensions of the antenna array
design without the assembling parts are 15.8 x 23.35 x 22.8

(a)

(b)

(c)

Fig. 7. Performance comparison between a H-plane bend waveguide with
gap-waveguide and without gap-waveguide: (a) Design and forming layers,
(b) Simulated S-parameters and, (c) Electric field at different frequencies in
the gap.

mm. The reflection coefficient was measured with R&S ZVA-
Z110E Converters from 65 GHz to 75 GHz. Fine sampling
has been applied to reveal any possible glitch caused by poor
contact between forming layers. The measurement is compared
to the simulation results in Fig. 9. The measured reflection
coefficient presents a shift in the lowest frequency of the
operating band, from 66 GHz to 68 GHz, preserving the rest
of the operating band below -10 dB. To determine the cause
of the |S11| modification with respect to the simulated one,
a variation analysis based on the manufacturing tolerances is
carried out. An assembly tolerance that taking into account the
misalignment between forming layers of the feeding network
is also introduced in the variation analysis. This tolerance
has been selected since it is the antenna array part where
there are more zones with the gap not placed in the E-
plane of the waveguide. The variation analysis shows that
the measurement result is included in the variability range.
The antenna simulation with tolerances which best fits the
measurement result is highlighted in Fig. 9. The tolerances
for this case are: tolXY = +30 µm, tolZ = +55 µm and ∆xy =
50 µm, which correspond to tolerance in XY plane, tolerance
in z direction and misalignment between layers, respectively.

Once the |S11| of the array is measured and discussed,
the radiation patterns of the antenna array are measured,
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(a) (b)

(c)

Fig. 8. Manufactured prototype: (a) Forming layers, (b) Stacked antenna
array, and (c) Details under microscope.

Fig. 9. Comparison of the simulated, simulated with manufacturing tolerances
and measured reflection coefficient of the fabricated antenna array. Black
line represents the nominal simulation and grey lines show the effect of
manufacturing tolerances over the nominal simulation.

for the lowest, center and highest frequency values of the
operating band. Those measurements have been carried out at
the millimeter-wave antenna measuring facilities of the Uni-
versity of Granada. Fig. 10 depicts the radiation measurement
setup. Laser alignment has been used in order to improve
the accuracy of the alignment between the probe antenna
and the antenna array. The E-plane and H-plane copolar
and crosspolar measurements are provided in Fig. 11. The
measured radiation patterns and their corresponding simulated
values are in good agreement, keeping the beamwidth of the
principal lobe and levels for the side lobes below -12 dB for
all radiation cuts. Crosspolar levels remain under -22 dB. Fig.

Fig. 10. Detail of the measurement setup at the millimeter-wave antenna
measuring facilities of the University of Granada.

(a) (b)

(c) (d)

(e) (f)

Fig. 11. Simulated and measured E-plane radiation patterns of the proposed
antenna array at different frequencies: (a) 68 GHz, (c) 71 GHz, and (e) 74
GHz. Simulated and measured H-plane radiation patterns of the proposed
antenna array at different frequencies: (b) 68 GHz, (d) 71 GHz, and (f) 74
GHz. The simulations include the fastening screws.

12 shows the directivity, gain and antenna efficiency values
of the antenna array for its entire operating frequency range.
For a fair comparison, simulation results correspond to the
antenna array with tolerances that best fits the measurements.
The measured gain is approximately 20 dBi in the entire
frequency range, except above 73 GHz, where it drops. Also,
the antenna efficiency mean value is 74.1% that confirms the
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Fig. 12. Radiation performance of proposed antenna array over the operating
frequency bandwidth.

Fig. 13. Measured reflection coefficient when the aperture is short-circuited.
This value is twice (round trip) the sum of the ohmic and leakage losses.

correct consideration of the gap value for the EBG unit cell.
In order to verify the existence of leakage in the upper

frequency range of the antenna array two kind of measure-
ments are carried out. First one consists of measuring the
reflection coefficient of the antenna array when the antennas
are short-circuited [28]. This measurement contains twice the
insertion losses provided by the fabricated antenna array. Fig.
13 provides the measurement result when the antenna array
is short-circuited by a metallic sheet. It is observed that
in the high frequency zone part of the operating band, the
reflection coefficient value decreases. The estimated losses
of the frequency zone where the gain drops are caused by
leakage, since the antenna losses in the rest of the band are
mainly due to ohmic losses. A maximum of 1 dB of simulated
ohmic losses is obtained for non-ideal copper conductivities.
The second measurement to check the presence of leakage is
based on 2D far-field radiation patterns. The measurements are
illustrated in Fig. 14. They reveal the existence of unwanted
radiation from 73 GHz which coincides with the drop in the
measured gains. This decrease in gain may be provoked by the
imperfect alignment between horizontal layers (∆xy) in the
assembly procedure. This parameter is of great importance
in the performance of the glide-symmetric holey structures
because it affects the stopband of gap waveguide [15]. Since
there is a misalignment for the simulation which best fits the
measurement, the observed leakage can be explained.

The proposed antenna array is compared with other
millimeter-wave antenna arrays in Table I. Same level of
antenna gain and efficiency is achieved in this work compared
to the state-of-the-art works. The main advantages of our
antenna array design are its lower cost, weight and complexity

Fig. 14. 2-D far-field radiation pattern of the proposed antenna array at
different frequencies.

provided by SLA manufacturing with the combined used
of glide-symmetric holey gap-waveguide and split E-plane
waveguide structures in a multilayer array antenna. In compar-
ison, CNC milling designs suffer from higher manufacturing
complexity than the 3D-printing ones leading to increase the
prototype cost. Therefore, this prototype provides an insight of
a low-cost and robust solution for multilayer millimeter-wave
antenna array designs with gap-waveguide technology.

IV. CONCLUSIONS

In this work, we have proposed an aperture antenna array
design based on gap-waveguide technology and manufac-
tured with high-precision stereolithography process with latter
metallic plating. The novel gap-waveguide technology based
on glide-symmetric holey structures in combination with split
E-plane waveguide enables a multilayer antenna array design
for 3-D printed manufacturing. A prototype of the complete
4x4 aperture antenna array has been manufactured and mea-
sured. To best of the authors’ knowledge, the antenna array
proposed in this paper is the first multilayer gap-waveguide
array manufactured by SLA and metal plating with good
radiation performance at 70 GHz.
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TABLE I
COMPARISON BETWEEN PROPOSED AND REFERRED MILLIMETER-WAVE ANTENNA ARRAYS

Ref. Frequency Band (GHz) Bandwidth Fabrication Technique Max. Gain (dBi) Antenna Efficiency Scale Cost
[3] 57-65 13.1% CNC 26 60%-80% 8x8 Medium
[7] 50-67.8 30.2% CNC 27.5 80%-90% 8x8 Medium
[8] 56.5-67 17% CNC 27 70%-85% 8x8 Medium
[9] 55.5-67 18.8% CNC 32.5 80%-90% 16x16 Medium

[21] 78.5-79 0.6% SLA 22.5 n.a 10x10 Low
[24] 28-36 25% DMLS 27.5 90% 8x8 Low
[29] 72-85 16.5% CNC 19.91 n.a 4x4 Medium

This work 68-74 8.5% SLA 20.02 71%-89% 4x4 Low
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J. M. Fernandez-González and O. Quevedo-Teruel, “Broken Glide-
Symmetric Holey Structures for Bandgap Selection in Gap-Waveguide
Technology,” IEEE Microw. Wirel. Compon. Lett., vol. 29, no. 5, pp.
327-329, May 2019.

[16] E. Rajo-Iglesias, M. Ebrahimpouri and O. Quevedo-Teruel, “Wideband
Phase Shifter in Groove Gap Waveguide Technology Implemented With
Glide-Symmetric Holey EBG,” IEEE Microw. Wirel. Compon. Lett., vol.
28, no. 6, pp. 476-478, June 2018.

[17] Q. Liao, E. Rajo-Iglesias and O. Quevedo-Teruel, “Ka -Band Fully
Metallic TE40 Slot Array Antenna With Glide-Symmetric Gap Waveg-
uide Technology,” IEEE Trans. Antennas Propag., vol. 67, no. 10, pp.
6410-6418, Oct. 2019.

[18] A. Tamayo-Domı́nguez, J. Fernández-González and M. Sierra-Pérez,
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this unit cell preserves a linear performance in the reflected phase response
for different situations of oblique incidence.
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Abstract—A metal-only reflectarray unit cell to independently
control two polarizations is proposed in this paper. The unit
cell is based on a nonresonant cross-shaped geometry backed
by a metallic plate. Unlike previous metal-only nonresonant unit
cell, the metallic arms of the proposed one are not connected to
its neighboring unit cells. This fact enables the propagation of
the incident wave along the longitudinal direction of the unit cell
more specifically, along parallel-plate waveguides formed between
unit cells. Depending on the polarization of the impinging wave,
the propagation occurs in the waveguides located at vertical or
horizontal directions. The simulated results for a designed unit
cell at 60GHz show the independent modification of the phase
response for one polarization being unaffected the phase response
of orthogonal one. Moreover, phase linearity and a phase shift
range over 360o are achieved along a operating frequency range
with good phase stability under oblique incidence.

Index Terms—Dual polarization, metal-only, millimeter-waves,
polarization control, reflectarray antenna.

I. INTRODUCTION

Reflectarray antennas have gained a lot of interest during
the last years since they provide a more versatile and cost-
effective design than the traditional parabolic reflectors [1].
When the frequency increases, for example, up to millimeter-
wave frequencies, dielectric material in reflectarray can be a
source of losses in the antenna because dielectrics with low
loss tangent are hard to find at millimeter-waves. Besides,
the greater the volume of dielectric used in the unit cell
implementation, the greater are the dielectric losses [2], [3].
Thus, metal-only antenna designs are desired to increase
the total efficiency of the reflectarrays and avoid outgassing
problem for space applications.

In the literature, there exist some reflectarray designs imple-
mented without the use of any dielectric material. The works
in [4], [5] present a reflectarray design formed by metal-only
unit cells. These unit cells share the same configuration: the
reflectarray unit cells are patterned on a metallic plate which
is at a certain distance from a metallic ground plane. Other
alternatives to design metal-only reflectarrays have been shown
in [6]–[8]. In these works, the beam collimation produced by
the reflectarray is achieved by means of the depths of 1-D or
2-D perforated grooves. The phase introduced by each unit cell
of the reflectarray is determined by the round trip propagation
of the wave inside the groove. Alternatively to unit cells based
on grooves, nonresonant elements such as squared metallic
blocks have been proposed as a reflectarray unit cell [9]. Since

the unit cell is a nonresonant element, the gain bandwidth
of the reflectarray can be broadened. In this direction, other
nonresonant unit cells have been analyzed for metal-only
reflectarray design [10]–[12]. Metallic cylinders or crosses
orthogonally connected to surrounding unit cells have been
explored in the previous works. Finally, some other complex
geometries for the unit cells have been employed for designing
reflectarrays. In [13], dual-branch helixes are implemented
as reflectarray unit cells to obtain a wideband performance
keeping unaltered the incident circular polarization. In [14],
the considered unit cell is a metallic cylinder etched with a
rectangular groove. By the 90o rotation of the unit cell, an
out-of-phase response is obtained which is used to implement
a mechanically-reconfigurable 1-bit reflectarray.

In addition to the increase of the total efficiency by the
use of metal-only reflectarray, another desired characteristic
for a reflectarray antenna is the control of the polarization.
However, there is a lack in the literature of metal-only unit
cells that provide two independent orthogonal polarization
control. In this work, a metal-only reflectarray unit cell that
controls separately the vertical (V-pol) and horizontal (H-pol)
polarizations is proposed. Unlike other works whose unit cells
relied on resonant elements in the horizontal and vertical
directions to gain the polarization control [15], [16], in this
work, the proposed unit cell is a nonresonant element. More
precisely, the fundamental element that achieves the phase
tuning for each polarization can be seen as a parallel-plate
back-shorted waveguide with finite width. The document is
organized as follows. Section II presents and analyzes the
proposed reflectarray unit cell for V-pol and H-pol. In Section
III, the height of parallel plates in the unit cells is studied
and its effect in the phase response of each polarization. In
addition, the oblique incidence performance is assessed in
Section IV. Finally, the conclusions are drawn in Section IV.

II. PROPOSED REFLECTARRAY UNIT CELL

The reflectarray unit cell proposed in this work is illustrated
in Fig. 1(a). The figure shows a central metallic block of
height L surrounded by four metal steps whose heights are
LV in the vertical direction (highlighted in red) and LH in the
horizontal one (highlighted in green). This unit cell allows
the propagation along its longitudinal direction (z-direction)
for both from V-pol and H-pol. Fig. 1(b) illustrates a planar
view of the proposed unit cell indicating the propagating zones



(a) (b)

(c) (d)

Fig. 1. (a) 3-D view of the proposed reflectarray unit cell. (b) Planar view of
the unit cell indicating the propagating zones for V-pol and H-pol. Electric-
fied distribution for a 4-cell unit environment when the excitation is a (c)
vertical-polarized plane wave and, (d) a horizontal-polarized plane wave. The
dimensions are: p = 2.5 mm, hV = hH = 0.5 mm, wV = wH = 0.7 mm, L
= 4 mm and, r = 0.4 mm.

and which polarization propagates along these zones. The
propagating zones are seen as parallel-plate waveguides with
finite width (wV for V-pol and, wH for H-pol) and with a
short-circuited wall located at their bottom. The short-circuited
wall produces the reflection of the wave, which propagates
in the parallel-plate waveguide. The reason why each zone
only allows a polarization is because parallel-plate waveguides
are formed between unit cells in y- and the x-directions as
it is illustrated in Figs. 1(c) and 1(d), respectively. For a
considered polarization, the wave can propagate in the zones
where the metal surfaces are orthogonal to the incident electric
field (E-field) since the wave is propagating in a parallel-
plate waveguide whose height is 2hV,H and its width is wV,H.
For the orthogonal polarization, these zones cannot support
wave propagation because the incident E-field is parallel to the
metallic surfaces producing a waveguide condition with a high
cutoff frequency as the waveguide width is now 2hV,H. Figs.
1(c) and 1(d) show the E-field distribution when a vertical-
polarized or a horizontal-polarized wave impinges to the unit
cells, respectively. For instance, in the V-pol case of Fig.
1(c), the greater E-field amplitude distribution is concentrated
between the vertical arms (y-direction) of nonresonant cross-
shaped element. The E-field in this case is minimum between
the horizontal arms (x-direction) of nonresonant cross-shaped
element because the waveguide condition commented above.
Additionally, the complementary case occurs in the Fig. 1(d)
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Fig. 2. (a) S-parameters in magnitude of the proposed unit cell. (b) S-
parameters in phase of the proposed unit cell when LH = 1.5 mm and LV is
varied.

where the minimum of the E-field is at the vertical arms and
the maximum E-field at horizontal arms. In this way, both
polarizations can be independently controlled by the position
of the short-circuit at the end of the parallel-plate waveguide.
The position of the short-circuit for the V-pol and H-pol is
determined by the parameter LV and LH, respectively.

The electromagnetic (EM) characterization of the proposed
unit cell is performed with CST Microwave Studio. Unit cell
boundary conditions in the x- and y-directions are imposed for
the simulation of the unit cell illustrated in Fig. 1(a) and, the
frequency solver of the CST is employed. The magnitude and
phase responses of the unit cell for V-pol and H-pol incident
waves at normal incidence are shown in Fig. 2. The frequency
range is centered at 60 GHz but the unit cell can be designed
to work in a different frequency range by size scaling due
to its fully-metallic structure. Fig. 2(a) shows the reflection
coefficients |S11| of the unit cell when the incident plane
wave is V-pol. Black solid lines represent the co-polarized
magnitude response for different values of LV. It can be
observed that for all assessed cases, the reflection coefficient
is very close to 0 dB being the maximum of losses 0.05 dB.
This is because of the ohmic losses of the metal employed in
the unit cell, in this case aluminium (σ = 3.56 · 107 S/m). On
the other hand, the cross-polarized magnitude response, which
accounts the power transmission between the V-pol and H-pol



in the unit cell, is under -60 dB for the worst case in the
considered frequency range. Therefore, almost all power is
conserved in the same polarization when reflected in the unit
cell. The observed performances are preserved on a quite large
frequency range.

Fig. 2(b) presents the phase response of each incident polar-
ization, V-pol and H-pol, when the position of the short-circuit
LV for the V-pol is modified keeping LH fixed. The variation
of LV allows to set different levels of phase shift produced by
the unit cell with good phase linearity along the frequency.
The variation of the phase shift reaches beyond 360o for all
the frequencies under consideration which allows this unit cell
to be used for the design of a reflectarray. In addition, due
to the independent behavior between the two polarizations
explained above, the phase response for the H-pol is practically
unchanged when LV is varied. This demonstrates the expected
and desired behavior for polarization-independent control in
the unit cell.

III. EFFECT OF THE HEIGHT OF PARALLEL-PLATE
WAVEGUIDES

One of the most interesting parameter to be analyzed in
the proposed unit cell is the height of the parallel-plate
waveguides, say, hV and hH for V-pol and H-pol, respectively.
Fig. 3 shows the phase responses for V-pol and H-pol for
different values of height of the parallel-plates waveguides.
Also, in each case, the phase response is assessed for different
LV values. The phase difference shown in Figs. 3(b), 3(d) and
3(f) is defined as the absolute value of the difference in the
phase response fixing a reference case. The reference case
is the reflected phase produced by the unit cell for H-pol
when LV is 0 mm. The other cases that are compared with
the reference case correspond to the phase shift response for
the H-pol produced by other LV value.

Analyzing the results of Fig. 3, a general conclusion can
be obtained. As the height of the parallel-plate waveguides
increases, the phase linearity improves but the phase difference
in the orthogonal polarization (H-pol) worsens. The first effect,
the enhancement of the phase linearity as hV and hH in-
crease, is because the waveguide impedance is more similar to
impedance of free space. This fact improves the phase linearity
of the reflectarray unit cell as it has been previously reported
for dielectric reflectarray unit cells [17]. The second observed
effect is the increase of the phase difference for the H-pol
as height of the parallel-plate waveguides increases. With
the increase of hV and hH, the distance between orthogonal
waveguides decreases and also, the cutoff frequency of the
waveguides is reduced for the orthogonal polarization. Both
factors contribute slightly to amplify the effect of the modifica-
tion of the short-circuit position governed by the parameter LV.
Besides, it can be appreciated that the greater phase differences
are achieved for higher values of LV. These situations entail
a shorter length for the cut-off waveguides and therefore a
greater effect of the short-circuit position since the wave has
not been fully attenuated. Nevertheless, the phase difference
for the worst case is under 9o in the whole operating frequency
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Fig. 3. Phase response for the V-pol when LH = 1.5 mm, LV is varied and
(a) hV = hH = 0.375 mm, (c) hV = hH = 0.5 mm, and (e) hV = hH =
0.625 mm. Difference phase shift response for the H-pol when LV is varied
and (b) hV = hH = 0.375 mm, (d) hV = hH = 0.5 mm, and (f) hV = hH =
0.625 mm.

range. Finally, another consequence of decreasing the height
of the waveguides is the increase of phase shift range at the
expense of deteriorating the phase linearity specially for lower
values of LV.

IV. PERFORMANCE FOR OBLIQUE INCIDENCE

The oblique incidence performance of the unit cell is also
analyzed in this work because it is of great importance in the
design of reflectarrays with a realistic feed such horn antenna
[1]. Fig. 4 presents the simulated results of the proposed unit
cell under the oblique incidence of a plane wave. It is sufficient
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Fig. 4. Phase response for the V-pol under different oblique angles (θ) when
hV = hH = 0.5 mm. LV and LH are fixed and equal to 2 mm and 1.5 mm,
respectively. (a) Performance in the E-plane (Y Z plane). (b) Performance in
the H-plane (XZ plane).

to only consider the V-pol due to the symmetry of the unit cell.
For the oblique incidence, the E- and H-planes are defined
regarding axis of Fig. 1(a) where E- and H-planes correspond
to Y Z and XZ planes, respectively. The results presented in
Figs. 4(a) and 4(b) reveal a modification of the phase response
with the variation of the oblique angle. As the value of θ
increases, the difference regarding the normal incidence (θ =
0o) also increases. The maximum phase difference at 60 GHz
is 31.4o and 35.5o for the E-plane and H-plane, respectively. It
is also observed that the phase linearity are preserved along the
frequency for both planes even with the increase of the oblique
angle. This unit cell behavior provides robustness since the
phase curve does not suffer great changes when the angle of
incidence is modified and thus, the phase error committed in
the reflectarray design is minimized.

V. CONCLUSION

In this paper, a metal-only reflectarray unit cell for in-
dependent polarization control is presented. The unit cell
is based on a metallic nonresonant cross-shaped that is not
physically connected by its arms to the neighboring unit cells.
The reflected phase response of each polarization is tuned by
the position of a short-circuited wall located at the end of
the parallel-plate waveguides formed between unit cells. The
proposed unit cell is designed to operate in millimeter-waves
centered at 60 GHz but other frequency range can be tuned
by an easy size scaling of the unit cell. The electromagnetic
performance of the unit cell demonstrates the independent
tuning of the phase response for each incident polarization.
Additionally, the range of the phase shift produced by the unit
cell is beyond 360o in the operating frequency range which is
suitable for the design of reflectarray antennas. Besides, the
values of the waveguide heights have been swept in order
to observe the effects produced in the phase response for
each polarization. As the heights increase, the linearity of the
phase response along the frequency is enhanced at the cost of
increasing the phase variation for the orthogonal mode. Finally,
the oblique incidence performance has been assessed revealing

acceptable variation of the phase response up to 30o with a
linearity in phase that is preserved over the frequency.
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CHAPTER 2. PUBLICATIONS

2.2.3 Wideband 3-D-Printed Metal-only Reflectarray for Con-
trolling Orthogonal Linear Polarizations

Based on the preliminary unit cell design presented in the previous publica-
tion, this paper presents a more comprehensive analysis of a metal-only unit
cell with wideband behavior offering independent control in reflection for
orthogonal linear polarizations. This fact allows the design of a reflectarray
that produces a circularly-polarized radiated beam from a linearly-polarized
primary antenna in millimeter waves. The proof-of-concept is manufactured
with 3D printing and the reflectarray prototype presents a measured 3-dB
gain bandwidth of nearly 41% and a 3-dB axial ratio bandwidth of approx-
imately 44%. The central frequency of the reflectarray is 41 GHz. These
experimental results show that the proposed design outperforms metal-only
reflectarray designs that compose the state-of-the-art.
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Wideband 3-D-Printed Metal-only Reflectarray for
Controlling Orthogonal Linear Polarizations

Ángel Palomares-Caballero, Carlos Molero, Pablo Padilla, Marı́a Garcı́a-Vigueras, and Raphaël Gillard

Abstract—This paper presents a metal-only reflectarray that
enables the control of incident orthogonal polarizations in a
large bandwidth. The proposed reflectarray is based on a unit
cell whose tuning elements allow the independent control of the
reflection phase value for the vertical and horizontal impinging
polarizations. Due to the symmetry of the unit cell, the same
performance is produced by each polarization when its reflection
phase response is modified. The proposed unit cell provides a
fairly linear phase response along the frequency with a phase
variation in the orthogonal polarization of ±1o. The performance
under oblique incidence and the frequency limitation of the
unit cell are also investigated. From this unit cell, a metal-only
reflectarray that produces circular polarization from a linear
polarization is designed. The reflectarray presents a simulated
directivity greater than 27 dBi with an axial ratio below 1.5 dB
from 32 GHz to 50 GHz (43.9% of bandwidth). A prototype is
fabricated and the measured results agree well with the simulated
ones. The obtained aperture efficiency is between 56% and 41%
in the considered frequency band. The measured realized gain
ranges from 27 dBi to 30.3 dBi where the achieved radiation
efficiency is greater than 97%.

Index Terms—3D unit cell, dual polarization, metal-only,
millimeter-waves, polarization control, reflectarray antenna.

I. INTRODUCTION

REFLECTOR antenna is one of the key radiating element
for the future communications paradigms. Both passive

[1], [2] and active [3], [4] reflector antennas have been
proposed to enhance the link budget in forthcoming wireless
communications. Another application in which reflectors or
reflectarrays are widely used is in space applications due to
the high directivity and versatility provided by this type of
antennas [5]. All of the above applications are intended to
work in millimeter-wave frequencies to achieve either a higher
bandwidth or because the desired frequency is in that range.
The direct consequence is the use of metal-only structures
in the antennas to obtain greater efficiency [6] and avoid
outgassing problems in space applications.

Metal-only reflectarrays have been reported in the literature
with different designs and implementations. Following the
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conventional reflectarray (RA) designs formed by stacked lay-
ers of PCBs, [7]–[9] present reflectarrays formed by stacking
perforated metallic sheets. Their structures only use metal
avoiding dielectric substrates. In [10] and [11], advantage is
taken of parallel-plate metallic waveguides to efficiently reflect
the incoming wave to broadside and endfire directions, respec-
tively. Metallic square waveguides are also been considered
as RA unit cells in [12] and its 3-D printed version in [13],
[14] at V-band. An alternative approach to design metal-only
RA unit cells is the one proposed in [6] where convex or
nonresonant elements are defined. RA designs that employ this
geometry for their reflective elements are presented in [15]–
[19]. These works demonstrate that large gain bandwidths
can be achieved with the adequate choice of the nonresonant
element geometry, resulting in a great advantage regarding
previous resonant RA unit cells. More complex geometries for
metal-only RA unit cells have also been reported. For instance,
in [20], a dual-branch helix has been used to obtain a linear
phase response along the frequency and preserve the incident
circular polarization. Another example is found in [21] where
metallic cylinders etched with a rectangular groove provide a
stable phase difference and thus, are good candidates to design
a two-states RA.

In all the above metal-only reflectarrays, only the phase re-
sponse of a single polarization can be tuned in the RA design.
However, the independent control for orthogonal polarizations
of an incident wave in a RA is a desired requirement to extend
its functionalities. There are RA unit cells that offer a control
of orthogonal polarizations as the one proposed in [22] but,
most of them are based on the stacking of PCB layers that
have dielectric material in their structure. Nonetheless, in the
literature, it is very hard to find this independent polarization
control for metal-only RA. The recent development of 3D
unit cells offers new possibilities to independently control two
orthogonal polarizations and thus, RA unit cells based on this
geometry can be developed. The three-dimensional geometry
allows a high level for controling orthogonal polarizations as
can been observed in dual-band metal-only polarizer in [23].
Based on this design procedure, some metal-only reflectarrays
have been conceptually proposed [4] and implemented for
a single polarization [24]. However, the design of some of
the last RA unit cells are based on resonant elements which
provide narrowband performance.

In this paper, a metal-only RA with wideband performance
and independent control of incident polarizations is presented.
In order to achieve this wideband control of the orthogonal
polarizations, the RA unit cells have a 3D geometry which
enables the excitation of two orthogonal transverse electro-
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magnetic (TEM) modes. The work in [25] is also based in
the excitation of TEM modes in a 3D unit cell in order
to achieve broadband polarization conversion. However, such
unit cell operated in transmission and its topology was not
conceived to operate in reflection. In addition, the purely
metallic nature of the proposed RA structure enables an easy
and feasible redesign by geometric scaling for tuning in the
desired frequency band. To the best of the authors’ knowledge,
it is the first design of a metal-only RA with wideband
performance and independent control of incident orthogonal
linear polarizations. The outline of this paper is the following
one. Section II presents and discusses the electromagnetic
(EM) performance of the proposed RA unit cell. In Section
III, the design of a circular-polarized RA is done by means of
the proposed RA unit cells. Section IV shows the prototype
and its measurements as well as a discussion of the results.
Finally, Section IV presents the conclusions from this work.

II. REFLECTARRAY UNIT CELL: DESIGN AND ANALYSIS

Fig. 1 illustrates the geometric evolution of the proposed
RA unit cell from its original design (labelled as (0)) to
its optimized design (labelled as (3)). RA unit cell (0) can
be seen as a combination of horizontal and vertical parallel
plates whose groove depths are varied independently for each
polarization. It is similar to the RA unit cells introduced in
[10], [11] but here for both x- and y-directions. All the unit
cells designs illustrated in Fig. 1 only use metal in their
structure. The tuning elements, highlighted in red and green,
are metallic blocks whose heights hV and hH are modified to
change the phase reflection response of the vertical (V-pol) and
horizontal (H-pol) polarizations, respectively. Impinging wave
is vertically polarized when the electric field (E-field) is in
y-direction while it is horizontally polarized when the E-field
is in the x-direction. The propagation of the incident wave is
considered in the z-direction and the reflected one is in the
minus z-direction. In the performed EM simulations, periodic
environment is applied along the x- and y-directions since the
local periodicity approach is widely used in the literature for
analysing quasi-periodic structures such as reflectarrays. The
EM software used in all the simulations of the paper is CST
Studio Suite whose Frequency Solver is employed for the RA
unit cell simulations while the Time Solver, for the complete
RA design. The design procedure for both RA unit cell and
complete RA is aimed for the frequency band from 32 GHz to
50 GHz. This frequency range corresponds to the full operating
frequency band of the WR22 waveguide standard.

Coming back to the RA unit cell evolution shown in Fig.1,
geometric modifications have been introduced from (0) to (3)
unit cell designs. These modifications have an impact in the
EM performance of the original RA unit cell. Fig. 2 shows
the reflection phase response of each RA unit cell design
when the parameter hV varies, keeping the value of parameter
hH fixed in the sweep. Due to the desired independent phase
response of each polarization, the phase response for the H-pol
should not be changed. In order to clearly observe this fact,
the phase difference for the H-pol is also included in Fig. 2
in which the phase response reference is the case when hH is

Fig. 1. Design evolution of the proposed RA unit cell. The dimensions are:
p = 4, wo = 2.54, L = 7.6, so = 1.46, w = 2.1, s = 1.92, r = 0.64, sr
= 0.72, Lo = 1.52, r1 = 0.64, r2 = 0.4, wh1 = 1.6 and, wh2 = 0.24. All
dimensions are in mm.

minimum. Notice that all the RA unit cell designs presented
in Fig. 1 are symmetric both for x- and y-directions and thus,
it is enough to analyze the variation of one of the tuning
parameters, hV in our case. Figs. 2(a) and 2(b) show the
EM performance for both orthogonal polarizations. It can be
observed that the phase range is approximately 720o because
the length of the RA unit cell L is almost one wavelength at
the center frequency. Nevertheless, the phase response along
the frequency illustrated in Fig. 2(a) is quite nonlinear with an
inadequate phase difference to achieve the independent control
of both polarizations (see Fig. 2(b)). For RA unit cell (1),
the reflection phase response and the phase variation of the
orthogonal polarization are displayed in Figs. 2(c) and 2(d),
respectively. With the inclusion of roundness with a radius r
on the edges of the parallel plate, a higher linearity in the
phase response can be achieved and also, a decrease in the
variation of the phase response for the H-pol. The separation
between parallel plates for this RA unit cell is also greater (s
> so) providing a better impedance matching with free space
and thus, enhancing the phase linearity along the frequency
[26]. Figs. 2(e) and 2(f) display the phase behaviour of both
polarizations for the RA unit cell (2). The only geometrical
modifications regarding the RA unit cell (1) is the narrowing
of the separation between parallel plates (labelled as sr in Fig.
1) starting from a particular distance Lo from the beginning of
the unit cell design. This inclusion produces an improvement
of the phase linearity along the frequency as can be observed
in Fig. 2(e) and a reduction of the phase difference in the phase
response of the H-pol shown in Fig. 2(f). This enhancement in
the phase response is at expense of limiting the length range of
the tuning parameter hV. However, it is not a problem because
the tuning phase response is still beyond 360o, required value
for a suitable RA design. An additional design improvement
can be done by rounding the edges of the ends of the parallel-
plate waveguides by r1 and r2 as it is illustrated in the RA
unit cell (3) of Fig. 1. In this way, the linear phase response
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Fig. 2. Reflection phase response with a V-pol plane wave excitation under
a normal incidence when tuning length hV is modified: (a) RA unit cell (0),
(c) RA unit cell (1), (e) RA unit cell (2) and, (g) RA unit cell (3). Phase
difference in the orthogonal polarization (H-pol) when tuning length hV is
modified: (b) RA unit cell (0), (d) RA unit cell (1), (f) RA unit cell (2) and,
(h) RA unit cell (3).

is preserved as it is shown in Fig. 2(g) and the phase response
difference in the H-pol is further enhanced by reducing the
range of variation between +0.5o and -1o. Therefore, this RA
unit cell design meets the desired requirements and it is the
one selected for the RA antenna design.

The magnitude performance of the selected RA unit cell is
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Fig. 3. Co-polarized and cross-polarized reflection in magnitude of the RA
unit cell (3) in: (a) normal incidence and, (b) oblique incidence (ϕ = 90o and
θ = 20o).

shown in Fig. 3. It can be seen that the cross-polar component
has a negligible excitation since it is below -60 dB over the
considered bandwidth. The performance is similar to the unit
cell presented in [27] because of the employed 3D geometry.
This fact is preserved for different values of hV and for oblique
incidence situations as displayed in Fig. 3(b).

Fig. 4 shows the E-field distribution of the selected RA unit
cell when it is illuminated by a V-pol plane wave. The E-field
distributions have been plotted at different planes of interest
(H, V0 and V1) indicated in Fig. 4(a). The vector and the
magnitude distributions of the y component of the E-field are
illustrated in Fig. 4(b). From this figure, it can be realized that
the electric field is propagating mainly along the parallel-plate
waveguide (subfigure framed in orange and blue). In contrast,
in the V1 plane, which contains the propagating path for the
H-pol, the V-pol can hardly propagate with the magnitude of
the E-field being close to zero as shown in the subfigures
framed in green included in Fig. 4(b). This fact is due to
the mode field distribution when the V-pol plane wave is
impinged on the RA unit cell. Almost all the power propagates
along the conductors that form the parallel plate waveguide
where the tuning element is placed. On both sides of this
waveguide, the E-field decays strongly in the x-direction as
can be seen in the plane H of Fig. 4(b). Beyond the tuning
element, the E-field distribution between RA unit cells is
rapidly attenuated because the mode becomes evanescent since
it becomes a TE10 waveguide mode whose waveguide width is
2wh1. This can be observed in the waveguide zone indicated
in the planes V1 and H of Fig. 4(b). The same rationale is
valid for an illumination of the RA unit cell with a H-pol
plane wave. All above observations give an explanation about
the remarkable isolation in the phase response tuning of the
incident orthogonal polarizations.

The electric field distribution analyzed in the unit cell shows
that the highest electric field intensity is located in the gap of
the parallel-plate waveguide. The size of this gap determines
the maximum power-handling capacity before multipactor
phenomenon appears, which is of particular concern in satellite
applications. Using the commercial software SPARK3D, the
calculation of the multipactor power threshold is performed.
At 41 GHz, the maximum power-handling capacity is 8699
W.
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(a)

(b)

Fig. 4. (a) 3-D view of the proposed reflectarray unit cells and some of the
planes of interest. (b) E-field distribution in the planes of interest when a V-
pol plane wave impinges the unit cell under normal incidence. The subfigures
on the left are vector plots while the subfigures on the right are magnitude
plots
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Fig. 5. E-field distribution of unit-cell environment of two cells in the plane
of interest H at different frequencies: (a) when hV = 1.6 mm and, (b) when
hV = 5.2 mm. (c) Phase response of the proposed RA unit cell in an extended
frequency range. The excitation of the unit cell is a V-pol plane wave under
normal incidence.
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Fig. 6. Reflection phase response of the proposed reflectarray unit cell under
oblique incidence when hV varies. Oblique incidence in the E-plane (ϕ = 90o)
where: (a) θ = 10o, (b) θ = 20o and, (c) θ = 30o. Oblique incidence in the
H-plane (ϕ = 0o) where: (d) θ = 10o, (f) θ = 20o and, (g) θ = 30o. The
excitation is a V-pol plane wave.

A. Resonances in the unit cell

As described above, the selected RA unit cell mostly allows
the wave propagation along its structure to the polarization
whose E-field is perpendicular to the parallel-plate waveguide
(see Fig. 4(b), subfigure framed in orange). Nevertheless,
although in the regions where the E-field amplitude is very
weak or even evanescent, some cavity resonances can be
generated if the resonance conditions are fulfilled for a certain
frequency. In Figs. 5(a) and 5(b), the plane of interest H
is displayed for a unit-cell environment of two cells with
different length for the tuning element and at different fre-
quencies. It can be seen how the large part of the incident
E-field tends to propagate along the area of the parallel plate
waveguides. However, when the frequency increases or the
tuning length hV is longer, some resonances appear in the
evanescent regions, i.e., the regions enclosed with dashed line
in Figs. 5(a) and 5(b). These resonances completely alter the
linear phase response of the unit cell as displayed in Fig. 5(c).
The reflection coefficient in phase for different tuning length
values has been investigated and all the possible resonances
between unit cells occur outside of the operating bandwidth.
This physical insight reveals the performance limitation in
frequency of the proposed RA unit cell. Nonetheless, the
operating frequency band where the reflection phase produces
an acceptable phase linearity is from 32 GHz to 50 GHz, this
is, a 43.9% bandwidth.

B. Oblique incidence performance

Fig. 6 presents the reflection phase behavior of the selected
RA unit cell under oblique incidence. Figs. 6(a), 6(b) and
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Fig. 7. Phase difference in the orthogonal polarization of the proposed reflec-
tarray unit cell under oblique incidence when hV varies. Oblique incidence in
the E-plane (ϕ = 90o) where: (a) θ = 10o, (b) θ = 20o and, (c) θ = 30o.
Oblique incidence in the H-plane (ϕ = 0o) where: (d) θ = 10o, (f) θ = 20o

and, (g) θ = 30o. The excitation is a V-pol plane wave.

6(c) correspond to oblique incidence in the E-plane while,
Figs. 6(d), 6(e) and 6(f) correspond to oblique incidence in
the H-plane. E-plane stands for the YZ plane (ϕ = 90o and
θ varies) and H-plane stands for the XZ plane (ϕ = 0o

and θ varies) of the axis illustrated in Fig. 1. Observing
the simulated results for both planes and different oblique
incidence angles, the linear phase response is maintained
along the frequency range for the different tuning lengths and
approximately preserving the phase difference between curves.
As expected, as the value of the angle of incidence increases,
the performance deteriorates especially for the high end of the
frequency range where the slope of the phase curves starts to
increase. This is a consequence of the frequency approach of
the out-of-band resonances towards the operating bandwidth.
For the sake of completeness, the phase difference for the
orthogonal polarization is presented in Fig. 7 under the same
oblique incidence conditions shown in Fig. 6. Notice that the
independent control of the orthogonal polarization is kept and
the absolute phase difference is not more than 2o for almost
all the oblique incidence cases under study. The only case
that exceeds this error at the end of the frequency range is
the one presented in the Fig. 7(c). A huge increase in the
phase difference appears near 50 GHz. This fact is also a
consequence, in this particular case of oblique incidence, of
a displacement of the out-of-band resonances closer to the
operating bandwidth. The behavior presented above is for a
V-pol plane wave impinging on the RA unit cell. The same
performance is obtained in the case of an H-pol plane wave
excitation due to the symmetry exhibited by the RA unit cell
design.
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Fig. 8. Simulated 3-D radiation pattern at 41 GHz of a reflectarray based
on the proposed RA unit cell: directivity (a) for V-pol and, (b) for H-pol.
Their reflected beam directions are (ϕ = 45o, θ = 10o) and (ϕ = 105o,
θ = 20o), respectively. The phase maps required for (c) V-pol and, (d) for
H-pol. (e) Simulated directivity along the frequency for both incident linear
polarizations.

C. Independent beam control by incident polarization

Thanks to the wideband linear phase-response of the se-
lected unit cell and its independent control of orthogonal po-
larizations, an example of RA design where the reflected beam
for each linear polarization has different outgoing direction is
shown in Fig. 8. A more detailed view of the RA system can
be seen in Fig. 9(a) except that the directions for the V-pol
and H-pol linear polarizations are (ϕ = 45o, θ = 10o) and
(ϕ = 105o, θ = 20o), respectively. The phase maps required
in each polarization to achieve the above-mentioned directions
are shown in Figs. 8(c) and 8(d). Lastly, Fig. 8(e) presents the
directivity achieved by the RA over the considered frequency
range. We observe a similar directivity for both polarizations
with the same behavior along the frequency.

III. CIRCULARLY-POLARIZED REFLECTARRAY DESIGN

Complementary to the previous subsection II.C, this section
is devoted to the design and analysis of a RA that provides a
circular polarization from a linear polarization. In order to
generate the circularly-polarized reflected wave, the RA is
rotated by 45o regarding the feed antenna which has a linear
polarization. In this manner, both orthogonal polarizations are
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(a)

(b)

Fig. 9. (a) 3D view of the reflectarray system. (b) Front view of the proposed
reflectarray design. The dimensions are: F = 123.2 mm, LRA = 84 mm,
and θi = θr = 20o.

excited in the RA structure [22]. Additionally, to improve the
blockage efficiency, the feed antenna illuminates the RA with
an offset angle θi = 20o. Fig. 9(a) illustrates the depicted
RA system whose selected feed antenna is a commercial 20
dBi horn antenna (Flann WR22 Standard Gain Horn). The
distance between the RA and the center of the horn antenna
aperture is F [see caption of Fig. 9] and F/LRA =1.47, which
ensures an amplitude taper from the center of the RA to the
edges approximately equal to -10 dB at the center frequency.
The reflected angle of the beam θr radiated by the RA has
been chosen to be equal to the incident angle (θr = θi) and
in the same radiation plane, that is, the Z’Y’ plane in Fig.
9(a). If a direction other than the specular direction is chosen
for the reflected beam, a beam squint with frequency will
appear [28], which will be more noticeable the more different
is the direction selected regarding to the specular one. The
total number of RA unit cells employed in the RA design has
been set to 21x21 and thus, at 32 GHz and 50 GHz, the electric
size of the RA is 9λ x 9λ and 14λ x 14λ, respectively.

In order to achieve an increase in the directivity of the
feed antenna and transform the linear polarization received
in the RA to a circular polarization, the phase maps for the
V-pol and H-pol have to be carefully calculated. Firstly, the
phase map calculation of a single polarization, for instance
V-pol, has been considered. The phase of the incident wave
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Fig. 10. Phase maps in reflectarray at 41 GHz: (a) for V-pol and, (b) for
H-pol.

at the center of each V-pol tuning element is obtained by
simulation. In Fig. 9(b), these tuning elements are highlighted
for a RA zone of 3x3 unit cells. In the same figure, the
decomposition of the incident E-field (Einc) into the E-field
for the V-pol (Ey) and H-pol (Ex) is also displayed. The
simulated phases are obtained at 41 GHz, the center frequency
of the operating bandwidth. In this manner, a more accurate
design in terms of phase correction in the RA is possible
when compared to the phases calculated through ray tracing
method [29]. Once the incident phases are obtained, the phase
map of the RA is computed since the positions of RA unit
cells and the direction of the reflected beam is known [5].
For the orthogonal polarization (H-pol), a similar procedure is
done. The phases obtained from the simulation are the ones
corresponding to the central zones of the tuning elements for
H-pol. To produce the circular polarization, both orthogonal
polarizations must have a difference phase of ±90o. In our
RA design, it is selected a phase difference equals to +90o

and in consequence, the circular polarization is LHCP. The
opposite circular polarization, RCHP, can be produced if the
linear polarization of the horn antenna is aligned to the x′-
direction instead of the y′-direction (see axis in Fig. 9). The
phase maps for both polarizations are displayed in Fig. 10.
It is important to say that a constant phase reference can
be added to the presented phase maps without introducing
any error on the theoretical design of the reflectarray [5].
Nevertheless, this constant phase reference should be chosen
carefully because it modifies the physical structure of the RA
since the lengths of the tuning elements change accordingly.
This implies that the unit cells located in the central zone of
the RA, which has the greatest influence due to the amplitude
taper, must respect a good linearity of the phase response with
frequency. For the unit cell used, the performance of the RA
is specially affected at the ends of the operating bandwidth.
The phase maps presented in Fig. 10 produce satisfactory
performances for the directivity and axial ratio (AR) in the
considered frequency range.

Based on the computed phase maps, the physical implemen-
tation of these phase responses in the RA has been carried out
by a lookup table that relates the lengths of the tuning element
with their reflection phase values. This lookup table has been
created with the simulated reflection phase shift values at
41 GHz and their corresponding tuning lengths. Due to the
similarity of the phase response of the RA unit cell in normal
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Fig. 11. Simulated results of the normalized radiation patterns of the
reflectarray along the operating bandwidth: (a) for the E-plane and, (b) for
the H-plane. The solid and dashed lines correspond to LHCP and RHCP,
respectively.
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Fig. 12. (a) Simulated directivity, maximum achievable directivity and AR
at the main beam direction. (b) Efficiency of the RA along the frequency.

and oblique incidence, each “phase - tuning length” entry of
the lookup table is extracted from the simulated results of the
unit cell at normal incidence. In this manner, the robustness
of the unit cell phase response is examined in a RA where the
unit cells receive different oblique incidence angles Fig. 11
presents the simulated results of the considered RA. The metal
considered in the simulations is silver (σ = 6.3 · 107 S/m).
Normalized radiation patterns for LHCP and RHCP in their
principal cuts, E-plane and H-plane, are shown in Fig. 11(a)
and 11(b), respectively. The E-plane corresponds to the Z’Y’

plane (see Fig. 9(a)) while, the H-plane is referred to the plane
Z’X’ when the z’ axis is aligned with the main beam direction;
this is ϕ = 90o and θ = 20o. From the simulated normalized
patterns displayed in Figs. 11(a) and 11(b), it can be observed
the stability of the main beam direction for LHCP as well as a
secondary lobe level below -20 dB along the entire frequency
range. The cross polarization, which is RHCP, is around 20
dB lower than the LHCP in almost the entire considered band
with the exception of the high end of frequencies.

In Fig. 12(a), the provided directivity and AR by the
RA are presented. Additionally, the maximum directivity that
the reflectarray can produce is also included. The achieved
directivity ranges from 27.25 dBi to 30.3 dBi with an AR
below 1.5 dB for the entire frequency range. To calculate
the different efficiencies that impact the aperture efficiency
of the RA, the analysis presented in [30] has been used.
The coefficients q and qe of the cosine models of the feed
antenna and RA unit cell radiation patterns have been obtained
by simulation. Since a large frequency range is considered,
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Fig. 13. Error phase maps for V-pol at different frequencies: (a) 32 GHz, (b)
35 GHz, (c) 38 GHz, (d) 41 GHz, (e) 44 GHz, (f) 47 GHz and, (g) 50 GHz.
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Fig. 14. Error phase maps for H-pol at different frequencies: (a) 32 GHz, (b)
35 GHz, (c) 38 GHz, (d) 41 GHz, (e) 44 GHz, (f) 47 GHz and, (g) 50 GHz.

these coefficients vary with frequency and consequently, the
amplitude taper in the plane of the reflectarray also changes
with frequency. The range of values for q is from 9.5 to 20
while qe goes from 0.5 to 0.85. The illumination efficiency (ηi)
and spillover efficiency (ηs) over the frequency are presented
in Fig. 12(b). In addition to these two efficiencies, the aperture
efficiency (ηa) resulting from the product of ηi and ηs and, the
aperture efficiency obtained in simulation (ηs,sim), which is
calculated by the difference between the maximum achievable
directivity and the produced directivity, are shown [see Fig.
12(a)]. We can observe that ηa is between 68% and 77%
while ηa,sim is not greater than 58%. This difference is
due to additional efficiency factors considered in the full-
wave simulation, which decrease ηa. Thanks to the metal-only
structure of the RA, the material losses, in this case metal, are
very low and a simulated radiation efficiency is above 97% in
the frequency range.

Other efficiency factors such as blockage efficiency or
return loss efficiency are negligible in our RA design. This
is because the feed antenna illuminates the RA at oblique
incidence and the reflection coefficient of the horn antenna
is around -25 dB in the considered frequency range. Another
relevant efficiency factor is the phase efficiency that takes
into account the deviation from the desired phase distribution
at RA aperture. Error phase maps have been calculated to
observe the phase deviation produced at different frequencies.
The calculation of these errors has been carried out by the
difference between the desired phase distribution in the RA
aperture and the one extracted, in the plane of the aperture,
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TABLE I
SOURCE OF LOSSES (IN DECIBELS) IN THE REFLECTARRAY ANTENNA

SYSTEM

RA
unit cell

Feed
antenna Spillover Illumination Phase

error
0.01 - 0.07 0.04 - 0.15 0.36 - 1.42 0.22 - 0.75 0.94 - 2.73

with CST Studio Suite. It is important to point out that for a
correct calculation of the phase distribution in this aperture,
the effect of the incident wave in simulation must be removed
and only the wave reflected by the RA must be considered. The
error phase maps for V-pol and H-pol at different frequencies
are shown in Fig. 13 and Fig. 14, respectively. Phase errors
located in the central area of RA are the ones that degrade
performance the most, since this is the area that receives most
of the illumination from the feed antenna. The cause of these
phase errors is due to the perturbation of the unit cell phase
response by the non-periodic environment, the modification of
the oblique incidence angle across the RA and the non-perfect
phase behavior of the unit cell in frequency. Nevertheless,
in general, we do not find very large phase errors along the
frequency for the two polarizations in the proposed RA design.
In addition, it can be observed how the phase errors are greater
at the higher frequencies of the operating band. This results in
a reduction of the phase efficiency. Additionally, it is relevant
to note that there is some loss in the polarization efficiency due
to the excitation of the cross-polar component in certain areas
of the RA. This produces an undesired radiation around the
specular direction. These efficiency factors decrease the ηa. By
taking into account the phase responses at different frequencies
in the RA design process combined with an optimization
algorithm, an improved aperture efficiency could be achieved.
Nevertheless, this would lead to a higher computational cost in
the design process. Table I summarizes the sources of losses
that are present in the proposed RA design over the considered
frequency band.

IV. FABRICATION, MEASUREMENTS AND DISCUSSION

In order to experimentally verify the design process pre-
sented in the previous sections, the RA has been fabricated
and characterized in the anechoic chamber of University of
Granada. A photo of the prototype is shown in Fig. 15(a).
Thanks to the geometry of the proposed unit cell, it can
be easily manufactured in 3D printing allowing a low cost
and low weight prototype. Indeed, the manufacturing process
followed for the prototype is based on stereolithography (SLA)
3D printing and a subsequent silver metallization. The printer
used was the Form 3 from Formlabs with the high temp resin
that allows a high precision printing with a thickness layer of
25 µm. The 3D printer achieves a XY resolution of 25 µm
and the laser spot size is 85 µm. In relation to the tolerances,
for feature size lower than 4 mm, the standard deviation is
30 µm. These properties in the 3D printing process produce
a reliable manufacturing of the proposed reflectarray design.
Regarding the metallization process, it was carried out by
JetMetal [31], a company that offers a silver coating in plastic

(a) (b)

Fig. 15. (a) Prototype of the RA design. (b) Setup to measure the RA.

pieces by means of spray metallization. The silver coating has
a thickness of 2.5 µm which is approximately 7 times the skin
depth for the minimum operating frequency. According to [32],
the average roughness produced in this metallization process
is 2 µm which reduces the conductivity achieved by the silver.
This decrease in the conductivity is almost negligible since it
maintains the conductivity around 3·107 S/m.

In Fig. 15(b), the implementation of the RA system is
displayed. Some supports have been printed with the same 3-
D printer to align the feeding horn with the center of the RA
and the main beam direction of the RA with the receiving horn
antenna of the measurement setup. The comparison between
simulated and measured radiation patterns in the E- and H-
planes for the LHCP and RHCP are presented in Fig. 16.
We can observe a remarkable agreement for both the co-
and cross-polarization at different frequencies. The half power
beam width (HPBW) at 35 GHz, 41 GHz and 47 GHz are
approximately 7o, 6o, 5o, respectively. In the HPBW, the
maximum levels of cross-polar component, both simulated and
measured, are -24.8 dBsim.

35GHz , -27.5 dBmeas.
35GHz , -20.8 dBsim.

41GHz ,
-24.1 dBmeas.

41GHz , -18.7 dBsim.
47GHz and -16.3 dBmeas.

47GHz . It can be
noted that the cross-polar component increases with frequency.
In order to complete the assessment of the proposed RA
and to report more information about its radiation pattern
performance, Figs. 17 and 18 show the measured 3-D LHCP
and RHCP at different frequencies. In Fig. 17, we can observe
the narrowing of the main beam as the frequency increases
and, the appearance of side lobe levels at ϕ = 45o or 135o.
Nevertheless, the maximum side lobe level is not greater than
-20 dB. On the other hand, in Fig. 18, it is more clearly seen
how the RHCP level increases with frequency and around the
main beam zone. At 50 GHz, the highest level of cross-polar
is achieved and it is -12.3 dB.

Fig. 19 illustrates the measured AR for different frequencies
in the considered bandwidth. A 3-D acquisition has been
carried out to observe how the AR behaves for different
azimuth and elevation angles up to θ = 20o. From this figure,
we can observe the low value for AR around the main direction
of the RA and how it is maintained along the frequency. It is
noted a decrease in the angular region where the AR is below
3 dB as the frequency increases. The reason for this is because
of the increase of the RHCP around the main direction with
frequency. This leads to the cross-pol discrimination being
below 15 dB and hence to the AR being greater than 3 dB [33].
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Fig. 16. Simulated and measured results of the normalized radiation patterns
of the reflectarray along the operating bandwidth. For the E-plane: (a) at 35
GHz, (b) at 41 GHz and, (c) at 47 GHz. For the H-plane: (d) at 35 GHz, (e)
at 41 GHz and, (f) at 47 GHz.

(a) (b) (c)

(d) (e)

Fig. 17. Measured 3-D LHCP at different frequencies: (a) 32 GHz, (b) 36.5
GHz, (c) 41 GHz, (d) 45.5 GHz and, (e) 50 GHz. The radial lines mark the
azimuth angles ϕ while their intersection with the concentric circles mark the
elevation angles θ. The angular distance between each concentric circle is
10o.

To conclude with the RA characterization, Fig. 20 presents
a comparison of the simulated and measured results for the
realized gain and AR in the main beam direction. Both the
realized gain and the measured AR are very close to the results
obtained in simulation. This good agreement in the measured
realized gain indicates that the high radiation efficiency is also
obtained in the fabricated RA. Besides, the measured 3-dB
AR bandwidth is also covered over the considered frequency
range.

A performance comparison with the state-of-the-art metal-
only RAs is done. Table II presents the main features of com-

(a) (b) (c)

(d) (e)

Fig. 18. Measured 3-D RHCP at different frequencies: (a) 32 GHz, (b) 36.5
GHz, (c) 41 GHz, (d) 45.5 GHz and, (e) 50 GHz. The angle of the radial lines
mark the azimuth angles ϕ while their intersection with the concentric circles
mark the elevation angles θ. The angular distance between each concentric
circle is 10o.

(a) (b) (c)

(d) (e) (f)

(g)

Fig. 19. Measured 3-D axial ratio at different frequencies: (a) 32 GHz, (b) 35
GHz, (c) 38 GHz, (d) 41 GHz, (e) 44 GHz, (f) 47 GHz and, (g) 50 GHz. The
angle of the radial lines mark the azimuth angles ϕ while their intersection
with the concentric circles mark the elevation angles θ. The angular distance
between each concentric circle is 5o.

parison between the proposed RA design and those reported
in the literature. In this work, a wider 3-dB gain bandwidth
with similar peak aperture efficiency is obtained compared
to the other works. However, we can highlight that it is the
first metallic RA that allows the control of both incident
linear polarizations in addition to produce a large 3-dB AR
bandwidth (43.9%). Recent work in [34] also achieves the
independent control but for orthogonal circular polarizations.
Its operating bandwidth is below millimeter frequencies with
a lower peak aperture efficiency and 3-dB gain bandwidth
regarding the proposed RA.

For the sake of completeness, Table III shows a comparison
with the state-of-the-art works about fully-dielectric RAs in
millimeter-wave frequencies. To make a fair comparison, the
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Fig. 20. Simulated and measured realized gain and AR at the main beam
direction. The solid and dashed lines correspond to simulated and measured
results, respectively.

included works either produce circular polarization or inde-
pendently control the incident linear polarizations. It can be
seen that although the other works can achieve similar 3-dB
gain and AR bandwidths, the aperture efficiency is lower than
the one obtained with the proposed RA. This is because it
is difficult to find dielectrics with lower losses than metal
in this frequency range and thus, metal-only RAs achieve
higher radiation efficiency. Particular attention should be paid
to the work in [35]. In that work, a unit cell design that
controls the phase of both orthogonal incident polarizations by
modifying the length of dielectric cuboids has been proposed.
Nevertheless, the unit cell design relies on dielectrics, unlike
the RA unit cell proposed in this work, which only uses
metal in its structure. One of the consequences of using
only metallic structures is the strong boundary conditions
they impose, which in our design allow a negligible phase
variation of the orthogonal polarization (lower than 1o). In
contrast, the dielectric RA unit cell presented in [35] shows
high phase variation for the polarization that is not intended
to be modified. Additionally, our RA design mitigates the
shadowing effect that appears in [35] and [36] since all the
RA unit cells have the same length (L in Fig. 1). A high
aperture efficiency is also obtained in this work with wider 3-
dB gain bandwidth. Finally, it is noteworthy to say that thanks
to the performance offered by the proposed RA unit cell, the
3-dB AR bandwidth is extended but in the presented results we
have only considered the standard frequency band supported
by WR22 waveguide.

V. CONCLUSIONS

A metal-only RA design that allows the phase control of
impinging orthogonal polarizations is presented in this paper.
Based on a unit cell with 3-D geometry, an independent phase
tuning in a wide frequency range is achieved. In each unit
cell, the modification of the reflected phase is implemented
by the variation of the lengths of some metallic blocks in
the propagating path of the wave inside the RA unit cell.
The simulated results reveal a fairly linear reflected phase
response along the frequency with high level of independent
phase tuning in both orthogonal polarizations. In addition, this
performance is maintained up to an angle of approximately
30o in oblique incidence. Thanks to this performance provided

TABLE II
COMPARISON BETWEEN THE PROPOSED RA AND REPORTED METAL-ONLY

RAS

Ref. Center freq.
(GHz)

3-dB Gain
bandwidth

Peak aperture
efficiency

Dual-pol
control

3-dB AR
bandwidth

[8] 60 10% 35% No 26.5%
[10] 60 16.67% 60.3% No n. a.
[12] 75 9.2% 30.2% No n. a.
[15] 100 22.2% 50.1% No n. a.
[16] 94 19.8% 44.8% No n. a.
[17] 12.3 9.75%* 50% No n. a.
[18] 38 10.5% n. a. No n. a.
[20] 9.3 24.2%* 50.6% No 25%
[21] 27 22.2% n. a. No n. a.
[34]† 27 18.2% 38% Yes 18.2%

This
work 41 40.96% 55.4% Yes 43.9%

* 1-dB gain bandwidth.
† Independent control of circular polarizations.

TABLE III
COMPARISON BETWEEN THE PROPOSED RAS AND REPORTED

FULLY-DIELECTRIC RA AT MILLIMETER-WAVES

Ref. Center freq.
(GHz)

3-dB Gain
bandwidth

Peak aperture
efficiency

Radiation
efficiency*

3-dB AR
bandwidth

[35] 33 30% 34% 88.5% 42.7%
[37] 31 37.5% 32.5% 63% - 89% 43.2%
[38] 35 28.57% 16.4% 88.5% n. a.
[39] 30 17.24% 16.5% 20% - 50% 19.3%

This
work 41 40.96% 55.4% 97% - 99% 43.9%

* If the value is not given explicitly, it is calculated from the reflection losses
of the RA unit cell.

by the RA unit cell, a circularly-polarized RA antenna is
designed. The RA is rotated by 45o regarding the linearly-
polarized feed antenna to excite both polarizations in the
unit cells that compose the RA. A prototype is fabricated
and the measured results agree with the ones obtained in
simulation. The presented RA antenna, which operates from 32
GHz to 50 GHz, produces a 3-dB gain bandwidth of 40.96%
with a 2-dB AR bandwidth of 43.9%. Besides, the measured
AR performs well in azimuth and elevation angles keeping
the minimum values for AR around main beam direction.
Finally, the measured realized gain has good agreement with
the simulated one providing a radiation efficiency greater than
97% with a peak aperture efficiency of 55.4%.
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CHAPTER 2. PUBLICATIONS

2.2.4 Metal-Only Reflect-Transmit-Array Unit Cell with
Polarization-Dependent Performance

In order to exploit the benefits provided by the unit cell presented in the pre-
vious publications, a unit cell design for metal-only reflect-transmit-arrays
is proposed in the following contribution. This extends the radiation capa-
bility to the full-space. Thanks to the polarization selectivity of the unit
cell with 3D geometry used, the transmission and reflection phases can be
tuned independently over a large bandwidth. This allows the realization of a
reflect-transmit-array design where the angle of the main beams in reflection
and transmission are set independently. In this paper, to demonstrate this
electromagnetic capability, the design of a reflect-transmit-array has been
carried out by having independent steering beams at a center frequency of
40 GHz.
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Abstract—A metal-only reflect-transmit-array unit cell
whose operation is dependent on the incident polarization is
presented. The proposed unit cell is based on 3D geometry
which allows a high level of independent phase tuning
for orthogonal and linear incident polarizations. In our
unit cell, the horizontal polarization is reflected while the
vertical polarization is transmitted. The modification of
the reflected phase is done by the length of a metal block
located at the end of the slits where the horizontal polariza-
tion propagates. The modification of the transmitted phase
is changed by the depth of the corrugations implemented
in the slit that supports the propagation of the vertical
polarization. The results obtained in transmission mode
show an impedance matching below -15 dB with a linear
phase response from 30 GHz to 50 GHz. For the reflected
polarization, there is almost total reflection with phase
performance that is also linear along the frequency.

Index Terms—Metal-only, millimeter-waves, polarization
control, reflect-transmit-array.

I. INTRODUCTION

Reflectarrays and transmitarrays emerged as versatile
antenna solutions to increase the directivity of a primary
radiating source. Reflectarrays [1] provide the collima-
tion of the incident wave towards the desired direction
by reflection while the transmitarray [2] performs it in
transmission. Recently, a new type of antenna array has
been proposed that combines the performance of both
a reflectarray and a transmitarray in the same physical
structure. This new antenna design concept has been re-
ferred to as reflect-transmit-array (RTA) antenna [3]. Due
to the behavior that allows this type of antenna array, the
elements that form it must provide both transmission and
reflection, both with a similar magnitude. Regarding the
introduced phase by the RTA antenna, this also has a
similar value in both reflection and transmission making
equal the angles of reflection and transmission of the
main beams [3]–[5]. This situation does not allow to
select independently the main direction of radiation in
both reflection and transmission. In view of this issue,
some works have proposed some solutions such as using
the array-sparse method [6] or using a unit cell with a
different phase response in dual band [7]. Nevertheless,
some disadvantages appear when employing the previous
solutions which is that the aperture efficiency decreases

or that the desired performance is not in the same
frequency band.

One manner to address these problems is that the
reflection or transmission operation is each associated
with a different polarization. That is, the RTA an-
tenna should be polarization selective. In this way, the
phase introduced in each orthogonal polarization can be
independently tuned. Several RTA antennas based on
this design strategy have been proposed for orthogonal
linear polarizations [8]–[13]. In some of the previous
works, this polarization-dependent behavior is achieved
by stacking PCB layers where there is a pair of layers
that are gratings in horizontal and vertical arrangement.
There are also other works in the literature showing
RTA antenna designs selective to orthogonal circular
polarizations [14], [15].

Up to now, the RTA designs with polarization-
dependent performance presented in the literature need
the use of dielectrics which leads to reduce the antenna
efficiency, specially when the frequency increases. In this
paper, a new approach to design a RTA antenna with only
metal structures is presented. The proposed metal-only
unit cell design has a 3D geometry to take advantage
of the benefits offered by this kind of structures [16].
More specifically, the one that allows for an independent
control of different impinging linear polarizations [17].
Up to now, using 3D unit cells, only radiofrequency
devices in transmission as polarizers [17], [18] and
transmitarrays [19], or in reflection as reflectarrays [20]–
[22], have been reported. Here, the proposed metal-
only unit cell allows an independent selection of the
phase value introduced for transmission and reflection
depending on the incoming linear polarization.

II. PROPOSED RTA UNIT CELL

In Fig. 1(a), the metal-only RTA unit cell is illustrated.
All the parts seen in this figure are metal, more specifi-
cally aluminum has been considered as the material for
all the simulations in this work. For the electromagnetic
(EM) analysis of the unit cell, a plane wave excita-
tion in positive z-direction has been considered. When
this incident wave has the electric field (E-field) in y-
direction, it will be regarded as vertically polarized (V-
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Fig. 1. (a) 3-D view of the proposed metal-only RTA unit cell. (b)
Dispersion diagram of the corrugated unit cell. The dimensions (in
mm) are: p = 4, ws = 0.8, L = 17.2, Lm = 9, Lt = 1.55, st1 =
2.84, st2 = 1.49, st3 = 0.67, s = 0.5, pc = 1.1 and wc = 0.5.

pol) while if it has the E-field in x-direction, it will be
regarded as horizontally polarized (H-pol). In the EM
analysis, the Frequency Solver of CST Studio Suite is
employed where the periodic boundary conditions are set
in the x- and y-directions of the unit cell. In a periodic
environment, the unit cells are connected in the x-axis
and they can be viewed as an array of parallel plate
waveguides that are separated of a distance p in the
x- and y-directions. The input port in the simulation is
located in negative z-direction while the output port is
placed in positive z-direction.

In order to better describe the unit cell, its most
important parts have been highlighted in different colors
in Fig. 1(a). The beginning and end of the structure
(colored in red) are formed by three sections where each
one of them corresponds to a slit with thickness ws and
width st. The length of these sections is Lt and the slits
are aligned along both the x- and y- directions, they
are symmetrical. These sections have been included to
provide a good impedance matching between the free
space and that of the slits located in the gray part.
Following the characteristic impedance characterization
procedure shown in [18], the impedance of these three
sections has been designed to implement a binomial
impedance transformer [23]. The block highlighted in
green in Fig. 1(a) represents the phase tuning element
for horizontal polarization. Depending on the Lh value,
the reflected phase is modified. This part of the unit
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Fig. 2. S-parameters when a V-pol wave impinges on the unit cell and
the hc is swept: (a) in magnitude and, (b) in phase.

cell design is based on [22]. The last part of the unit
cell is highlighted in gray. This corresponds to a slit
of thickness ws and width s, which has implemented
corrugations along its length L. Metal corrugations are
a way to realize slow wave structures and therefore
modify the phase of the wave propagating along them.
Fig. 1(b) shows the dispersion diagram of the unit cell
with corrugations. As it can be seen in this figure, by
increasing the depth of the corrugation hc, the phase
constant βz is modified producing a higher phase shift.
In addition, the modification of the βz preserves the
linearity along the frequency which is beneficial for the
design of broadband transmitarray. It is important to
point out that at the beginning and at the end of the
slit with corrugations, a taper in hc of the corrugated
unit cells is needed to keep the reflection level low. The
value of L has been selected to cover the 360o phase
shift at the center frequency.

A. Transmission and reflection performance

After detailing the structure of the proposed unit
cell, this subsection presents the phase and magnitude
performances in both reflection and transmission.

Fig. 2 shows the results in phase and magnitude
when the incident wave is V-pol in case of normal
incidence (ϕ = 0o, θ = 0o). It can be seen that the
reflection coefficient |S11| remains below -15 dB from
30 GHz to 50 GHz for all values of the range set for
hc. Consequently, the transmission coefficient |S21| stays
quite high, above -0.5 dB over the entire frequency band.
In relation to the phase introduced in transmission [see
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Fig. 3. S-parameters when a H-pol wave impinges on the unit cell
and the hc is swept: (a) in magnitude and, (b) in phase.

Fig. 2(b)], by modifying the value of hc, the produced
phase shift ∠S21 is tuned reaching a range of 360o.
Moreover, as predicted from the dispersion diagram, the
phase shift keeps a linear behavior over the frequency
band. Cross polarization values have been omitted for the
sake of conciseness but these are below -50 dB across
the whole band.

Regarding the reflection performance when an H-pol
wave is impinging, the results are shown in Fig. 3. In
this case, the tuning of the reflected phase is modified
by the Lh value. The behavior of the |S11| and |S21|
can be found in Fig. 3(a). It can be observed that there
is almost total reflection up to about 47 GHz. From
this frequency the |S21| increases greatly. This is due to
the separation between metal plates in the y-direction.
This separation value allows the propagation of TE10
along the unit cell since its cutoff frequency for the
p − ws separation is 46.8 GHz. This problem has a
straightforward solution by redesigning the unit cell to
reduce the separation value and thus, increase the cutoff
frequency of the undesired TE10 mode. In Fig. 3(b), it
is shown the reflected phase value ∠S11 when Lh is
swept. The reflected phase behavior over the frequency is
also linear and covers the 360o of variation necessary for
reflectarray design. At the end of the frequency band, this
desired phase behavior deteriorates due to the undesired
propagation of the TE10 mode.

In order to show that there is independence in the
phase tuning of both incident linear polarizations, Fig. 4
is displayed. This shows the transmission phase along the
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Fig. 4. Transmission phase in the vertical polarization when the length
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value for the depth of corrugation is fixed (hc = 0.5 mm) for all curves
where Lh is swept.
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Fig. 5. Phase response for the V-pol under different oblique angles
(θ) when hc = 0.5 mm. (a) In the H-plane. (b) In the E-plane.

frequency when the tuning parameter Lh for horizontal
polarization is modified. It can be seen how there is
no disturbance of the |S21| curve, this is thanks to the
3D geometry used in the unit cell that allows a large
decoupling between both orthogonal linear polarizations.

B. Oblique Incidence Performance

This subsection presents the performance of the pro-
posed unit cell in oblique incidence situations. For this
purpose, it has been studied how the phase in trans-
mission and reflection is modified when the angle of
incidence θ varies. The planes under study are the H-
plane (XZ plane) and the E-plane (Y Z plane). Fig. 5
displays the phase response along the frequency when
a V-pol wave impinges and the θ is modified. The



depth value hc is fixed for all values of θ and planes
analyzed. When the value of θ is varied, the phase value
in transmission is also modified but in an acceptable
manner and maintaining the desired linear behavior in
the whole frequency band. Also, it can be noted how the
oblique incidence on the E-plane is the one that produces
the least modification in the transmitted phase. On the
other hand, Fig. 6 shows the reflected phase response
when the value of θ changes. As in the previous case, the
reflected phase is altered in an allowable manner while
preserving linearity with frequency. Complementary to
the previous polarization, for horizontal polarization, the
H-plane is the most robust to changes in θ.

III. RTA FARFIELD RESULTS

Once the unit cell has been thoroughly analyzed,
this section shows its application in a complete RTA
antenna. For this purpose, the simulated farfields have
been calculated for a RTA composed of 21 x 21 unit cells
illuminated by a standard WR22 horn with 20 dBi gain
in oblique incidence (ϕ = −90o, θ = 20o). Fig. 7 shows
the 3D radiation diagrams obtained when the array is
illuminated with vertical and horizontal polarization. In
the case of V-pol illumination, the phase map of the array
has been computed to collimate the transmitted wave on
the positive z-axis (ϕ = 0o, θ = 180o) as shown in Fig.
7(a). In contrast, for illumination with a H-pol wave, the
collimation of the wave is done in reflection towards the
direction: (ϕ = 90o, θ = 20o). This can be seen in Fig.
7(b). The resulting directivities produced by the RTA for
both polarization situations are approximately 29.5 dBi.

IV. CONCLUSION

In this paper, a metal-only unit cell design has been
presented that enables transmission or reflection depend-
ing on the impinging linear polarization. Thanks to the
3D geometry of the proposed unit cell, the modification
of the reflected and transmitted phases is performed
independently. For phase tuning in reflection, the length
of the metal block located in the slit that supports the
propagation of the horizontal polarization is modified.
For phase tuning in transmission, corrugations have been
included along the slit that allow the propagation of
vertical polarization. Depending on the depth of the
corrugations, the value of the transmitted phase is tuned.
For both reflection and transmission, the performance
achieved is as desired with linear phase response from 30
GHz to 50 GHz covering a phase tuning range of 360o.
The unit cell has also been analyzed for different angles
at oblique incidence. The simulated results have shown
a good performance in oblique incidence, maintaining
the linear phase response up to approximately 30o. The
proposed unit cell has been used in a complete RTA
antenna design. The radiation pattern results obtained
demonstrate the collimation of the incident wave into
two different directions depending on the polarization
used in the feeder. Furthermore, a substantial increase of
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Fig. 6. Phase response for the H-pol under different oblique angles
(θ) when Lh = 2 mm. (a) In the H-plane. (b) In the E-plane.
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Fig. 7. Farfield results of the proposed RTA antenna at 40 GHz when
it is illuminated by a: (a) V-pol wave and, (b) H-pol wave. The feeder
is a standard WR22 horn antenna.

the incident wave directivity is observed in both polar-
ization cases. The proposed design shows the capability
of being metal-only and having a polarization-dependent
behavior, which has not been presented before for RTAs.
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CHAPTER 2. PUBLICATIONS

2.2.5 Metamaterial-Based Reconfigurable Intelligent Surface:
3D Meta-Atoms Controlled by Graphene Structures

RIS is a topic of great interest in the paradigm of future wireless communi-
cations, however, the design of RIS reported in the literature is subject to
the use of 2D layers. In the following publication, a design of RIS based on
unit cells (or meta-atoms) with 3D geometry is proposed. The use of 3D
geometry allows independent control of the incident polarizations offering
greater opportunities in the control of the wireless environment. The use of
graphene as a reconfigurable material is also proposed where its sheet resis-
tance value is modified to obtain 1-bit reconfiguration in the meta-atom. In
addition, the use of graphene extends the functionalities of RIS by allowing
an absorption state with the selection of an intermediate sheet resistance
value. All these functionalities have been numerically verified through the
design of a 3D RIS whose central operating frequency is 28 GHz.
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Metamaterial-Based Reconfigurable Intelligent
Surface: 3-D Meta-Atoms Controlled by Graphene

Structures
Carlos Molero, Ángel Palomares-Caballero, Antonio Alex-Amor, Ignacio Parellada-Serrano, Francisco Gamiz,

Pablo Padilla, and Juan F. Valenzuela-Valdés

ABSTRACT

The upcoming high-speed wireless communication systems
will be hosted by millimeter and sub-millimeter-wave fre-
quency bands. At these frequencies, electromagnetic waves
suffer from severe propagation losses and non-line-of-sight
(NLOS) scenarios. A new wireless communication paradigm
has arrived to resolve this situation through the use of re-
configurable intelligent surfaces (RIS). These metadevices are
designed to reconfigure the wireless environment in a smart
way. Traditional RIS designs based on the implementation of
2-D configurations have been considered up to now. However,
3-D structures enable an extra degree of freedom in the design
that can be taken as an advantage for the development of
improved RIS structures with advanced functionalities. This
article proposes the implementation of a novel electronically-
reconfigurable RIS based on the use of 3-D graphene meta-
atoms. The reconfigurability lies on the graphene conductivity,
easily tunable with a biasing voltage. Different conductivity
values vary the meta-atom electromagnetic response, mod-
ifying the RIS functionality. A multi-objective optimization
framework determines the optimal phase state of each meta-
atom to accomplish the desired RIS performance. The opera-
tion of the RIS as an efficient beam steerer/splitter, absorber
and polarization selector is validated with full-wave results.

INTRODUCTION

Wireless communications in the present 5G and future 6G sys-
tems will dramatically provide an enhancement of several key
performance indicators such as the user data rate, the spectral
efficiency and latency [1]. These improvements in the require-
ments of the communication system entail breakthroughs in
the employed technologies. The use of millimeter-waves (mm-
waves) and terahertz communications, beamforming capability
of the antennas or ultra-dense networks are some of the
proposed technologies to achieve the latter communications
requirements. A recent paradigm for wireless communication
is based on reconfigurable intelligent surface (RIS) [2]. It
allows smart modifications of the communication environment
in order to fulfill the needs of the wireless links among users.
Some of the desirable functionalities for a RIS are: beam
steering, beam splitting, wave absorption, polarization and
phase control of the reflected wave [3], [4]. The applications
of these RIS functionalities in the wireless communication
are the avoidance of the non-line-of-sight (NLOS) scenarios,

interference mitigation, block of eavesdropping and jamming
or multi-user coverage. Normally, the design and implementa-
tion of the RIS is based on coding metasurfaces composed
by unit cells called meta-atoms [2]. The meta-atoms must
incorporate reconfigurable elements, e. g. PIN diodes, to set
the functionality of the RIS [5] according to the requirements
of the users.

Diversity of designs and implementations of RIS are begin-
ning to emerge [4], [6]. Most of them employ PIN diodes in the
unit cell to achieve different phase shift responses to define the
phase states of the meta-atom. Besides, printed circuit boards
(PCB) technology is the preferable manufacturing technique
for the implementation of the RIS unit cells. Recently, huge ad-
vances in 3-D manufacturing technology as well as numerous
options to fabricate tridimensional designs are commercially
available. Specially, this kind of manufacturing technique en-
ables the cost-effective realization of 3-D complex prototypes,
sometimes infeasible with traditional techniques, e.g. computer
numerical control (CNC). This new reality of multiple 3D-
printing manufacturing processes has been leveraged by the
antenna engineering community to realize radiofrequency (RF)
designs covering from microwave band to millimeter-waves.

3-D metastructures offer advanced functionalities compared
to classical 1-D and 2-D metasurfaces (see Table I). First,
fully metallic configurations can be conceived in 3-D configu-
rations, avoiding the presence of dielectrics (and the associated
dielectric losses) and enhancing the efficiency of the device.
Additionally, in 1-D and 2-D metasurfaces, the degrees of
freedom controlling the structure behavior are mainly in-
cluded in the elements extended along the transverse x and
y components. This is the case, for example, given in PCB
manufacturing. However, 3-D printing techniques allow for
the inclusion of elements not only along the plane containing
the transverse directions (as in 2-D designs), but also along
the propagation direction z. This additional degree of freedom
associated to 3-D structures can be exploited in the design of
novel RIS with advanced functionalities: beam steering, beam
splitting, absorption and polarization selectivity. In particular,
polarization control of the incident electromagnetic waves is
a challenging task in conventional 2-D metasurfaces, since
independent current control of the different polarization states
is hardly achievable. This is different in 3-D structures, where
an independent control of the polarization states is possible,
as it will be discussed in detail later.

2-D reconfigurable metagratings [7], [8] have recently
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emerged as an alternative of gradient metasurfaces such as
RIS. They present an enhanced beam steering with greater
simplicity from the geometrical and analytical point of view,
since they are based on classical gratings and patch arrays.
However, their beam directions in beam steering- and beam
splitting-operations are restricted to a few pointing angles.

An interesting alternative to conventional PIN diodes for re-
configurability is the inclusion of biasing-controlled graphene
layers in the meta-atom. This kind of reconfigurable struc-
tures are being increasingly employed to design RF devices
such as attenuators, tunable antennas, absorbers, etc [9]. The
graphene sheet is biased by a given voltage. The variation
of this voltage modifies the conductivity of graphene and
therefore, the surface resistance of the layer. For example, a
graphene pad placed in the middle of a microstrip line allows
good propagation for a certain value of the sheet resistance,
and otherwise increases the insertion losses if a different
value is induced. The result is a reconfigurable microstrip
attenuator. Graphene structures have been implemented for
layered structures only for RIS working in the terahertz
band [10]. In this article, we present a novel RIS design
based on 3-D meta-atoms with reconfigurability performance
provided by graphene structures. A convenient tuning of the
surface resistance drastically changes the behavior of the meta-
atom. The proposed design conceives a step further from
the conventional RIS by profiting the third dimension in
the meta-atom. Additionally, the negligible polarization time
of graphene is potential for real-time reconfiguration of the
radiation performance of the RIS, which is a key feature in
future communication systems.

The article is organized as follows. The following section
depicts the proposed RIS based on 3-D meta-atoms and
the reconfigurable mechanism based on graphene structures.
Then, we detail the design procedure followed to obtain the
required functionality in a RIS. Later, we discuss the multiple
functions provided by the RIS that are analyzed by full-
wave electromagnetic simulations. Finally, the conclusions are
drawn in the last section.

3-D META-ATOMS STRUCTURE

Metallic meta-atoms with 3-D architecture are actually unit-
cell configurations exploiting the three spatial dimensions for
the control of electromagnetic waves. Unlike 2-D devices, 3-D
meta-atoms use the propagation direction to add new degrees
of freedom [11]. This issue is key, resulting in the increase of
the number of functionalities of the RIS. 3-D metallic meta-
atoms are based on multi-purpose waveguide architectures, as
for instance, waveguides with square, triangular or hexagonal
sections. The scattering control of the electromagnetic waves
demands small dimensions of the waveguide, in order to avoid
diffractive and dispersive phenomena that would introduce
additional handicaps. This is a design constraint assumed,
leading us to impose waveguide dimensions no longer than
λ/2 at the desired operation frequency.

The structure of the RIS under consideration is shown in
Fig. 1, consisting of a fully-metallic configuration comprising
modified square waveguide sections backed by a metallic

2-D structures Feature 3-D structures
PCB technology and

layer stacking Manufacturing 3-D printing
(Single piece)

Dielectric losses
(Substrates) Losses Ohmic losses

(Printed/coated metal)

Standard Functionalities Advanced
(More degrees of freedom)

Not proportional to
increasing frequency
(Complex to scale)

Profile at
mm-waves

Proportional to
increasing frequency

(Easy to scale)

Low cost
(PCB manufacturing) Price Medium cost

(3-D printing + coating)

Challenging
(Complex current control)

Polarization
Control

Easy
(Independent pol. states)

TABLE I: Feature comparison between 2-D and 3-D structures for RIS design.

plane. Fully-metallic designs are desired in RF since they
avoid dielectric losses. Moreover the operation frequency
in fully-metallic designs can readily be translated to other
frequency ranges just by applying a simple scaling in the
dimensions of the structure.

The 3-D meta-atoms of the proposed RIS are placed periodi-
cally along horizontal x- and vertical y- directions. The square
geometry of the waveguide section supports the existence of
degenerate modes; namely, modes that are orthogonal to each
other and have the same cutoff frequency. This fact encourages
us to address a control of different field polarizations by using
both degenerate modes, as shown in Fig. 1 for horizontal (H-
pol) and vertical (V-pol) polarizations. This could potentially
lead to enhanced information transmission, as data can be
multiplexed in both degenerate (orthogonal) states.

The ground plane at the bottom of the structure ensures full-
reflection response. This means that the square waveguides
that define each meta-atom are short-circuited at the end.
This scenario imposes the incident radiation to be reflected
back. The intelligent behavior of the structure comes from
an efficient manipulation of these reflected waves. This is
achieved by adding electromagnetic resonators at each lateral
walls of the waveguide in the form of apertures, as illustrated
in Fig. 1. The presence of these resonators does not alter the
amplitude response of the reflected wave, but does change
its phase response. In other words, each meta-atom acts as
an individual phase shifter. The outgoing phase associated
with every single meta-atom then depends on the geometry
of their resonators. Certain resonator geometries facilitate
the phase control. A suitable aperture geometry is the split-
ring resonator, that has been object of study in the field of
metamaterial design [12].

The reconfigurability of RIS by using the structure presented
in this work is easily achievable by modifying artificially
the geometry of the split rings per meta-atom. For this,
graphene sections printed on silicon-slabs are a good alter-
native. Graphene sheets are in physical contact with the split
rings as it is shown in Fig. 1. An ON/OFF-switching behavior
is easily induced in graphene just by biasing it with a given
voltage Vb. Higher-voltages biasing induce an effective high
conductivity in the graphene layer, thus graphene becomes a
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Fig. 1: Proposed RIS design formed by reconfigurable 3-D meta-atoms based on graphene structures, and key geometries and structures of the meta-atom.

good conductor. Lower voltages reduce considerably the con-
ductivity in graphene, so graphene becomes worse conductor.
The surface resistance Rs of the graphene sheet moves from
lower values (ON) to higher values (OFF) [9]. The dichotomy
between better/worse conductor is conceived as an ON/OFF
switching, respectively. When ON is activated, the graphene
layers act as additional metallic sections of the split ring,
modifying its original shape. This provokes a global reduction
of the length of the resonator. When OFF is activated, this
additional layer does not act, and the split-ring recovers its
original shape. The double shape of the split rings induced
by the graphene sheets is translated to the outgoing phase in
the form of two different phase states. A first phase state is
defined at 0 degrees, related to graphene in ON. A second
state is defined at 180 degrees, induced by graphene in OFF.
It is worth remarking that an operation frequency is previously
selected in order to decide the split ring dimensions.

Concerning the manufacturing process of the structure un-
der consideration, several 3-D printing options are available
to achieve a successful fabrication. Stereolitography (SLA)
followed by a metal plating is one of the most interesting
option to realize 3-D components since it provides high-
precision at printing millimeter-wave devices [11]. Higher
precision in the 3-D manufacturing is also feasible employing
micromachining techniques with a later metallization, such as
the SU-8 or deep reactive ion etching (DRIE) processes, which
are now emerging as suitable manufacturing techniques for
sub-millimeter wave structures. Another option to manufacture
fully-metallic structures is the direct metal laser sintering
(DMLS). This last, unlike the above manufacturing options,
directly prints the structure on a metallic piece. Nonetheless,
it is important to consider that this 3-D printing technique
suffers from moderate roughness surface and consequently,
the performance of the structure can be affected by efficiency
losses.

RECONFIGURABLE MATERIALS

Different materials can be employed in order to reconfigure the
meta-atoms. Although the proposed one in Fig. 1 is graphene,
other materials could be employed with this goal. For example,
binary or ternary chalcogenide alloys like GeTe or GeSbTe
present high resistance in the amorphous off-state and low
resistance in the crystalline on-state [13]. The phase transition
between the two states is reversible and can be achieved by
short heating pulses either by electrical current or by light.
Moreover, other 2-D materials can be used: transition metal
dichalcogenides, TMDs (MoS2, WS2, MoSe2, WSe2, HfS2,
and others) and 2-D dielectrics such as hexagonal boron nitride
(hBN) could be deposited by chemical vapor deposition on
sacrificial substrates. Once the 2-D material layers are grown,
they are transferred to the target substrate for its structural and
electrical characterization. An open issue is the comparison
of conductivity tunability of these structures with the one
obtained with graphene.

Graphene is a zero-bandgap material (i.e., a semimetal)
showing an ambipolar behavior. The conductivity of the
graphene layer can be electrostatically modulated by a perpen-
dicular electric field. Such an electric field can be obtained, for
example, by capacitively coupling a graphene layer on top of
a silicon oxide (SiO2) and silicon (Si) structure, and applying
a DC voltage between the graphene and the SiO2/Si substrate,
as illustrated in Fig. 1. The SiO2 acts as an insulator in order to
prevent the short-circuit between the graphene and the silicon
when the voltage is applied. This principle is extensively
exploded in graphene field-effect transistors GFETs [9], and
GFET chemical sensors.

High-quality graphene layers can be obtained through
mechanical exfoliation of highly oriented pyrolytic graphite
(HOPG), by epitaxially growth on silicon carbide (SiC) sub-
strates, and by CVD on sacrificial metal foils and later transfer
to the final substrates [9]. In opposite to mechanical exfoliation
and epitaxially growth techniques, CVD and plasma chemical
vapor deposition (PCVD) can provide graphene samples with
a few centimeters of size at the time that they keep the high
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Fig. 2: Flowchart that describes the design procedure of the metamaterial-based RIS.

quality of the graphene sheet. This technique would be the
suitable one for the fabrication of the employed graphene
structures inserted in the 3-D meta-atom. The graphene layers
are in physical contact with metallic walls of each 3-D meta-
atom while the silicon substrates do not touch any point of that
structure. In this way, an adequate voltage polarization can be
carried out by grounding the metallic-structure of the RIS and
wiring each silicon slab in order to apply certain voltage to
generate the ON/OFF states.

As it is pointed above, graphene structures are placed at the
split-rings of the 3-D meta-atom to tune its geometry. When
the graphene has low surface resistance (high conductivity)
the slit that defines the split-ring is shortened and therefore,
modifying the phase shift response from the original split-ring.
Nevertheless, the range of values for the surface resistance of
the graphene is not discrete and depends on the polarization
voltage. In this range, there may be values that allow the 3-D
meta-atom to absorb the power of the incident wave. As it is
shown in [14], the maximum losses produced by the graphene
are in a determined range of surface resistance values (Ω/sq).
The absorption should occur when there is good impedance
matching between the incident wave and reconfigurable meta-
atom. In this case, the energy that carries the incident wave
is not reflected but dissipated in the graphene structures due
to the favorable impedance matching between the RIS and the
free space.

DESIGN PROCEDURE
From a formal point of view, the total radiation of the RIS can
be decomposed into the sum of the individual contributions of
the meta-atoms that form it. Thus, the radiation of each meta-
atom contributes to create constructive or destructive patterns
at certain spatial regions. By properly adjusting the states
(ON/OFF) of the meta-atoms, the energy can, for example,

be concentrated at a particular direction of space. As previ-
ously discussed, these states correspond to a variation of the
outgoing phase when the incident wave impinges the structure.
For the present configuration, the geometrical parameters of
the meta-atoms are engineered so that the ON/OFF states
show a phase difference of 180 degrees while maintaining
the same amplitude level. In other words, the information of
the ON/OFF states can be codified with the phase states 0
and 180 degrees, respectively. This fact simplifies the design
of the structure, since the RIS can be equivalently seen as a
1-bit reconfigurable reflectarray whose elements are assumed
to have identical amplitudes but can take two different phase
states.

Fig. 2 presents the flowchart that summarizes the design
procedure. We rely on the use of a self-implemented ray-
tracing tool to find the optimal coding arrangement of the
meta-atoms that ensure the correct performance of the RIS
considering the selected operation mode and the distance that
can exist between the RIS and the emitting source. The phase
distribution of the meta-atoms is then optimized with a multi-
objective genetic algorithm based on a Java framework, jMetal
[15]. Genetic algorithms are suitable in this kind of scenarios,
where multiple objectives, input variables and variable restric-
tions must be jointly considered. These algorithms typically
start with a random initial population (in our case, the phase
arrangements in the RIS) and use the information provided by
the evaluation of the current population of individuals to create
the next population. The validity of the solutions is tested
with a fitness value/s produced by a single or several cost
functions depending of the optimization goals. The selection
of the fitness criteria will depend on the operation mode of the
RIS. As an example, the beam-steering mode seeks to redirect
the main beam in a single region of space. Thus, the fitness
function relates the amount of energy concentrated in that
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particular region of space, which must be maximized by the
multi-objective optimization. Specifically, the multi-objective
algorithm employed is the Non-dominated Sorting Genetic
Algorithm (NSGA-II) with binary type variables. The selection
is based on a binary tournament selection while the crossover
is based on a self-implemented code that exchanges random
parts of the selected individuals, i.e., exchanges subzones of
the phase arrangements representing each selected individual.
All these optimization options and the type of employed multi-
objective algorithm are configurable and modifiable because
jMetal is an open-source optimization framework.

The ray-tracing tool is a computationally-efficient technique
that allows to significantly reduce computational efforts when
estimating the optimal coding arrangement of the graphene
meta-atoms. However, ray theory does not consider complex
phenomena such as interference and diffraction, as well as it
assumes zero coupling between adjacent meta-atoms. These
simplifications imply that the optimal solution extracted from
the ray-tracing method has to be validated with more pre-
cise full-wave techniques. Full-wave simulators are general-
purpose electromagnetic software that solve the complete set
of Maxwell’s equations without any simplifying assumptions.
In our particular case, we make use of commercial simulator
CST Microwave Studio to test the validity of the optimal
solution. Slight modifications in the simulated model of the
RIS could be applied to adjust the performance to the solution
given by the ray-tracing tool. If the design requirements are
finally met, then the RIS would be fully operational.

FUNCTIONALITIES

The reconfigurability of the intelligent structure by means
of the graphene layers provokes that the proposed RIS is
suitable for a wide variety of communications scenarios. As an
example, the meta-atoms of the RIS can be configured in order
to add diversity to the communication channel, so that the
channel efficiency is increased [4]. Interferences and unwanted
incoming signals that could degrade the performance of the
system can be also blocked by taking advantage of the lossy
nature of graphene. However, the focusing capabilities of the
RIS make the intelligent structure particularly useful in real-
time mobile communication systems for multi-user coverage
and radio localization enhancement.

BEAM STEERING

One of the most representative functionalities of the RIS
consists in the electronic reconfiguration of the beam angle
direction to provide LOS user connection in NLOS scenarios.
This is achieved by properly modifying the ON/OFF states of
the meta-atoms that constitute the RIS. In the design under
consideration, the operating frequency is 28 GHz, one of
the potential bands for future 5G communications links. For
a given angular direction of the incident wave, the coding
arrangement of the RIS is determined with the multi-objective
optimization algorithm. In this particular scenario, a single
objective suffices to find the optimal coding arrangement.
Thus, the gain of the RIS should be maximized at the
desired pointing direction. The level of the secondary lobes

is automatically reduced as the gain is maximized, since the
energy is concentrated at a single direction.

Fig. 3 illustrates the beam steering capabilities of our
intelligent structure as well as the coding arrangement of
the different configurations. The states of the graphene are
modeled with an effective surface resistance of 2 Ω/sq in the
ON state and 2500 Ω/sq for the OFF state. No significant
ohmic losses are achieved in both states. Graphene becomes
a good conductor for a low surface-resistance value, and it
turns a non-conducting material when this value switches to
a big number [14]. The main beam can be redirected in an
efficient manner by simply changing the bias-voltage values
of graphene. A focused beam with reduced secondary lobes
is formed when all the meta-atoms contributes constructively
to radiate an equal-phase wavefront at the desired spatial
direction. Thus, each meta-atom should compensate the phase
delay provoked by the incident spherical wave, leading to the
ring-like coding arrangements observed in Fig. 3. Note that
the arrangement of the rings changes proportionally as the
main beam is steered, for instance in the Configuration 2, the
arrangement of rings move downwards along the x and y axis
to tilt the beam in elevation and azimuth directions.

BEAM SPLITTING

Another remarkable feature of the RIS is the ability to split
the incident wave in N main lobes. This is of great interest in
present wireless communication systems in order to provide
multi-user coverage. For this operation mode of the RIS, the
multi-objective genetic algorithm includes three objectives to
optimize in this particular scenario. First, the gain of the
RIS must be maximized at the desired pointing directions.
Second, the difference between the amplitudes of the main
lobes should be minimized, so all the users receive the same
amount of power. The first two objectives do not guarantee
by themselves that non-desired secondary lobes that carry an
important energy contribution could appear. This is solved by
introducing a third objective, which seeks to minimize the
radiated energy outside the main lobe direction. A set of trade-
off solutions (Pareto front) arise from the multiple objectives
included in the optimization process. A decision marker is
used to determine which of these trade-off solutions is finally
implemented in the full-wave simulator. This decision marker
is calculated as the ratio of the sum of gains at the main
lobe directions and the difference between their values times
the radiated energy outside the desired directions. As a design
criteria, we choose the solution of the Pareto front whose value
of the decision marker is the highest.

Fig. 3 also shows the beam splitting capabilities of the RIS
(Configurations 3 and 4). As a proof of concept, the energy
that carries the incident spherical wave that illuminates the
structure is divided into two main beams. Similar to the beam-
steering operation mode, the ON/OFF states of graphene are
modeled with two surface resistance values of 2 Ω/sq and
2500 Ω/sq, respectively. As shown in the figure, both beams
have similar gain values and the secondary lobes have been
minimized. With the use of the multi-objective optimization
algorithm, this scenario can be straightforwardly generalized to
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Fig. 3: Beam steering and beam splitting capabilities of the RIS. The reflected beams have the following pointing angles. Configuration 1: (φ, θ) = (90o, 0o);
Configuration 2: (φ, θ) = (240o, 20o); Configuration 3: (φ, θ) = (250o, 20o), and (φ, θ) = (300o, 20o); Configuration 4: (φ, θ) = (180o, 20o), and
(φ, θ) = (300o, 30o). The azimuth and elevation angles of the incident wave are φi = 90o and θi = −10o, respectively.

the creation of N main beams, demonstrating the applicability
of the proposed RIS.

ADVANCED FUNCTIONALITIES
Apart from previous functionalities, the combination of 3-
D structures and graphene in a meta-atom can enable ad-
vanced functionalities. Thanks to the square waveguide, which
contains a split-ring resonator on each lateral wall, the RIS
function for each incident polarization is achieved if the
graphene state is selected in pairs, i.e., surface resistance
of the graphene in opposite waveguide walls should be the
same. Fig. 4 illustrates the performance of the proposed RIS
when a vertically polarized wave (V-pol) is steered and a
horizontally polarized wave (H-pol) is split (Fig. 4(a)) or it
is absorbed (Fig. 4(b)). For both cases, the graphene state
placed at each lateral wall of the meta-atom is the same and
forms the phase arrangement shown in Configuration 2 for
vertically polarized waves. Alternatively, the beam splitting
in horizontally polarized waves is controlled by the graphene
located at top and bottom walls of the meta-atom. The phase
arrangement for this RIS function is the one illustrated in
Configuration 3. An additional functionality can be invoked by
considering a third state, profiting the capability of graphene
for absorption. There exist a series of bias-voltage values
that make the conductivity of graphene favorable for this
scenario as it was explained before. Since the cell is under
cut-off, no propagating field can be found inside. However,
this field is practically confined in the split-rings regions at
resonance. Graphene, in direct contact with the split rings,
exploits its lossy character and absorbs it. The performance of
the absorption function is shown in Fig. 4(b) for horizontally
polarized waves. For this case, the graphene sheet has an
effective surface resistance of 75 Ω/sq. The reflected wave
is below -13 dB regarding the maximum of the beam-steering
case (absorption higher than 90%).

CONCLUSIONS
In this article, we have explored the novel concept of 3-
D RIS. The inclusion of an additional dimension compared

(a)

(b)

Fig. 4: Selection of the RIS function depending on the incident polarization:
(a) beam steering (V-pol) and beam splitting (H-pol), and (b) beam steering
(V-pol) and absorption (H-pol).

to conventional 2-D configurations brings an extra degree
of freedom to the design, leading to an improved RIS with
enhanced functionalities. Among the existing and emerging
reconfigurable materials, the graphene has been selected to
carry out the adjustable behavior of the proposed 3-D RIS.
By properly setting the discrete states (ON/OFF) of the
graphene meta-atoms, the radiation properties of the RIS can
be electronically reconfigured. In order to set the states of
the 3-D meta-atoms to fulfill the desired RIS function, a
design procedure has been proposed. The main tools that form
this design procedure are a self-implemented ray-tracing tool
and a multi-objective optimization framework. In this way, an
optimal coding arrangement for the RIS is found, ensuring the
correct performance of selected operation mode. To validate
the proposal, we design a 3-D RIS formed by a mesh of
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15×15 graphene meta-atoms operating at 28 GHz. The full-
wave results show the beam-steering/splitting and absorption
capabilities of the intelligent structure, as well as its operation
as a polarization selector. This demonstrates the potential of
the proposed RIS for application in real-time multi-user sce-
narios of future-generation wireless communication systems.
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Chapter 3

Conclusions and Future
Work

The research carried out in this thesis has been focused on the design and
fabrication of waveguide phase shifters and radiating devices for millimeter-
wave frequencies. In the development of the different presented RF devices,
different design strategies and fabrication technologies have been used to
achieve the proposed objectives. This last chapter outlines the main con-
clusions obtained and the possible future work that can be derived from the
results and conclusions drawn in this thesis.

3.1 Main Conclusions

The main conclusions drawn from the contributions comprising this thesis
are listed below:

• From [P1], it is demonstrated the design of waveguide phase shifter
formed by unit cell with pins that preserved glide symmetry. Using this
type of unit cell, a higher phase shift per unit cell is achieved compared
to the unit cell that does not have this symmetry configuration. This
allows for the more compact design of waveguide phase shifters in
millimeter-waves. In addition, because the pins are further apart in the
unit cell with glide-symmetric pins, fabrication becomes less complex.
In the proposed unit cell, no dielectric material is used so that losses
are minimized in this aspect.

• Regarding [P2], the effects of loading a rectangular waveguide with
periodic holes is analyzed in detail for the millimeter-wave frequency
range. The spatial arrangement of these holes is important and has
consequences on the propagation constant of the waveguide. If the
holes maintain a configuration in glide symmetry, the resulting unit
cell provides a phase shift over a large bandwidth. In another case, a
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stopband is produced where this is maximum for the mirror symmetry
configuration. Taking advantage of these two configurations of glide
and mirror symmetry, it is possible to realize phase shifters and filters
in waveguide for millimeter-waves without manufacturing complexity
since it consists of a simple drilling of the pieces.

• The periodic structures which produce a phase shift in ridge gap
waveguide are presented in [P3]. It is proved that to achieve a con-
trolled phase shift in a unit cell in ridge waveguide technology it is
necessary to include half holes on both sides of the ridge. In this way,
a higher phase shift per unit cell is achieved compared to introducing
the phase shift by modulating both the height and width of the ridge
waveguide. In addition, the configuration of these holes in the unit cell
must preserve glide symmetry to achieve the highest bandwidth for the
fundamental mode. Based on this type of unit cell and as a proof of
concept, a phase shifter with a flat phase response for millimeter-wave
frequencies is presented whose reference is another ridge waveguide of
the same length. Another type of frequency response for the phase
shifter can be designed through modification of the value of the holes
included in the ridge.

• In [P4], it is detailed the proposed design of a reconfigurable phase
shifter in gap-waveguide technology. Taking advantage of the bene-
fits of gap-waveguide technology, we demonstrate the opportunities it
offers for relatively simple inclusion of reconfigurable elements within
waveguides. In this case, use is made of a flexible metal strip that
allows the progressive width change of the waveguide by mechanical
action. In this manner, the phase constant along the waveguide and
consequently the phase difference value provided by the phase shifter
is modified in a simple way.

• In the topic of the radiating devices, [P5] proposes the combined
use of gap-waveguide technology based on glide-symmetric and E-
plane split waveguide design. Both design strategies provide the pos-
sibility of splitting the complete antenna array design into several
pieces to achieve a suitable fabrication. By designing on E-plane
split waveguides and where this cannot be achieved by implement-
ing gap-waveguide technology, leakage losses in the assembly of the
parts that form the fabricated prototype can be minimized. With this
multilayer division and robust behavior against assembly tolerances,
a low-cost manufacturing of multilayer arrays for millimeter-wave fre-
quencies based on 3D printing can be performed.

• Regarding [P6], it is proposed a metal-only reflectarray unit cell with
3D geometry to achieve low-loss reflection and independent reflected
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phase tuning for the impinging orthogonal linear polarizations. In
this paper is studied the effect of the height between parallel-plate
waveguides, which form the unit cell. Moreover, the phase response of
the unit cell under oblique incidence is also analyzed. The results show
a promising unit cell for metal-only reflectarray design since the level
of independent phase control of each polarization is high with linear
phase response over frequency that is maintained for oblique angles.

• In [P7], the unit cell design of [P6] is improved and a new metal-only
reflectarray unit cell is proposed. This unit cell has a linear behavior
in a wide bandwidth for the phase response as well as a high inde-
pendence in the control of the reflected orthogonal linear polarization.
The proposed unit cell is extensively studied to determine the limits of
its wideband performance. As this unit cell has 3D geometry, the fab-
rication by 3D printing is straightforward and it is demonstrated in the
paper with the design and prototype of a reflectarray with large gain
bandwidth and high radiation efficiency in millimeter-wave frequen-
cies. In addition, due to the independent control of the reflected phase
of the incident orthogonal polarizations, the prototype also provides
circular polarization in a large bandwidth. This achieved polarization
is of special interest for communications as it mitigates losses in the
propagation channel.

• A new reflect-transmit-array unit cell with wideband performance and
polarization independence is proposed in [P8]. Exploiting the bene-
fits observed in [P7], one of the polarization is dedicated to being
transmitted rather than being reflected as well. This is achieved by
the inclusion of slow-wave structures in the slit by means of corruga-
tions. Both the structures that control the phase shift in transmission
and reflection do so over a large bandwidth so in consequence, the
increase in directivity in both modes of operation occurs also over a
large bandwidth. In addition, being a polarization selective structure,
it is possible to perform complete reflection, complete transmission or
transmission/reflection depending on the angle of the incident polar-
ization in ϕ.

• Finally, in [P9], a RIS design with unit cells having a three-dimensional
structure is demonstrated. This provides an additional degree of free-
dom in the control of the received polarizations since they can be
controlled independently. As a reconfigurable element, a structure
with graphene in contact with the split-ring resonators, which are in-
cluded in each of the side walls of the cutoff waveguide, is proposed.
Due to the tunability of the surface resistance of graphene at frequen-
cies below 100 GHz, different values are set. These cause a change of
the resonant frequency of the split-ring resonator and consequently, a
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change of the reflected phase response. Depending on the polariza-
tion incident on the RIS, a different polarization reflection behavior
can occur resulting in beam steering or splitting or multi-beam situa-
tions. Furthermore, due to the range of surface resistances offered by
graphene, the proposed RIS can produce a state of absorption of the
incident wave which provides advanced functionality.

3.2 Future Work

Based on the research findings obtained in this thesis, the following oppor-
tunities for future lines of research are identified:

• Implementation of reconfigurability of the proposed fixed phase shifters.
The most direct way is a mechanical reconfiguration where the peri-
odic structures vary some of their geometrical parameters, for example,
the height of the pins or the layers forming the gap-waveguide as this
technology allow the contact to not be perfect.

• Integration of the proposed phase shifter designs in both fixed and
variable beamforming networks. As an example, the proposed tunable
phase shifter could be integrated with the presented gap-waveguide
antenna array to form a phased array with mechanical reconfiguration
at millimeter-wave frequencies.

• Redesign and fabrication by means of micromachining techniques such
as SU-8 or Deep reactive-ion etching (DRIE) of a metal-only reflectar-
ray at frequencies above 100 GHz. This frequency range is envisioned
for the Sixth Generation (6G) of communications [124]. In this gener-
ation of communications, reflectarray will also play an important role
in improving the propagation channel. The aforementioned techniques
provide the fabrication of metal-only devices with high precision and
resolution as can be found in [125].

• Extend the design of the reflect-transmit-array or the RIS with three-
dimensional structure to another type of implementation such as the
one found in [122]. In this way, a more direct integration of active
elements can be achieved by using substrate layers to realize the three-
dimensional structure.

• Use the benefits provided by 3D structures for the realization of Si-
multaneously Transmitting And Reflecting (STAR) RIS designs. This
RF device recently proposed on the topic of wireless communications
[126] aims to extend the operation of the RIS to the control of the
communications channel in both reflection and transmission.
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O. Karabey, and R. Jakoby, “Liquid crystal based low-loss phase
shifter for W-band frequencies,” Electronics Letters, vol. 49, no. 23,
pp. 1460–1462, 2013.

[78] R. Reese, E. Polat, H. Tesmer, J. Strobl, C. Schuster, M. Nickel, A. B.
Granja, R. Jakoby, and H. Maune, “Liquid Crystal Based Dielectric
Waveguide Phase Shifters for Phased Arrays at W-Band,” IEEE Ac-
cess, vol. 7, pp. 127 032–127 041, 2019.
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Fernandes, and J. R. Mosig, “Stereolithography-Based Antennas for
Satellite Communications in Ka-Band,” Proceedings of the IEEE, vol.
105, no. 4, pp. 655–667, 2017.

[114] B. Zhang, Y.-X. Guo, H. Zirath, and Y. P. Zhang, “Investigation on
3-D-Printing Technologies for Millimeter- Wave and Terahertz Appli-
cations,” Proceedings of the IEEE, vol. 105, no. 4, pp. 723–736, 2017.

[115] C. Tomassoni, O. A. Peverini, G. Venanzoni, G. Addamo, F. Paonessa,
and G. Virone, “3D Printing of Microwave and Millimeter-Wave Fil-
ters: Additive Manufacturing Technologies Applied in the Develop-
ment of High-Performance Filters with Novel Topologies,” IEEE Mi-
crowave Magazine, vol. 21, no. 6, pp. 24–45, 2020.

[116] A. Tamayo-Dominguez, J.-M. Fernandez-Gonzalez, and M. Sierra-
Perez, “Metal-Coated 3D-Printed Waveguide Devices for mm-
Wave Applications [Application Notes],” IEEE Microwave Magazine,
vol. 20, no. 9, pp. 18–31, 2019.

[117] B. Zhang, Z. Zhan, Y. Cao, H. Gulan, P. Linnér, J. Sun, T. Zwick,
and H. Zirath, “Metallic 3-D Printed Antennas for Millimeter- and
Submillimeter Wave Applications,” IEEE Transactions on Terahertz
Science and Technology, vol. 6, no. 4, pp. 592–600, 2016.

[118] P. Sanchez-Olivares, M. Ferreras, E. Garcia Marin, L. Polo-Lopez,
A. Tamayo-Dominguez, J. Corcoles, J. M. Fernandez-Gonzalez, J. L.
Masa-Campos, J. R. Montejo-Garai, J. M. Rebollar-Machain, J. A.
Ruiz-Cruz, M. Sierra Castaner, M. Sierra Perez, M. Barba-Gea, J. L.
Besada, and J. Grajal, “Manufacturing Guidelines for W-Band Full-
Metal Waveguide Devices: Selecting the Most Appropriate Technol-
ogy,” IEEE Antennas and Propagation Magazine, pp. 2–16, 2022.

112



BIBLIOGRAPHY

[119] A. K. Rashid, B. Li, and Z. Shen, “An overview of three-dimensional
frequency-selective structures,” IEEE Antennas and Propagation
Magazine, vol. 56, no. 3, pp. 43–67, 2014.

[120] A. Alex-Amor, A. Palomares-Caballero, and C. Molero, “3-D Meta-
materials: Trends on Applied Designs, Computational Methods and
Fabrication Techniques,” Electronics, vol. 11, no. 3, 2022.

[121] C. Molero, H. Legay, T. Pierré, and M. Garćıa-Vigueras, “Broadband
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Appendix A

Introducción y conclusiones

Este apéndice presenta en español de la parte introductoria de la tesis doc-
toral aśı como de las conclusiones obtenidas. Esto complementa el amplio
resumen en español que está incluido al inicio del documento de tesis para
cumplir la normativa de la Universidad de Granada correspondiente a la
redacción de la tesis doctoral en un idioma distinto al español.

Introducción

Desde el 1G de las comunicaciones móviles en los años 80, se han sucedido
nuevas generaciones de comunicaciones móviles, cada una de las cuales ha
aportado nuevos avances tecnológicos. En la actualidad, nos encontramos
ante la llegada de una nueva generación de comunicaciones, el 5G, que se
encuentra en sus primeras fases de despliegue. Para el 5G, es necesario
mejorar las capacidades ofrecidas por la generación anterior, la 4G. Algunas
de estas mejoras están relacionadas con la velocidad máxima de transmisión
de datos, la latencia o la densidad de conexiones [1]. En general, hay una
mejora de un orden de magnitud en todos estos KPIs en comparación con el
4G. Alcanzar estos KPI es el mayor reto y requiere un gran avance en la tec-
noloǵıa actual. Una de las formas de conseguir estas mejoras es mediante el
uso de bandas de frecuencia por encima de los 30 GHz [2], es decir, donde la
longitud de onda es del orden de miĺımetros y, por tanto, también conocidas
como frecuencias de ondas milimétricas. En este rango de frecuencias cuyo
ĺımite está fijado en 300 GHz, se dispone de más ancho de banda con comu-
nicaciones de menor latencia en comparación con las bandas por debajo de
los 6 GHz, donde actualmente el espectro está bastante saturado. Una de las
primeras demostraciones experimentales para comprobar la viabilidad de las
frecuencias de ondas milimétricas para las comunicaciones 5G se encuentra
en [3]. En este trabajo realizado en 2013, los autores prueban un sistema
de comunicaciones a 28 GHz y 38 GHz con resultados satisfactorios. Un
poco más tarde, se volvió a medir el canal de propagación pero a frecuencias
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más altas, concretamente a 73 GHz, y también se demostró su viabilidad
[4]. Esto animó a la comunidad cient́ıfica y de normalización a establecer
definitivamente este rango de frecuencias como soporte radioeléctrico de las
nuevas tecnoloǵıas de comunicación inalámbrica [5, 6]. El 3GPP ha estable-
cido la siguiente división para las bandas de frecuencia 5G, FR1 para las
frecuencias en la banda sub-6GHz y FR2 para las frecuencias por encima
de 24 GHz, que corresponden a las frecuencias de ondas milimétricas [7].
Para FR1, la tecnoloǵıa ya está lista para su uso en 5G comercial gracias
a los avances heredados de las anteriores generaciones de comunicaciones,
mientras que para FR2, la tecnoloǵıa necesita desarrollarse. Uno de los prin-
cipales puntos clave para la evolución de la tecnoloǵıa habilitadora en FR2
está relacionado con los dispositivos de hardware. En las infraestructuras
inalámbricas, el hardware para las interfaces de RF son las antenas. Estas
son componentes esenciales que permiten una transmisión o recepción eficaz
de la señal radiada desde el espacio libre. En el rango de frecuencias de las
ondas milimétricas, las pérdidas por propagación son mayores con la distan-
cia según la fórmula de Friis. Por lo tanto, para compensar estas pérdidas no
deseadas en el balance del enlace, las antenas deben tener mayor ganancia.
Si no se adopta esta solución, la señal llegaŕıa al equipo receptor demasiado
atenuada y no seŕıa posible identificarla a partir del ruido de fondo. Esto
hace que el uso de antenas de alta ganancia sea crucial para la infraestruc-
tura 5G [8, 9]. Para cumplir el requisito anterior (alta ganancia), el sistema
radiante debe ser lo más eficiente posible desde el punto de vista energético,
es decir, las pérdidas en los componentes de hardware deben ser lo más ba-
jas posible. Este es otro de los objetivos del 5G, ya que se espera un mayor
número de antenas en la infraestructura inalámbrica para implementar re-
des small cells [10, 11]. La infraestructura debe ser lo más eficiente posible
desde el punto de vista energético. Como consecuencia de tener antenas
de alta ganancia, el ancho de haz de estas antenas se reduce directamente
[12]. Esto conlleva una reducción del área de conexión inalámbrica en caso
de que las antenas se utilicen para cubrir una región espećıfica en lugar de
utilizarse para un enlace backhaul punto a punto [6, 13]. Esta reducción
del área de cobertura puede mitigarse mediante el uso de antenas multihaz
con haces fijos o reconfigurables en la dirección de apuntamiento [14]. Estos
requisitos presentados para los sistemas radiantes 5G en FR2 son retos que
actualmente están abiertos y son foco de atención de la comunidad cient́ıfica
para tratar de resolverlos de la manera más óptima.

En el diseño de dispositivos de RF para frecuencias de ondas milimétricas,
la tecnoloǵıa elegida para su implementación es crucial, ya que determinará
sus prestaciones electromagnéticas. Para FR1, una elección común es la
tecnoloǵıa microstrip [15], ya que permite soluciones compactas, planas y de
bajo coste debido a que se pueden utilizar técnicas de fabricación conven-
cionales como PCB. En este rango de frecuencias, los factores de pérdidas,
como las pérdidas dieléctricas y por radiación, tienen una relevancia limi-
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tada. Sin embargo, cuando se necesita un diseño de mayor frecuencia, por
ejemplo en las ondas milimétricas, los factores de pérdida mencionados em-
piezan a ser decisivos para la eficiencia del sistema. De hecho, estos factores
de pérdida provocan una reducción de la ganancia realizada (definida en
[16]), que incluye todos los factores de eficiencia del sistema. Esta es la
razón por la que, a medida que aumenta la banda de frecuencias de fun-
cionamiento, es necesario utilizar otras tecnoloǵıas de guiado para el diseño
de dispositivos de RF. En la Tabla 1 del trabajo [17], se puede leer una
comparación en diferentes puntos de muchas de las tecnoloǵıas de ĺıneas
de transmisión y estructuras de gúıas de onda. La que destaca por ser la
que menos pérdidas presenta es la gúıa de onda metálica ya que no uti-
liza dieléctrico en su estructura y está totalmente apantallada. Por el con-
trario, la fabricación convencional de gúıas de onda a frecuencias de ondas
milimétricas resulta muy costosa y sensible a las tolerancias ya que debe
existir un contacto eléctrico perfecto entre las piezas que forman la gúıa de
onda. Si este contacto eléctrico es imperfecto (algo muy probable debido
a las tolerancias de fabricación), se generan fugas de potencia a través de
los huecos debido a una discontinuidad de las corrientes eléctricas gener-
adas en las superficies que forman la estructura de la gúıa de ondas. Como
solución al problema descrito anteriormente, se desarrolló la tecnoloǵıa gap
waveguide [18], que evita el requisito del contacto eléctrico perfecto. La
eliminación de este duro requisito, que deb́ıan cumplir las piezas que forman
la gúıa de onda fabricada, se consigue sustituyendo las paredes verticales de
la gúıa de onda por estructuras EBG [19]. Como su nombre indica, estas es-
tructuras periódicas presentan un hueco electromagnético (también llamado
stopband) en determinadas bandas de frecuencia que impide la propagación
de una onda a través de la EBG. Aśı, al situarlas a ambos lados de la gúıa de
onda, evitan la fuga de campo electromagnético y, por tanto, las pérdidas
asociadas. Normalmente, estas EBGs están diseñadas para producir un
stopband independientemente de si existe o no separación entre las capas
que la forman. Esto proporciona robustez en la tolerancia de fabricación y
no altera el rendimiento del dispositivo. Este hecho alivia en gran medida
las limitaciones de la fabricación de gúıas de ondas en frecuencias de on-
das milimétricas y la convierte en una tecnoloǵıa prometedora para futuros
sistemas de RF.

Como ya se ha mencionado, una de las caracteŕısticas deseables para los
sistemas radiantes en 5G es la capacidad de orientar la dirección principal
de radiación. Con este fin, existen muchas configuraciones de diseño para
lograr este requisito. Una de las más populares es la adopción de redes
de beamforming como la matriz de Butler [20, 21, 22]. Tanto en este tipo
de redes beamforming como en otras de configuración alternativa [23, 24],
para conseguir los requerimientos de fase progresiva deseados en los elemen-
tos de antena, se necesitan desfasadores con un rendimiento determinado
a lo largo de la frecuencia. Este tipo de redes de beamforming realizan la
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modificación del apuntamiento del haz principal en función de la selección
del puerto de entrada. Esto es debido a que los componentes, que forman
la red, no pueden ser sintonizables. Como estrategia de diseño alternativa
para lograr la formación de haces, están los phased array. Suelen constar de
un solo puerto de entrada y desplazadores de fase reconfigurables, que son
esenciales entre los componentes que forman la red de formación de haces.
Algunos ejemplos de estos phased array en tecnoloǵıa de gúıa de ondas se
presentan en [25, 26, 27, 28, 29]. En todos ellos, los desfasadores reconfig-
urables se implementan mediante alguna estrategia de diseño en tecnoloǵıa
de gúıa de ondas. Aśı pues, tanto los desfasadores fijos como los variables
son dispositivos de RF clave para satisfacer las necesidades requeridas por
las redes de beamforming.

Además de las caracteŕısticas para que los sistemas radiantes 5G sean
eficientes y puedan realizar beamforming, otra caracteŕıstica relevante antes
mencionada es que deben proporcionar una alta ganancia lo que implica
una alta directividad. Para ello, por razones electromagnéticas, la apertura
f́ısica del sistema radiante debe ser grande en comparación con la longitud
de onda [30], que es del orden de miĺımetros para frecuencias superiores a
30 GHz. Esto hace que una de las soluciones generalmente adoptadas para
conseguir una mayor apertura f́ısica sea la implementación de agrupaciones
de antenas o arrays. Estos arrays pueden dividirse en dos grupos. El primer
grupo comprende los arrays de antenas alimentados mediante estructuras
de guiado, como es el caso de las redes beamforming o redes corporativas
de alimentación [31]; y el segundo grupo es aquel cuyos arrays de antenas
son alimentados por la radiación de una antena como fuente primaria. Los
conjuntos correspondientes a este último grupo se denominan antenas ali-
mentadas espacialmente. En este grupo de arrays de antenas se incluyen las
lentes [32], los transmitarrays [33] y los reflectarrays [34]. Si comparamos
ambos grupos de antenas, alimentadas por red o alimentadas espacialmente,
ambos tienen sus ventajas e inconvenientes. Por ejemplo, en los arrays de
antenas alimentados por redes de alimentación, el diseño con una red sin
pérdidas, con componentes sin reflexión que la formen y de gran ancho de
banda de operación se convierten en dif́ıciles tareas de diseño. Sin embargo,
si se consigue, la eficiencia de apertura del sistema radiante es muy elevada.
Por otro lado, las antenas alimentadas espacialmente tienen la ventaja de
no tener que lidiar con los problemas de implementación de redes de ali-
mentación pero, a cambio, todo el sistema debe diseñarse con precisión para
ser eficiente y evitar la mayor cantidad de pérdidas posible. En el caso de
las antenas reflectoras (también puede extenderse al resto de antenas con
alimentación espacial), hay que maximizar la eficiencia de iluminación, la
eficiencia de desbordamiento, las pérdidas de elementos, la eficiencia de fase,
el bloqueo y otros factores de eficiencia. La selección de uno de los dos gru-
pos de antenas depende de los requisitos de ancho de banda, espacio f́ısico
disponible, polarización electromagnética deseada, directividad máxima al-
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canzable o número de haces radiados necesarios.
Recientemente, ha surgido un nuevo paradigma para complementar la

infraestructura de las futuras redes de comunicaciones inalámbricas basado
en metasuperficies reconfigurables controladas por software [35]. La función
principal de estas metasuperficies es mejorar dinámicamente el área de cober-
tura en situaciones en las que existe NLOS entre las estaciones base y los
usuarios. Además de esta funcionalidad, existe un deseo generalizado de
ampliar las funcionalidades ofrecidas con el objetivo de controlar el entorno
inalámbrico de forma inteligente [36]. La concepción de este nuevo uso de
las metasuperficies reconfigurables tiene su origen en el trabajo pionero [37].
Este trabajo presenta por primera vez los metamateriales codificados que
se basan en discretizar las respuestas de fase producidas por las celdas uni-
tarias. Estas celdas unitarias componen el metamaterial o metasuperficie.
En los resultados experimentales presentados en [37], se emplea una celda
unidad controlada por un diodo PIN, que produce dos respuestas de fase
con una diferencia entre ellas de 180o. Debido a este comportamiento bi-
nario, la celda unitaria se denomina celda unitaria de 1 bit. El número
posible de estados de la celda unitaria reconfigurable determina su número
de bits. En general, estas metasuperficies se utilizan para reflejar las ondas
incidentes en la dirección o direcciones deseadas. La teoŕıa electromagnética
para el diseño de estas metasuperficies de reflexión, también llamada RIS,
se hereda de la utilizada para reflectarrays con algunas suposiciones para las
fases disponibles en los elementos y las caracteŕısticas de la onda incidente.
Debido a que RIS no hace uso de cadenas de RF en su implementación, se
obtiene un menor coste de diseño y un menor consumo de enerǵıa en com-
paración con las futuras estaciones base 5G. De este modo, el uso de RIS
es un dispositivo pionero para la sostenibilidad y reconfigurabilidad de las
futuras comunicaciones inalámbricas.

Esta tesis está dedicada principalmente a contribuir al diseño de dispos-
itivos de RF en frecuencias de ondas milimétricas para futuras generaciones
de comunicaciones. El documento de tesis tiene la siguiente organización.
En el Caṕıtulo 1, se inicia con una descripción del papel que tienen los dis-
positivos de ondas milimétricas en las comunicaciones 5G y las diferentes
estrategias de diseño propuestas para obtener estos dispositivos con los req-
uisitos objetivo. En los siguientes subapartados del Caṕıtulo 1, desde el
subapartado 1.1.1 hasta el 1.1.6, se realizará una descripción más detal-
lada del estado del arte de los temas más relacionados con las aportaciones
presentadas en esta tesis. En el apartado 1.2 se describen los objetivos al-
canzados en esta tesis. La metodoloǵıa de investigación seguida a lo largo de
la tesis se describe en la Sección 1.3. La sección 1.4 enumera los resultados
producidos por esta tesis tanto en términos de publicaciones como de pre-
mios. El Caṕıtulo 2 está dedicado a la presentación de las publicaciones que
componen esta tesis, aśı como a la descripción de las aportaciones realizadas
en cada una de ellas. Este caṕıtulo se ha dividido en dos partes, la primera
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dedicada a las contribuciones realizadas sobre el tema de los desfasadores
en ondas milimétricas. La otra parte del caṕıtulo presenta las publicaciones
y contribuciones realizadas sobre el tema de los sistemas radiantes en on-
das milimétricas. Finalmente, en el caṕıtulo 4 se enumeran las principales
conclusiones de esta tesis y se plantean las futuras ĺıneas de investigación
basadas en las aportaciones realizadas.

Conclusiones

A continuación se enumeran las principales conclusiones extráıdas de las
contribuciones que componen esta tesis:

• A partir de [P1], se demuestra el diseño de un desfasador en gúıa de
onda formado por celda unidad con pines que conservan simetŕıa glide.
Utilizando este tipo de celda unidad, se consigue un mayor desfase por
celda unidad en comparación con la celda unidad que no tiene esta
configuración de simetŕıa. Esto permite un diseño más compacto de los
desfasadores en gúıa de ondas para frecuencias milimétricas. Además,
como los pines están más separadas en la celda unitaria con simétricas
glide, la fabricación es menos compleja. En la celda unitaria propuesta
no se utiliza material dieléctrico, por lo que se minimizan las pérdidas
en este aspecto.

• En [P2] se analizan en detalle los efectos de cargar una gúıa de on-
das rectangular con agujeros periódicos para el rango de frecuencias
milimétricas. La disposición espacial de estos agujeros es importante
y tiene consecuencias sobre la constante de propagación de la gúıa de
ondas. Si los agujeros mantienen una configuración en simetŕıa glide,
la celda unitaria resultante proporciona un desfase en un gran ancho
de banda. En otro caso, se produce un stopband donde ésta es máxima
para la configuración en simetŕıa mirror. Aprovechando estas dos con-
figuraciones de simetŕıa glide y mirror, es posible realizar desfasadores
y filtros en gúıa de ondas para frecuencias milimétricas sin complejidad
de fabricación ya que consiste en un simple taladrado de las piezas.

• En [P3] se presentan las estructuras periódicas que producen un des-
fase en una gúıa de onda ridge. Se demuestra que para conseguir un
desfase controlado en una celda unitaria en la tecnoloǵıa de gúıa de
onda ridge es necesario incluir medios agujeros a ambos lados de la
ridge. De este modo, se consigue un mayor desfase por celda unitaria
en comparación con la introducción del desfase modulando tanto la
altura como la anchura de una gúıa de onda de ridge. Además, la
configuración de estos orificios en la celda unitaria debe preservar la
simetŕıa glide para conseguir el mayor ancho de banda para el modo
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fundamental. Basándonos en este tipo de celda unitaria y como prueba
de concepto, se presenta un desfasador con una respuesta de fase plana
para frecuencias milimétricas cuya referencia es otra gúıa de onda ridge
de la misma longitud. Se puede diseñar otro tipo de respuesta en fre-
cuencia para el desfasador mediante la modificación del valor de los
agujeros incluidos en la ridge.

• En [P4], se detalla el diseño propuesto de un desfasador reconfigurable
en tecnoloǵıa gap-waveguide. Aprovechando las ventajas de la tec-
noloǵıa gap-waveguide, se demuestran las oportunidades que ofrece
para la inclusión relativamente sencilla de elementos reconfigurables
dentro de una gúıas de ondas. En este caso, se utiliza una tira metálica
flexible que permite el cambio progresivo de anchura de la gúıa de on-
das por acción mecánica. De este modo, se modifica de forma sencilla
la constante de fase a lo largo de la gúıa de onda y, en consecuencia,
el valor de desfase proporcionado por el desfasador.

• En el tema de los dispositivos radiantes, [P5] se propone el uso com-
binado de la tecnoloǵıa gap-waveguide basada en el diseño de agujeros
glide y una gúıa de ondas separada en plano E. Ambas estrategias
de diseño ofrecen la posibilidad de dividir el diseño completo en un
conjunto de varias piezas para conseguir una fabricación adecuada.
Mediante el diseño en gúıas de ondas divididas en el plano E, y en los
casos en los que no se puede conseguir implementando la tecnoloǵıa
gap-waveguide, se pueden minimizar las pérdidas por fugas en el en-
samblado de las piezas que forman el prototipo fabricado. Con esta
división multicapa y un comportamiento robusto frente a las toleran-
cias de ensamblado, se puede realizar una fabricación de bajo coste de
conjuntos multicapa para frecuencias de ondas milimétricas basada en
impresión 3D.

• En [P6], se propone una celda unitaria de reflectarray metálica con ge-
ometŕıa 3D para conseguir una reflexión de bajas pérdidas y un ajuste
independiente de la fase reflejada para las polarizaciones lineales or-
togonales incidentes. En este trabajo se estudia el efecto de la altura
entre las gúıas de onda de placas paralelas, que forman la celda uni-
taria. Además, también se analiza la respuesta de fase de la celda
unitaria bajo incidencia oblicua. Los resultados muestran una celda
unitaria prometedora para el diseño de reflectarray sólo metálicos, ya
que el nivel de control de fase independiente de cada polarización es
elevado, con una respuesta de fase lineal en frecuencia que se mantiene
para ángulos oblicuos.

• En [P7], se mejora el diseño de la célula unitaria de [P6] y se propone
una nueva célula unitaria reflectora sólo metálica. Esta célula unitaria
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tiene un comportamiento lineal en un ancho de banda amplio para la
respuesta de fase, aśı como una gran independencia en el control de la
polarización lineal ortogonal reflejada. La celda unitaria propuesta se
estudia exhaustivamente para determinar los ĺımites de su rendimiento
en ancho de banda. Como esta célula unitaria tiene geometŕıa 3D, la
fabricación mediante impresión 3D es sencilla y se demuestra en el
art́ıculo con el diseño y prototipo de un reflectarray con gran ancho
de banda para ganancia y alta eficiencia de radiación en frecuencias
milimétricas. Además, debido al control independiente de la fase refle-
jada de las polarizaciones ortogonales incidentes, el prototipo también
proporciona polarización circular en un gran ancho de banda. Esta
polarización conseguida es de especial interés para las comunicaciones,
ya que mitiga las pérdidas en el canal de propagación.

• En [P8] se propone una nueva célula unitaria de reflexión-transmisión
con prestaciones de banda ancha e independencia de la polarización
incidente. Aprovechando las ventajas observadas en [P7], una de las
polarizaciones se dedica a ser transmitida en lugar de ser reflejada.
Esto se consigue mediante la inclusión de estructuras de onda lenta
mediante corrugaciones. Tanto las estructuras que controlan el des-
fase en transmisión como en reflexión lo hacen sobre un gran ancho
de banda por lo que, en consecuencia, el aumento de directividad en
ambos modos de operación se produce también sobre un gran ancho
de banda. Además, al ser una estructura selectiva de polarización,
es posible realizar reflexión completa, transmisión completa o trans-
misión/reflexión dependiendo del ángulo de la polarización incidente
en ϕ.

• Por último, en [P9] se demuestra un diseño de RIS con celdas unitarias
que tienen una estructura tridimensional. Esto proporciona un grado
adicional de libertad en el control de las polarizaciones recibidas, ya
que se pueden controlar de forma independiente. Como elemento re-
configurable, se propone una estructura con grafeno en contacto con
los resonadores de anillo partido, que se incluyen en cada una de las
paredes laterales de la gúıa de onda al corte. Debido a la reconfigura-
bilidad de la resistencia superficial del grafeno a frecuencias inferiores
a 100 GHz, se establecen diferentes valores. Éstos provocan un cam-
bio de la frecuencia de resonancia del resonador de anillo partido y,
en consecuencia, un cambio de la respuesta de fase reflejada. De-
pendiendo de la polarización que incida en la RIS, puede producirse
un comportamiento diferente de reflexión en la polarización reflejada
que dé lugar a situaciones de redirección del haz, división del haz o
de haces múltiples. Además, debido a la gama de resistencias superfi-
ciales que ofrece el grafeno, la RIS propuesta puede producir un estado
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de absorción de la onda incidente que proporciona una funcionalidad
avanzada.


