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Abstract

This thesis deals with topics of special interest regarding the design
of antennas at the mm-wave band. Today, implementing passive
components that operate in the mm-wave band and to ensure the
appropriate metallic contact is challenging. Commonly, conven-
tional planar transmission lines and hollow metallic waveguides are
the usual solutions but they present high losses or they do not en-
sure a good metallic contact. So, new concepts must be explored.

Gap Waveguides (GWs), result suitably since they do not require
metallic contact for shielding. Antenna arrays in Gap Waveguide
Technology (GW) emerges as one promising candidate to naturally
meet some of the mentioned needs. GW technology has demon-
strated to be effective for mm-wave band devices because it enables
full-metal distribution networks in a much simpler way than con-
ventional waveguides. Very low distribution losses can be achieved
preserving at the same time the assembly simplicity of multilayer
microstrip feeding networks. This unique feature is a consequence
of gap waveguides ability to safely confine the electromagnetic wave
propagation through a contactless structure.

During the last decade, there have been important advances in GW
technology and a good number of gap waveguide-based arrays can
be found in the literature. This thesis goes a step further in the
contribution to mm-wave gap waveguide antennas. Here, anten-
nas with linear polarization as well as circular or dual polarization
are proposed. Dual band antennas has also been explored. These
contributions have been carried out with a focus on satellite com-
munications on-the-move. In addition, new distribution networks
have also been explored to obtain more compact, low-profile and
lighter antennas.
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Resumen

Esta tesis aborda temas de especial interés en el diseño de antenas
en la banda de milimétricas. Hoy en d́ıa, implementar componentes
pasivos para operar en la banda de milimétricas y asegurar el con-
tacto y el alineamiento metálico apropiado entre piezas, resulta un
desaf́ıo complejo. Habitualmente las ĺıneas de transmisión y las gúıa
de ondas metálicas son las soluciones adoptadas, pero en el primer
caso se presentan pérdidas al ser soluciones impresas y en el se-
gundo caso un mal contacto metálico conlleva fugas de campo. Por
tanto, se están explorando nuevos conceptos que solucionen estos
problemas.

La tecnoloǵıa Gap Waveguide (GW) resulta adecuada ya que no
requiere de contactos metálicos. En los últimos años han surgido
las agrupaciones de antenas basadas en la tecnoloǵıa Gap Waveg-
uide y son un candidato prometedor para satisfacer algunas de las
necesidades mencionadas. La tecnoloǵıa GW ha demostrado ser
atractiva para dispositivos de milimétricas porque permite redes de
distribución completamente metálicas de una manera más simple
que las gúıas de onda convencionales. Por tanto, estas redes tienen
muy bajas pérdidas pero además son simples de fabricar. Esto es
posible gracias a la capacidad de las GW de confinar de forma se-
gura la propagación de ondas electromagnéticas por medio de una
estructura que no requiere de contacto.

Durante la última década, se han hecho avances importantes en
la tecnoloǵıa GW y en la literatura se pueden encontrar un buen
número de antenas basadas en GW. Esta tesis va un paso más allá
en la contribución de este tipo de antenas. Aqúı, no solo se pre-
sentan antenas con polarización lineal, como suelen ser las desar-
rolladas hasta ahora, sino también con polarización dual, circular y
duales en banda. Estas aportaciones son especialmente atractivas
dentro del campo de las comunicaciones por satélite en movimiento
(SATCOM on-the-move). Además se han explorado nuevas redes
de distribución que permiten antenas planas más compactas, más
ligeras.
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Resum

Esta tesi aborda temes d’especial interés en el disseny d’antenes
en la banda de mil·limètriques. Hui en dia, implementar compo-
nents passius per a operar en longituds d’onda tan xicotetes (de
l’orde de mil·ĺımetres) i assegurar el contacte i l’alineament metàl-
lic apropiat entre peces, resulta un desafiament complex. Habitual-
ment les ĺınies de transmissió i les guia d’ones metàl·liques són les
solucions adoptades, però en el primer cas es presenten pèrdues al
ser solucions impreses i en el segon cas un mal contacte metàl·lic
comporta fugues de camp. Per tant, s’estan explorant nous con-
ceptes que solucionen estos problemes.

La tecnologia Gap Waveguide (GW) resulta adequada ja que no
requerix de contactes metàl·lics. En els últims anys han sorgit les
agrupacions d’antena basades en la tecnologia Gap Waveguide i
són un candidat prometedor per a satisfer algunes de les necessitats
mencionades. La tecnologia GW ha demostrat ser atractiva per a
dispositius de banda d’ones mil-limètriques perquè permet xarxes
de distribució completament metàl-liques d’una manera més simple
que les guies d’onda convencionals. Per tant estes xarxes tenen
baixes pèrdues peró, a més, són simples de fabricar. Açò és possible
gràcies a la capacitat de les GW de confinar de forma segura la
propagació d’ones electromagnètiques per mitjà d’una estructura
que no requerix de contacte.

Durant l’última dècada, s’han fet avanços importants en la tecnolo-
gia GW i en la literatura es poden trobar un bon nombre d’antenes
basades en GW. Esta tesi va un pas més enllà en la contribució
d’este tipus d’antenes. Aćı, no sols es presenten antenes amb polar-
ització lineal com solen ser les desenrotllades fins ara, sinó també
antenes amb polarització dual, circular i inclús antenes duals en
banda. Estes aportacions són especialment atractives dins del camp
de les comunicacions per satèl·lit en moviment (SATCOM on-the-
move). A més també s’han explorat noves xarxes de distribució que
permeten obtindre antenes planes més compactes, més lleugeres.
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Chapter 1

Introduction

“A lot of people want a shortcut.
I find the best shortcut is the long
way, which is basically two words:
work hard.”

— Randy Pausch

Today, wireless connectivity is considered to be an essential factor for assess-
ing the quality of life as wireless communication systems continue to drive hu-
man productivity and innovation in many areas. Communication at millimeter-
wave frequencies can be considered as the most recent game-changing develop-
ment for wireless systems. Thus, the mm-wave band is called to allocate new
generation communication services as an additional spectrum to the microwave
band.

The millimeter wave spectrum (30-300 GHz) is of increasing interest to ser-
vice providers and systems designers because of the wide bandwidths available
for carrying communications. Such wide bandwidth is valuable in support-
ing applications such as high-speed data transmission and video distribution.
Planning for millimeter wave spectrum usage must take into account the prop-
agation characteristics of radio signals at this frequency range. While signals
at lower frequency bands can propagate for many kilometres and penetrate
more easily through buildings, millimeter wave signals can travel only a few
kilometres or less and do not penetrate solid materials easily. However, these
characteristics of millimeter wave propagation are not necessarily disadvan-
tageous. Millimeter waves can permit more densely packed communications
links, thus providing very efficient spectrum utilization, and they can increase
the security of communication transmissions [1].
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CHAPTER 1. INTRODUCTION

Antenna systems with high performance will be required at these bands to
compensate for the strong propagation losses. There are plenty of technical
issues and mechanical challenges in implementing millimeter-wave front-ends.
These factors are cost pressure, compact size requirement, improved system
integration density, packaging and cross-talk suppression, lower DC power con-
sumption and lower RF power dissipation.

Conventional rectangular waveguides, planar transmission lines such as
coplanar waveguides or microstrip lines are well-characterized transmission me-
dia which are used in a variety of complex RF component and circuits until
today. However, there are some factors to be considered while using these
conventional technologies at millimeter-wave frequencies or above, particularly
for low-cost RF applications. Classical waveguide technology is well known to
provide the lowest losses and very high power handling capability. For these
reasons, it is often used in space applications. Unfortunately, this technology is
not flexible enough to manufacture intricate components (such as an antenna
corporate-feed network), mainly because it is critical to ensure good electrical
contact when it is manufactured in several pieces. The connection between
the split blocks can be achieved by screwing, dip-brazing techniques or more
sophisticated (and less massive) methods such as diffusion bonding. These
techniques are costly, complicated and often not scalable to higher frequen-
cies. As the operation frequency approaches millimeter-wave frequencies, the
physical dimensions of the components decrease, and a high level of precision
is required for manufacturing and assembling the metal pieces by conventional
methods [2].

On the other hand, microstrip and coplanar lines are the most representative
planar transmission lines. These are robust, low-cost solutions and very suitable
for integrating active microwave components on circuit boards. However, the
transmission properties of both microstrip and coplanar lines greatly depend
on the substrate parameters. Both lines suffer from high insertion loss at mm-
wave band due to the presence of lossy dielectric material, as well as significant
conductor losses caused by the small dimensions. Additionally, the excitation
of unwanted surface waves and propagation via substrate modes is another
severe problem of printed technology. Therefore, there is a definite need for
new RF technology (in particular at 30 GHz and above) which will allow low-
cost manufacturing of massive commercial applications.

Alternatives have been developed already to replace the two main conven-
tional technologies (PCB technology and hollow waveguide technology). One
of these alternative technologies is the Substrate Integrated Waveguide (SIW),
despite it still suffers from high dielectric losses at millimeter wave frequency
range. In this regard, recently developed gap waveguide becomes an innova-
tive technology well suited for millimeter-wave RF applications. It is based
on Prof. Kildal’s invention in 2009, described in the introductory papers [3],
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1.1 Millimeter Wave Band

[4]. These papers describe several types of gap waveguides that can replace mi-
crostrip technology, coplanar waveguides, and standard rectangular waveguides
in millimeter wave RF systems and antennas.

The gap waveguide can be a low loss RF building block having significant
advantages in manufacturing waveguide components such as antennas or filters
and at the same time integrating RF electronics with waveguide components.

1.1 Millimeter Wave Band

Millimeter wave spectrum (Fig. 1.1) can be used for high-speed wireless commu-
nications. Regulatory agencies and researchers are considering it as the way to
bring “5G” into the future by allocating more bandwidth to deliver faster, mul-
timedia content and services and higher-quality video. The European Telecom-
munications Standards Institute (ETSI) itself defines the following qualities of
the mm-wave spectrum [5]:

• Lots of spectrum available: There is one order of magnitude of more
spectrum available in this band than in lower bands. For example, the
bandwidth available in the 70 GHz and 80 GHz bands, a total of 10 GHz,
is more than the total sum of all other licensed spectrum available for
wireless communication.

• Larger bandwidth channels are possible, of 2GHz, 4GHz, 10GHz or even
100GHz, enabling fiber-like capacity.

• The spectrum can be made available quickly and can be reused easily
with the limited propagation range in this band.

• Lower spectrum license costs lead to a lower total cost of ownership and
lower cost per bit of radio systems using this spectrum. Besides, the cost
of licensing E-band (60-90 GHz) links is exceptionally low, even below
the thousands of euros per link for 10 years of interference protected use
which is much lower price than in the microwave band [6].

Given the broad field of exploration and its capabilities, this frequency band
is the one chosen in this thesis. Although a large part of the work is focused
mostly on 30 GHz, there are also some antennas at 60 GHz. In order to under-
stand the context in which these antennas are framed, and the challenges that
have been faced, a general overview of the mm-wave band is described. A sim-
ilar scheme of that well-suited in [7] is followed. There, historical background,
propagation characteristics, key benefits, and applications are highlighted as
the main points. Implicitly, concepts belonging to these four points are refer-
enced somehow in every work in the literature.
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CHAPTER 1. INTRODUCTION

Figure 1.1: Millimeter wave spectrum [8].

Historical Background

The history of mm-waves starts only a few years after the discovery of elec-
tromagnetic waves by Heinrich Hertz and the first use of mm-waves is a direct
consequence of the Hertz’s work. Hertz did a series of experiments between
1886 and 1888 and stated that electromagnetic energy travels in a wave like
motion, precisely similar to that of light and with velocity the same as that of
light. He verified experimentally, for the first time, that the theoretical pre-
dictions of James Clerk Maxwell were correct. He also simplified Maxwell’s
mathematics and wrote down the set of equations which we today refer to as
Maxwell’s Equations. Hertz’s pioneering series of discoveries was soon success-
fully repeated and extended by other scientists throughout the world. The
theoretical basis of microwaves was also being pursued; notable is the first ex-
planation of the modes of propagation in a waveguide by Lord Rayleigh in
1897 [9].

Some researchers extended the operation frequency up into mm-wave band.
Of particular interest is the careful and meticulous work of Professor Jagadis
Chunder Bose of Presidency College, Calcutta, India. In 1897 he demonstrated
a complete millimeter waveguide bench. Thus within a decade of the discovery
of radio waves, microwaves and mm-waves had been established. With such
a promising start, it might have been expected that microwave and mm-wave
systems would have an assured future. However, this did not happen.

Following Bose’s research, mm-wave technology remained within the con-
fines of university and government laboratories for almost half a century. The
technology started to see its early applications in Radio Astronomy in the
1960’s, followed by applications in the military in the 70’s. In the 80’s, the de-
velopment of mm-wave integrated circuits created opportunities for mass man-
ufacturing of mm-wave products for commercial applications. In the 1990’s,

4



1.1 Millimeter Wave Band

Figure 1.2: Expected atmospheric path loss as a function of frequency under
normal atmospheric conditions [14].

the advent of automotive collision avoidance radar at 77 GHz marked the first
consumer-oriented use of millimeter wave frequencies above 40 GHz. In the
2000’s the FCC authorized the use of 71-76 GHz and 81-86 GHz for licensed
point-to-point communication, creating a fertile ground for new industries de-
veloping products and services in this band. [7]. Finally, in the 2010s, several
emerging 60 GHz standards are targeted toward short-range wireless personal
area networking (WPAN) such as high-definition streamed multimedia and
high-speed kiosk data transfers [10]-[11]. Currently, the two most popular
60 GHz standards, IEEE 802.15.3c and WirelessHD, will primarily provide
Gb/s streamed video and audio. Next-generation wireless local area network-
ing (WLAN) will also exploit 60 GHz spectrum through the development of
the IEEE 802.11ad and WiGig standards [12]-[13].

Propagation Characteristics

Radio signals of all types, as they propagate through the atmosphere, are re-
duced in intensity due to the atmosphere effect. The atmospheric loss is defined
in terms of decibels (dB) loss per kilometer of propagation (Fig. 1.2).

The propagation characteristics of mm-waves through the atmosphere de-
pend primarily on atmospheric oxygen, humidity, fog and rain. The signal loss
due to atmospheric oxygen, although a source of significant limitation in the 60
GHz band, is almost negligible in the 70 and 80 GHz bands. Of all atmospheric
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conditions, rain causes the most significant loss of 70 GHz and 80 GHz signal
strength, as is the case with microwave signals as well.

Consequently, 70 GHz and 80 GHz bands are projected for outdoor appli-
cations including mobile communications, Point-to-Point (P2P) high data-rate
links, vehicular radars (77 GHz), radiometry (94 GHz), or imaging. On the
other hand, since the frequencies surrounding 60 GHz present high atmospheric
attenuation, they are very suitable for a short-range scenario in which it can
be taken advantage of the isolation from sources of interference. Consequently,
there is a huge interest in these frequencies, generally for high-data rate wireless
indoor communications.

It must be also indicated that higher altitudes in the atmosphere present
higher attenuation. For common communication links or other terrestrial ap-
plications this fact is not a problem however it must be taken into account to
plan satellite communications or atmospheric radiometry experiments [15].

Applications

Radar and imaging, indoor communications, outdoor communications, sensors,
aerospace applications or satellite communications are highlights of a growing
list of applications at mm-wave frequencies. These applications are causing
excitement in engineering companies involved in mm-wave components, assem-
blies and test equipment. As development continues and costs come down,
mm-waves will become a widely used portion of the electromagnetic spectrum.
Among the applications mentioned, we will focus on satellite communications
(SATCOM).

1.2 SATCOM

The field of SATCOM is undoubtedly a hot topic today. In recent years, the
demand for satellite capacity has grown similarly to other wired and cellular
wireless communications technologies, and the market trend is to increase the
service throughput speeds in at least one order of magnitude compared to ex-
isting Ku-band systems. Demand for Ka-band satellite capacity is expected to
grow over the next ten years. The Middle East, Asia, and Africa will be areas
of high demand as a mix of communication applications including trunking
and backhaul services, broadband access, enterprise networks and government
communications demand more Ka-band capacity. As a revealing piece of infor-
mation, the European Space Agency has funded more than 150 projects during
the 2000s and 2010 for the development of applications in SATCOM within the
ARTES program.

The primary objective of the thesis is the design of high-gain low-profile low-
cost and low-loss antennas at millimeter-wave band. Gap Waveguide Antennas,
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1.2 SATCOM

Figure 1.3: Ku-Band dual reflector antenna [16].

are intended to contribute one more step in the achievement of solutions with all
the desired characteristics for SATCOM antennas. In this regard, satisfactory
designs enjoying TX/RX operation, dually polarized, low profile and low cost
antenna arrays for SATCOM on the move in Ka-band, supporting broadband
applications, are scarce.

Nevertheless, it should be noted that efforts in this direction have already
been made in the past using antennas such as parabolic reflectors, reflectarrays,
lenses or waveguide arrays. These type of antennas are widely developed and
studied, and they can meet some of the SATCOM requirements. The main
characteristics of these contributions are briefly reviewed below. The literature
on high-gain antennas at mm-wave band is very extensive, so the references
provided are in some way related to the topics covered in this thesis.

Parabolic Reflectors

Reflector antennas with mechanical beam scanning provide high gain and ac-
ceptable side-lobe level with minimal price. An important advantage of such
antennas is the possibility of combining TX and RX antennas in the same aper-
ture as well as operating in multiple bands. The most used type of reflector
antennas are dual-reflector antennas. On the other hand, a typical drawback
of reflectors is that they are bulky and show a high profile. Therefore, the
interest to find low-profile reflector antennas has grown in the last years. Many
private companies such as ViaSat, Space Engineering, Thales Alenia Space or
Hispasat, collaborate with public entities in the achievement of this objective.
Some featured examples can be found in [16]-[18].
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Figure 1.4: (Left) Photo of the entire assembled mobile antenna system and
(right) antenna system installed on a large test ship [17].

Figure 1.5: The Kuang-Chi flat-panel reflector antenna for Satcom, in a suit-
case [18].

In [16], a dual offset Ku-band reflector antenna on board high-speed trains
and ground vehicles was presented. In addition the Ku-band mobile terminal
evolution, in terms of performance improvement and possible upgrading to Ka
band, was addressed. A photograph of this reflector is shown in Fig. 1.3.

Besides, in [17] a tri-band mobile antenna system which operates by uti-
lizing the geo-stationary satellite Koreasat-3 in tri-band (Ka, K, and Ku) was
designed, and a pilot product was fabricated and tested. This tri-band an-
tenna system permits the provision of diverse broadband services including
super high-speed interactive internet access, video communication, video on
demand, and high quality satellite broadcasting. A detail image of the tri-
band parabolic reflector and its placement on a ship is shown in Fig. 1.4. Fur-
thermore, a recent contribution presented in [18] uses metamaterials to obtain
a reflector with a planar shape that is only 2 mm thick. Fig. 1.5 shows an
illustration of a portable metamaterial satcom reflector antenna in a suitcase.

In a different line of research, it appears the depoyable parabolic reflectors.
This type of reflectors are useful to be embarked on satellites. One of the
most recent contributions in the field of satellite applications is that made by
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Figure 1.6: Example of planar lens in front of a square aperture on a ground
plane presented in [22].

NASA’s Jet Propulsion Laboratory and CalTech [19]. This paper introduces a
42.8 dBi gain deployable Ka-band reflector antenna folding in a 1.5U stowage
volume suitable for 3U and 6U class CubeSats. The deployable antenna is an
unfurlable mesh reflector with 32 ribs, and it resembles an umbrella. A more
general review of recent developments in advanced antennas for small satellites
is presented in [20].

Furthermore, in the context of new manufacturing techniques, there are
also studies in the line of lowering the weight of reflectors through additive
manufacturing technology. In [21] a lightweight, cost-efficient, wideband, and
high-gain 3D printed parabolic reflector antenna in Ka-band is presented. A
10λ reflector is printed with a biodegradable type of plastic. The reflecting
surface is made up of multiple stacked layers of copper tape, thick enough to
function as a reflecting surface.

Lenses

The lens antenna is a 3-dimensional electromagnetic device which has a refrac-
tive index other than unity. It consists of electromagnetic lens along with the
feed. These antennas are similar to glass lenses used in the optical domain.
The major advantages of lens antennas are narrow beamwidth, high gain, and
low sidelobes. On the other hand, the main drawback are the volume, the
weight and in addition, the losses in the dielectric and the reflection in the
discontinuities.

Many interesting examples of lenses in the mm-wave band can be found in
[24]-[27]. Moreover, its usefulness and feasibility as a solution for SATCOM
antennas is emphasized in recent contributions based on printed lenses as [28]-
[32]. Printed lenses (Fig. 1.6) are more appropriate for mobile communications
thanks to their lower weight and profile.

Also, there are numerous studies based on lenses that have demonstrated
their viability as multi-beam systems such as the Luneburg lens [33]-[35]. Re-

9



CHAPTER 1. INTRODUCTION

Figure 1.7: (a) Photograph of the bottom layer of the manufactured Luneb-
urg lens with numbered ports. (b) Zoom of the lens and (c) measurement
configuration at the anechoic chamber [23].

cent studies have been conducted using this type of lens since they are very
attractive antennas for use in wide angle scanning applications. In this line of
research, IETR researchers in Rennes proposed an all-metal Ku-band Luneburg
lens based on variable parallel plate spacing Fakir bed (similar to Gap Waveg-
uide technology) thus avoiding the use of dielectrics [36]. In addition, another
completely metallic Luneburg lens (Fig. 1.7) was published making use of a
glide-symmetric holey structure [23],[37].

Reflectarrays

Reflectarrays combine some of the advantages of reflectors and array antennas.
A feed illuminates a usually planar reflecting surface with locally controlled sur-
face impedance to produce a fixed or reconfigurable radiation pattern. From
the reflectarrays it stands out its simplicity and low loss of the power distri-
bution scheme. Besides, it is potentially associated with low cost and mass
production of printed structures. Also, for large apertures, a reflectarray can
be more accessible to manufacture and deploy than a large/shaped reflector.
Main limitations are the narrow bandwidth, as demonstrated in [38] and [39],
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Figure 1.8: Offset reflectarray antenna in the DTU-ESA Spherical Near-Field
Antenna Test Facility [40].

as well as the uncontrolled reflection of some of the incident power. Further-
more, the need of a primary feeder makes the whole structure bulkier than
other solutions, such as planar arrays.

Nonetheless, many efforts are being made to reverse this situation. For ex-
ample, in large reflectarrays, frequency bandwidth can be improved by stack-
ing several layers of printed elements. The contributions made by Encinar in
this regard are remarkable [41]-[45]. Other works also follow the same line of
research. In [46], a novel dual-polarized stacked patch antenna element for
wide-angle scanning is presented. Moreover, a 20/30-GHz dual-band circu-
larly polarized reflectarray antenna was introduced in [40] (see Fig. 1.8). Both
contributions are aimed to be used for SATCOM on-the-move applications at
Ka-band.

In addition, new possibilities are being explored. In [47] the recent develop-
ments in Liquid Crystal-based reflectarray antennas for mm-wave applications
were presented. The authors proposed a reconfigurable antenna that can be
manufactured without the need for integrating hundreds or thousands of de-
vices in the array. Thus, the fabrication process is significantly simplified,
which is especially beneficial for large reconfigurable arrays such as those re-
quired for SATCOM applications. Following with the reflectarrays focused on
SATCOM on the move, it is interesting the recent work of Gao in [48]. There,
a Ka-band low-cost beam-scanning folded reflectarray and a Ku-band low-cost
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dual-polarized reconfigurable reflectarray with single bit phase control by using
PIN diodes, are presented. Both prototypes are examples of high-performance
mm-wave smart antennas with reasonable cost.

Antenna Arrays

Antenna arrays is another alternative. However, there are scarce published
works of high-gain low-profile full-metal structures focused on SATCOM appli-
cations in the Ka-band. Below Ka-band, printed solutions are the most widely
used since microstrip technology allows easy integration with active components
and takes advantage of the low costs of printed circuit technologies. Therefore,
microstrip antennas have been widely used as a solution for compact high-gain
arrays in the microwave band [49]-[50]. Years ago, attempts to use this type of
antennas at frequencies higher than microwaves (K band and above) were not
satisfactory since the efficiency achieved was far back to compete with that of
completely metallic structures [51].

Today, by combining metal feed networks with patches [52]-[53], a trade-
off between compactness and losses can be achieved although the full-metallic
structures are more efficient (80-90% instead of 50%). Already in the mid-90s,
the antenna group at Tokyo University of Technology proposed the use of full-
metal antennas instead of printed solutions. In their work presented in [54], it is
defended that in printed antennas the loss becomes significant in the mm-wave
band and only antennas with lower gain (20 to 30 dBi) or lower efficiency (20
to 40%) had been reported until that day. Then, they proposed waveguide slot
array antennas as an attractive candidate for high-efficiency planar antennas.
However, the problem lies in the complex feeding structures they need. It is
necessary to simplify these structures.

During the last 15 years, there is a boom in the research about full-metal
antenna arrays in the mm-wave band. The objective is to combine all the
advantages of the antennas previously proposed (parabolic reflectors, lenses,
reflectarrays) and also to provide low profile, low weight, and mass production.
We will focus on these approaches on the following. For an easier understand-
ing, the antennas are classified taking into account their polarization type (lin-
ear, circular, dual-pol), their bandwidth characteristics (single or dual-band)
or their steering capability (mechanical, hybrid or electronic).

Linear-Polarized Antenna Arrays

Following with the work developed at Tokyo Tech, the solution in [54] was
a first approach. A straightforward design in the K band (22 GHz) with a
series feeding network with narrow frequency bandwidth was presented. This
same group of researchers were developing during the second part of the 90s
continuous improvements of that idea in [55] and [56].
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Figure 1.9: (Left) Configuration of the 16×16-element array. (Right) Photo of
the fabricated E-band antenna using diffusion bonding introduced in [61].

Recently, during the 2000s and to date, the same research group headed by
professors M. Ando and J. Hirokawa are keeping and improving the concept.
Among the most notable works published recently, [57]-[63] stand out. All
these fully metallic linearly-polarized antennas, share a common manufacturing
technique known as Diffusion Bonding. An example of these antennas is shown
in Fig. 1.9.

Diffusion bonding is a solid-state welding technique used in metalworking,
capable of joining similar and dissimilar metals. The diffusion bonding at high
temperature (about 1000 degrees) gives perfect electrical contacts among the
laminated metal plates. According to Hirokawa [64]-[65], this fabrication tech-
nique has the potential of being low cost in the millimeter-wave band because
of high-precision (about 20 µm) etching of metal plates. By contrast, another
group working on high-gain, low-profile and low-loss antennas is the one of
Chalmers University of Technology in Sweden. They claim the opposite, i.e.,
that diffusion bonding is an expensive technique [66]-[67]. This group, led by
Kildal, pioneered the use of Gap Waveguide technology for the realization of
fully metallic antennas in the millimeter-wave band. Practically all their pro-
posals consist of multilayer linearly-polarized antennas composed by several
unconnected layers, thanks to the properties of the Gap Waveguide technol-
ogy. Notable contributions for their simplicity and performance can be found
in [68]-[67]. There are much more examples of high-gain linear-polarized anten-
nas in the mm-wave band [76]-[79], but they are not completely metallic since
they make use of SIW or LTCC. Thereupon, they are out of the scope of this
thesis.
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Figure 1.10: Photo of the fabricated polarizer antenna in [81].

Circularly-Polarized Antenna Arrays

The number of publications and research about full-metal antennas in the
mm-wave band with circular polarization is significantly lower than the linear-
polarized ones. Hardly any prototypes with these characteristics can be found
and even less in Gap Waveguide technology. We highlight some outstanding
publications in printed solutions.

A Ka-band circularly polarized (CP) planar array antenna with an axial
ratio (AR) bandwidth of 14 % and efficiency between 60 to 80% is presented
in [80]. There, a stripline network and a waveguide transition are integrated
into a 4×4 array. While it is an interesting antenna, the efficiency would be
drastically reduced in a larger array. Another example can be found in [81].
This paper presents a wideband CP mm-wave band antenna by using a 3-D
printed polarizer. The polarizer consists of several gaps and dielectric slabs
which transform the polarization from linear to circular (Fig. 1.10). This so-
lution, however, does not seem easily extendable to a larger array and the
dielectric polarizer may lead to higher losses.

Regarding GW arrays, a few examples can be found. In [82] a 1×8 array
was presented. However the authors recognized that further investigations
must be carried out to extend it to a two-dimensional array since the proposed
RGW network, in this case, is unable to achieve the desired arrangement. This
antenna is not completely metallic either, since it makes use of PCB elements.

Another proposal, very similar to the previous one, but fully metallic is
shown in [83]. This paper presents a novel 77 GHz slot array antenna using an
RGW as feeding network. The all-metal structure consists of two layers, being
a promising planar geometry without dielectric losses. However, the proposed
architecture will not be easy to be extended to a larger array.

Very recently, a full-metal 2×2 slot antenna array fed by ridge gap waveg-
uide (RGW) technology for Ka-band was described in [84]. The proposed
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antenna array consists of two parallel plates, including radiating layer and
feeding network in the bottom and it shows a 3-dB axial ratio (AR) bandwidth
of 11.3%. However, in this case, only simulations were presented.

Furthermore, one of the most recent contributions using diffusion bonding is
presented in [85]. The antenna consists of an array of 16×16 circularly-polarized
radiating elements with a double-layer corporate feeding network (Fig. 1.11).
The authors claim that diffusion bonding seems nowadays to be the only manu-
facturing technique capable of implementing waveguide fully metallic antenna
arrays operating at W-band with gains over 20 dBi and efficiencies over 50
percent.

Figure 1.11: Photography of the diffusion-bonded antenna in [85]: (a) The top
view; (b) The bottom view; (c) The side view; (d) Reflected power measurement
and (e) Radiation measurement in an anechoic chamber.

Dual-Polarized Antenna Arrays

Again, we are facing a type of antenna of potential interest for SATCOM. It is
easy to find dual-polarized printed antennas [86]-[87]. In addition, horn arrays
are good candidates to satisfy the current need for medium-profile antennas for
mobile user terminals for SATCOM applications [88]. Notwithstanding, there
are not many examples of metallic low-profile antennas at frequencies beyond
30 GHz.
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Nevertheless, in the X band, there are three contributions worthy of men-
tion [89]-[91]. Among these three dual-polarized antennas in the X-band, the
contribution made in [91] is highlighted. It includes additive manufacturing
(Metal Laser Sintering) as the fabrication technique. That prototype provides
not only a high gain and planar profile but it is also low-cost and light weight.

Undoubtedly, one of the most recent and interesting contributions in this
field is the dual-polarized antenna presented in [92] (Fig. 1.12), again devel-
oped by the team of Ando and Hirokawa. They proposed a 16×16-element
array fabricated by diffusion bonding. A thick cavity structure and dense ele-
ment spacing is designed to suppress the grating lobes. The antenna efficiency
is near 80.0% over 60 to 64 GHz for two different polarizations. Good polar-
ization purity is also achieved since the decoupling between both input ports is
larger than 50 dB. Perhaps the biggest drawback of the antenna is precisely the
technique used. Although the excellent performance of diffusion bonding is out
of doubt, it is still an alternative more expensive than other techniques such
as milling. However, the precision of milling at 60 GHz is certainly critical.

Figure 1.12: (Left) Cut-plane patterns for each layer for 8×8-elements in the
xy-plane and (right) the fabricated 16×16-element array antenna for dual-
polarization presented in [92].

Multi-Beam and Beam-Steering Arrays

One of the most researched topics at present is the possibility of steering the
beam or synthesizing multiple beams. Therefore, in addition to all the afore-
mentioned properties that arrays should have (high gain, high reliability, small
size and weight, low profile, acceptable price, etc.) we must add the possi-
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bility of being able to steer the beam. The capability to steer the beam is
necessary for mobile systems such as SOTM. Traditional approaches for beam
steering are based on mechanical steering, hybrid solution (electro-mechanical)
or electronic steering.

There are very interesting examples of multibeam antennas. In [93], a novel
multibeam V-band antenna based on a Butler matrix with sidelobe level (SLL)
control is proposed. Also, a novel dual-layer multibeam pillbox antenna with
a slotted waveguide radiating part in substrate-integrated waveguide in [94]
(Fig. 1.13) and a multibeam antenna system fed by a compact Rotman lens
in [95] are proposed.

Regarding beam-steering arrays, two-dimensional mechanical scanning is
the most usual option today. An attractive hybrid solution is to feed a reflector
or a lens at its focal point, which can be displaced slightly, producing the desired
steer of the beam. Examples of this type of solution are presented in [96]-[100].
Another versatile solution, very recently published but of greater complexity,
is to rotate mechanically each of the elements of the array [101]. In addition,
in [102] a new continuous beam steering antenna in gap waveguide technology
for 60 GHz applications is presented (Fig. 1.14). The antenna is flat, has a
wideband characteristic, broad coverage and does not require phase shifters for
beam steering capability.

A more evolved solution is to combine mechanical with electronic scan-
ning, allowing a compromise between antenna price and speed of beam steer-
ing [103]-[109]. In general terms, the combination of mechanical and electronic
steering allows to implement antennas with lower profile, very simple mechani-
cal structure based on a single axis of rotation and a reduced number of active
components.

The most desired solution, however, is the two-dimensional electronic scan-
ning. This option provides fast-tracking but requires a large number of costly
phase-shifters. To satisfy the gain requirements, power amplifiers in the TX
antenna and LNAs in the RX antenna are needed. Satisfactory examples of
antennas with these characteristics have been demonstrated in the last five
years [110]-[115].

In any case, some issues such as good antenna performance in terms of gain,
side lobe level, beam steering range, as well as the compliance with interna-
tional regulations have not been fully resolved yet. Besides, the high cost of
manufacturing limits their ability to sell them massively in the mobile commu-
nications market (ships, cars, trains, aircraft). For these reasons, there is an
enormous interest both in public agencies (NASA, ESA) and private compa-
nies (Phasor, Kymeta) in the development of new disruptive concepts to bring
down cost significantly with respect to current solutions.
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Figure 1.13: (Left) Pillbox antenna structure with two radiating apertures and
(Right) top and bottom view of the antenna presented in [94].

Figure 1.14: Simplified model showing the scanning mechanism of the proposed
concept and the manufactured antenna prototype of [102].
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1.2.1 Gap Waveguide Technology

Gap Waveguide technology has been the result of joint work between researchers
from different countries, whose collaboration and common interest managed to
develop a technology that today has reached its maturity, endorsed by the large
number of papers that arise each year. It can be considered today a mature
technology that can serve to respond to some problems arising in the mm-wave
band, some of them already exposed in the previous section. The germ of Gap
Waveguide Technology can be traced back to 1990.

Per-Simon Kildal, from the Chalmers University in Sweden, took the Soft
and Hard surface concept from acoustics and he used it in electromagnet-
ics [116]. The classical way to realize a soft surface is to corrugate an ideal
conductor with transverse rectangular grooves. The performance of such cor-
rugations is well known. In principle, they act as shorted transmission lines for
the longitudinal polarization and transform the short to Zt =∞ at the aper-
ture of the corrugations for a proper groove depth d. On the other hand, the
hard surface can be realized by corrugating an ideal conductor with longitudi-
nal grooves and filling them with a dielectric material. These corrugations act
like shorted transmission lines for the transverse polarization, and the depth of
them must be chosen to give Zt =∞ at the aperture of the corrugations [117].
So, the soft surface can stop waves of any polarization propagating along the
surface, and the hard surface can, on the other hand, enhance propagation
along the corrugations [118]. This concept was then used for removing block-
age by cylindrical objects [119]. This publication dates to 1996, then ten years
later, in 2006, such blockage reduction became a popular research topic known
under the name cloaking [120]-[121].

Taking another step in this direction, the need to include some guiding
structure in the parallel plate waveguide to create a stable plane wave was
intuited by Padilla et al. [122]. They proposed to arrange a set of parallel
strips, alternating between the perfect electric conductor (PEC) and artificial
magnetic conductor (AMC), simultaneously on the lower and upper plates, to
create what they called virtual TEM waveguides. However, the intended effect
was not entirely achieved.

However, the work in [122], was in the right direction and, in 2007, it in-
spired researchers of the Polytechnic University of Valencia in Spain (UPV)
on the proper selection of the boundary conditions to create local quasi-TEM
modes [124]. It turned out that in a parallel-plate waveguide formed out of
a PEC plate and a hard surface [116], field propagates in the so-called hard
direction, i.e., along the metallic grooves of the corrugated surface, while it ex-
periences a strong transverse attenuation. The key ingredient, though, for this
effect to be achieved is that waveguide height be less than quarter wavelength.
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Figure 1.15: PEC/PMC interpretation of a corrugated surface and its overall
effect on the waves in a parallel plate waveguide [123].

The use of a hard surface as a wave-guiding device motivated researchers at
UPV to seek collaboration from Prof. Kildal, to further understand its working
principle. Kildal became interested in the subject and teamwork was initiated.

Ideally, a hard surface can be seen as a PEC/PMC strip grid, i.e., a grid
of parallel strips, where every second strip is a PEC and a perfect magnetic
conductor (PMC), respectively [125]. The PMC strips can be realized as di-
electrically filled metal grooves with an effective quarter wavelength depth. A
quite simple analysis shows that the combination of a PEC on the upper plate
and a PMC strip on the lower one creates a cutoff condition, provided that the
gap between them is less than a quarter wavelength. Therefore, after crossing
a few of these PEC/PMC areas in the transverse direction, the wave is pro-
foundly attenuated, producing a local confined wave propagating only in the
longitudinal direction as depicted in Fig. 1.15.

In 2009, Kildal was able to give the original idea a final twist by conceiving a
cutoff condition which, unlike the hard surface, was independent of the chosen
direction of propagation. For that purpose, a high-impedance surface would
replace the corrugated surface. In such environment, a completely arbitrary
propagation path can be opened in the heart of the high-impedance surface just
by placing a ridge, digging up a groove or even laying down a thin dielectric
layer with a microstrip on it. This resulted, finally, in the patent of the idea
that year [126]. Commonly, the high-impedance condition is achieved through
a bed of nails which is λ0/4 in height at the center frequency. Around an octave
bandwidth can be achieved this way. Nevertheless, other periodic details, such
as mushroom-type can be used as well [127].

After this new finding, Professor Kildal proposed to professor Alejandro
Valero-Nogueira from the Polytechnic University of Valencia to continue the
teamwork with Chalmers University and E. Alfonso brought forth the first
Ph.D. thesis on Gap Waveguides in 2011 [128]. After this first thesis, several
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(a)

(b)

Figure 1.16: (a) Basic principle of operation of gap waveguides with ideal
PEC-PMC parallel-plates (left) and PEC-PEC parallel plates, one of which is
embedded by a PMC on both sides (right). (b) Realization of the same concept
with a real metal lid and a AMC surface around the strip [136].

doctoral students have focused their research on this topic; the present thesis
an example that the subject is open for new contributions.

That first thesis on gap waveguides was aimed at introducing them as a
promising waveguide technology for high-frequency applications, as well as to
verify its performance through the realization of circuits [129]. For circuit de-
sign it is essential to characterize the waveguide as a transmission line, or in
other words, to know the propagation constant and characteristic impedance.
The initial theoretical and numerical studies on the propagation characteristics
of gap waveguides [130], [131], [132], [133] set up the basis for a further devel-
opment of the technology with the design and experimental demonstration of
simple microwave passive circuits, such as power dividers and couplers [134],
at the beginning, and more complicated ones, like filters and corporate feeding
networks for antennas later on [135].
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(a) (b)

Figure 1.17: (a) Bed of nails. Common configuration of Gap Waveguide Tech-
nology. (b) Mushroom EBG configuration [136].

Principle of operation of gap waveguides

The fundamental principle of operation of Gap Waveguide Technology is illus-
trated in Fig. 1.16. Ideally, it consists in two parallel plates, one PEC plate
above a PMC plate (Fig. 1.16a). So, if the distance between the plates is
smaller than a quarter wavelength, then no wave is allowed to propagate since
all parallel-plate modes will be in cut-off, due to the boundary conditions on
both surfaces. Now, if the lower plate is replaced and PEC is added, the condi-
tions change. Accordingly, it is well known that parallel-plate TEM waves will
propagate in the gap between them. If the bottom PEC plate is surrounded
by a PMC plate on both sides, as shown in the illustration on the right of
Fig. 1.16a, then there will be no waves propagating in the gap between the
PEC-PMC plates, confining only a local TEM mode propagating in the center,
in the gap between both PEC layers, thus creating the gap waveguide [137].

The PEC plate is easily realized, but PMCs are not available in nature.
Thus, in practical applications, the PMC condition is emulated by an artificial
magnetic conductor (AMC) in the form of periodic textured structures such
as nails or mushroom structures [118]. Thus, a gap waveguide can be realized
with a groove, a ridge or even a metal strip, embedded in a textured surface
which provides the high impedance, allowing only a local mode to propagate
along the metal path, as shown in Fig. 1.16b.

The most common high-impedance surface used in gap waveguides are a
textured surface made of periodic metal pins, also called a bed of nails [138]
(Fig. 1.17a), and, to a lesser extent, mushroom-type EBG textures, as proposed
in [118] (Fig. 1.17b). The characteristics of the parallel-plate stopband provided
by these structures are presented in [127]. The bed of nails can be easily realized
with milling techniques or 3D printing, and it is entirely made of metal, being
suitable for high-frequency applications. The nails (or pins) work as a high
impedance surface within a stopband (or bandgap) defined by a lower and an
upper cut-off frequency. The height of the pins must be approximately λ/4,
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Figure 1.18: Different Gap Waveguide geometries and their desired propagation
modes [139].

to transform a short circuit (PEC) to an open circuit (PMC) and the period
(p) must be less than half wavelength. The lower cut-off frequency is then
determined by the height of the nails, while the upper cut-off limit is limited
by the frequency at which d + h = λ/2, where h is the height of the air gap,
which must be smaller than λ/4.

Once this textured surface made of metal nails is created, the desired stop-
band within a specific range of frequencies is achieved. Since the given structure
does not allow propagation inside that stopband, some modifications must be
applied in order to create waveguiding channels. The way in which these mod-
ifications are done, leads to different Gap Waveguide types, described next.

Groove Gap Waveguide (GGW), Ridge Gap Waveguide (RGW), Inverted-
microstrip gap waveguide (IMGW), Microstrip Gap Waveguide (µGW) are the
most developed nowadays (Fig. 1.18). In this work, the first two types (GGW
and RGW) have been used.

Losses

In the beginnings of Gap Waveguide technology, it was necessary to demon-
strate the behavior of one of the fundamental parameters of any guided struc-
ture, the losses. For this reason, a deep study of losses in Gap Waveguide
structures was made in a broader way by Zaman [139] and more focused on
microstrip GW by Pucci [140]-[144].

Since there are different types of Gap Waveguides, each of them has been
studied separately in order assess its performance and make a comparison be-
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Ridge Gap Waveguide 

Rectangular Waveguide 

Groove Gap Waveguide 

Figure 1.19: Prototypes for the experimental characterization of losses (RW,
GGW and RGW) [2].

tween them. Throughout this section, the losses in each of the structures are
briefly shown.

In [139], several gap waveguide models were manufactured and directly
measured with a conventional network analyzer (VNA) to determine the at-
tenuation and losses directly from the measurement of the transmission coef-
ficient S21. Several manufactured gap waveguide sections were used for that
loss study. The guides that were used are shown in Fig. 1.19. For the sake
of comparison, traditional technologies such as rectangular waveguide (RW),
Substrate Integrated Waveguide (SIW) and Microstrip lines were also included
in that study. The measured S-parameters for groove gap waveguide, ridge gap
waveguide and the reference rectangular waveguide, are presented in Fig. 1.20.
GGW and RGW present low reflection over the entire V-band: below −20 dB
for the groove gap waveguide and below −17 dB for the ridge gap waveguide.

Ohmic loss for all the measured lines, not only those in the example of
Fig. 1.20 but also other realizations of gap waveguide, are summarized in
Table 1.1. On the one hand, Groove Gap Waveguide and Ridge Gap Waveguide
were compared with a standard Rectangular Waveguide. On the other hand,
the losses of the microstrip-ridge gap and inverted microstrip gap waveguide
were compared with losses of the two open mm-wave microstrip lines presented
in [145] and [146].

From the table, it is clear that the losses in the groove gap are comparable
to the losses of a rectangular waveguide. The ridge gap waveguide has notice-
ably more losses than the rectangular waveguide because the guiding ridge is
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Table 1.1: Losses for the different versions of gap waveguide in the V-band [2].

Prototype
(frequency)

Simulated loss
(dB/cm)

Measured
min-max loss

(dB/cm)
Rect. Waveguide

(50 - 75 GHz)
0.0136 0.0295 - 0.042

Groove gap
(50 - 75 GHz)

0.019 0.03 - 0.0442

Ridge gap
(50 - 75 GHz)

0.0373 0.058 - 0.0705

Microstrip-ridge gap
(56 - 68 GHz)

0.0805 0.162 - 0.23

Invert-micro gap
(56 - 72 GHz)

0.0934 0.21 - 0.288

Microstrip line
(50 - 75 GHz)

0.127-0.2mm substrate
LCP : 0.23 0.62 - 0.77

Microstrip line
(50 - 75 GHz)

0.127-0.2mm substrate
Rogers 4003 : 0.271 0.7055

Air filled SIW
(50 GHz)

0.0621 0.0615

Rogers-5880, SIW
(50 GHz)

0.1327 0.2172

narrower than the waveguide width. As a result, the current density is more
significant over the ridge section.

Regarding the microstrip-ridge gap and inverted microstrip ridge gap waveg-
uides, they are lossy, but both these versions of gap waveguide still outperform
regular microstrip lines working at 60 GHz frequency range as it was demon-
strated in [147].

In [141], an analysis was made focused on the Microstrip Ridge Gap Waveg-
uide looking for a low-cost and efficient solution for printed slot array antennas.
It stands out in this work that grounding the ridge strip with vias is essential
to reduce losses. Otherwise, EM fields extend under the strip, within the sub-
strate, and spread more laterally, hence increasing both ohmic and dielectric
losses.
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Figure 1.20: Measured reflection coefficients S11 and transmission coefficients
S21 [2].

Filters

Gap Waveguide technology can be used to develop components for mm-wave
applications such as filters [148]-[158], diplexers [159]-[161], hybrid couplers [162]-
[164] or power dividers [134]. The advantages come from the low losses and its
contactless nature. Within the different GW topologies, for the components
mentioned above, the preferred one is GGW. The reason is that the GGW
shows similar performance to the standard rectangular waveguide (RW). This
feature suggested the GGW as an ideal alternative to the RW for mm-wave
frequencies since ensuring correctly a perfect metal contact is very challeng-
ing. Strictly speaking, the behavior of GGW and RW are not identical, but
they are similar enough to assume similar performance in most cases. This
favors the computational time since the structures can be designed as RW to,
later, change the metallic walls by the bed of nails and perform a fine-tuning
procedure.

As can be deduced from the huge number of indexed publications, there is a
great interest in the study of filters, and lately, also diplexers in GW technology
since a lot of these components have been built so far at different frequency
ranges. One of the first GGW filters can be found in [154]. In that work, a
61-GHz narrow-band filter implemented with GGW high-Q cavity resonators
is described.

The fact that the authors chose high-Q resonators was precisely in order to
exploit the properties of Gap Waveguide technology in full. As it is well-known,
the losses that determine the unloaded Q of the resonator are composed of two
main factors: metal loss and leakage loss. The metal losses are usually related
to the volume of the resonator and conductivity of the material used to build
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Figure 1.21: Manufactured filters: GGW (left-hand side), RW (right-hand side)
in [155].

Figure 1.22: Comparison between the measured response and the optimum sim-
ulated response. (Left) GGW filter; (Right) Rectangular waveguide filter [155].

the resonator. The leakage losses are related to the leak of energy through
the tiny gaps formed due to mechanical imperfections of the metal split block
sections. Ideally, there are no losses due to leakage but in practice, leakage
losses may become important.

Therefore, in that publication, a 5th-order Chebyshev filter with coupled
resonators is designed and experimentally compared with an identical H-plane
rectangular waveguide filter manufactured in [155]. That study revealed the
robustness GGW offers over RW since the GGW filter response remains in-
variant after reassembling, whereas the rectangular waveguide filter worsened
its response. These filters are shown in Fig. 1.21, and the measurements are
compared in Fig. 1.22.

Since a mechanically flexible narrow-band diplexer is a very critical com-
ponent in a full duplex communication link, there is a need for developing new
types of high-Q filters which are more robust regarding mechanical assembly.
With this in mind, the next step is to integrate the diplexer with other modules
of passive components such as antennas as presented recently in [66]. High-Q
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filters open up the possibility of placing diplexer filters as integrated modules
together with RF electronics and antennas.

Transitions

Transitions between gap waveguides and other standard transmission lines play
an important role and are necessary modules for gap waveguide components.
These transitions are also important from the measurement point of view, while
evaluating the performance of the GW components. The motivation, imple-
mentation, and results of new transitions will be explained in depth in Chap-
ter 2. In brief, three types of transitions are the most used today: Microstrip
to ridge gap waveguide, coaxial to ridge or groove gap waveguide transition
and rectangular to ridge gap waveguide. The most relevant example in the
framework of this work is the latter one. This transition has been used several
times, mainly to feed high-gain antennas ([72],[75] and [165]-[167]) where the
feeding is placed at the back of the antenna. By tuning a few parameters,
both types of waveguides can be matched. Good performance can be achieved.
For example, in [72] results show about 17% reflection coefficient bandwidth
for an S11 below −20 dB in the frequency band of 56-66 GHz. The transition
RW-RGW, depicted in Fig. 1.23, is far from being optimal since it requires ma-
chining a suspended stub, not easy to manufacture using, for example, milling
techniques. However, it is true that the boom of additive manufacturing can
alleviate this type of problems [168]. This transition was not characterized or
measured separately, so it is hard to isolate its performance from the complete
system in which it is employed.

7

Figure 1.23: Transition RW-RGW used in a subarray 2×2 in [72].
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Packaging

Most of the mm-wave and microwave systems have to operate at outdoor, un-
der uncertain atmospheric conditions such as rain, wind, snow. Therefore those
systems have to be sheltered suitably to protect against mechanical stress and
environmental conditions. Likewise, to satisfy the smaller size and form factor
requirements for mm-wave microwave modules, since a large number of elec-
tronic components must be placed into a reduced area. For such high-density
microwave modules operating at mm-wave frequency range, RF packaging is
more and more essential regarding isolation and interference suppression.

While previous topologies modify the periodic structure to enable propaga-
tion channels, now, the GW will be used for packaging purposes. Until now,
the lid had always been a smooth, metallic plate. In this case, the top metal
plate is replaced by nails facing down, towards the circuit to be packaged.

The first proposal of using a bed of nails for packaging purposes was pre-
sented in [169]. Later this novel idea was applied to a multiport antenna feed
network in order to improve the performance of a coupled line microstrip fil-
ter [170]-[171]. In all cases, it was detected that unwanted cavity modes and
surface waves were efficiently suppressed within the band of interest. Recently,
several other periodic structures, other than traditional bed of nails, such as
periodic metal springs or periodic zigzag lines printed on a substrate have been
used to create the AMC condition for such kind of application [172]-[173].

Antennas

Antenna arrays are being the most prolific area of research within the Gap
Waveguide technology. The most developed types have been those based on
slots [174]-[182]. Nonetheless, other radiating elements such as horns [183],
microstrip patches [184], leaky-wave antennas [185]-[186], Rotman lenses [187]
or even Phased-Arrays [188] are found in the literature as well.

GW slot array antennas for mm-wave band have become a relevant topic
thanks to the low loss and the contactless nature of the gap waveguides. More-
over, their planar profile results very suitable for many applications. The usual
challenge with this kind of antennas is to design and manufacture corporate
feeding networks which are compact enough to feed a 2D array properly. Al-
though a series-fed slot-array is the simplest option and it is used sometimes,
its most significant drawback its narrowband performance [189].

These initial works have been focused on small demonstrators, composed of
2×2 or 4×4 and later on high-gain antennas with, typically, 16×16 radiating
elements, with aperture efficiencies of more than 70% and gain values above 32
dBi. Compared to similar antennas implemented in other technologies, such as
SIW or LTCC (Low-Temperature Co-fired Ceramic), the gap waveguide slot
arrays provide higher gain and efficiency. Gap Waveguide arrays are usually
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Figure 1.24: Configuration of the antenna proposed in [75].

based on the use of aperture antennas (either slots, horns or open cavities)
which are fed by corporate networks made in one of the afore-discussed ver-
sions of gap waveguide technology, i.e., microstrip, inverted microstrip, ridge or
groove. Commonly, these antennas stack several layers (bottom layers for the
corporate-feed network dividing the power, and a top layer for the radiators
and polarizers).

As slot arrays are the most developed array type and also the one most
related to this work, the antenna presented in [75] is taken as a represen-
tative example. Fig. 1.24 shows a high-gain, high-efficiency, and broadband
corporate-fed slot array antenna at V-band. That antenna consists of three
metal layers (feed, coupling and radiating) without the need for electrical con-
tact between them. The prototype consists on 16×16 cavity-backed slots. The
antenna, manufactured by Electro-Discharge Machining (EDM) [190], is shown
in Fig. 1.25. Antenna measurements show wide impedance bandwidth and good
antenna efficiency. The antenna feeding network is made with RGW.

In [191], this same 3-layer scheme is followed in a 8×8 patch antenna array
with high gain and high radiation efficiency. The measured efficiency is remark-
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(a) (b)

Figure 1.25: (a) Three-layer corporate-fed 16×16 slot array antenna and (b)
Measured results [75].

(a) (b)

Figure 1.26: (a) A Gap Waveguide-Fed Wideband Patch Antenna Array for
60-GHz in [191].

able, close to 80% despite using radiating printed patches. Fig. 1.26 shows the
fabricated antenna and its measurements. Also examples of GW arrays fed
with GGW or inverted microstrip GW have been developed (Fig. 1.27). A
good summary of these contributions is described in [69].

The main drawback of these structures is precisely the need for the inter-
mediate layer. In Chapter 4, antennas hosting the feed and the coupling layer
in the same plane are presented. This feature will provide lighter, cheaper and
lower profile antennas.
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Figure 1.27: Schematics of three 16×16 slot array designed in gap waveguide
technology. [69].

1.3 Objectives

The global objective of this Thesis is to develop antennas and corporate-feed
networks in the mm-wave band for communication applications, with a par-
ticular emphasis on satellite applications, both fixed and mobile. This thesis
is associated with a research project funded by the Subprogram of Research
Projects of the Ministry of Economy and Competitiveness (Spain) within the
framework of the State Plan for Scientific and Technological Research and In-
novation 2013-2016.

One of the problems for achieving high-gain low-cost antennas in the mm-
wave band such as microstrip or stripline, is its limited efficiency. On the
other hand, if waveguide-based solutions are chosen, the problem then is the
weight, the machining precision and ensuring good electrical contact between
the pieces.

Also, new antenna concepts are demanded to have ambitious performance
concerning impedance bandwidth and polarization purity. Therefore, the pri-
mary challenge of this thesis is focused on developing systems with better in-
tegration between the distribution networks and the radiating elements as well
as achieving it at a reasonable cost for civil applications.

In this context, the following specific objectives of this thesis were estab-
lished:

1. Design of low-profile antennas with high gain and low losses for millimeter
wave applications:

a. New concepts of antennas with higher impedance bandwidth, better
directivity and cross polarization.
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b. Simpler low loss feeding networks reducing the number of layers.

c. Optimization of impedance, illumination and axial ratio of antennas
in a larger bandwidth.

2. Research of new guiding architectures in the mm-wave band:

a. Development of new concepts of corporate-feed networks using Gap
Waveguide technology.

b. Design of optimal transitions between different types of GW.

3. Validation of prototypes:

a. Measurement of prototypes, metrology studies and assessment of the
experimental results obtained.

b. Exploration of new techniques such as additive manufacturing with
the aim of lowering the weight and cost of the antennas as well as
enabling new 3D topologies.

1.4 Methodology

The first phase of the thesis was devoted to the compilation of bibliographical
revision. As background, the starting point is based on the experience acquired
during the implementation of a previous project. This project, prior to this
Thesis, was focused on the development of a multilayer antenna with circular
polarization in the Ka-band for SATCOM on the move applications.

The second phase was dedicated to the implementation of radiating elements
and corporate-feed networks based on Gap Waveguide in the mm-wave band. In
this second phase, the full-wave electromagnetic simulators HFSS and CST has
been used. Furthermore, a research stay was also carried out at the Chalmers
University of Technology (Sweden) in the equator of the development of this
Thesis. There, it was possible to deepen the knowledge of GW technology as
well as to know another environment and way of working that enriches the
present work.

Finally, the third phase has been focused on the measurement and manu-
facture of prototypes in Gap Waveguide technology. Fabrication of the antennas
has been realized mainly at the UPV facilities, though, some instances have
been manufactured externally. On the other hand, the experimental validation
has been carried out at the UPV anechoic chamber. Some prototypes were
also measured by Universidad Politécnica de Madrid (UPM) and the astro-
nomical observatory of Yebes. In addition, this Thesis has allowed to keep an
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active collaboration with the Universidad Carlos III of Madrid (UC3M) and
the Universidad Pública de Navarra (UPNA).

1.5 Structure of the Thesis

This thesis is organized as follows:

Figure 1.28: Structure of the Thesis illustrated in an array.

Chapter 2 focuses on explaining the distribution networks in Gap Waveg-
uide that have been used as feeders for the antennas proposed in this Thesis.
Firstly, a review of existing high impedance surfaces is made. Then, three GW
networks are detailed.

Chapter 3 describes two different radiating elements in Gap Waveguide.
The first one consists of a coaxial cavity that is formed by lowering one of the
nails that make up the fakir bed, typical of GW technology. The second of the
proposed elements is a cylindrical cavity that efficiently radiates the power and
also presents versatility to stack different layers, achieving antennas with dual
and circular polarization.

Chapter 4 presents the most outstanding prototypes developed during the
realization of this work. Four of these models have been manufactured and
their features validated. These Gap Waveguide Arrays are working in the mm-
wave band, mainly in the Ka-band, although there is also a V band model.
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Their architecture is based on the networks explained in Chapter 2, together
with the radiating elements explained in Chapter 3.

Chapter 5, exposes the conclusions and the future research lines of the
work done and points out the prospects of the technology developed.
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Chapter 2

Corporate feeding networks
based on Gap Waveguide

“Ever tried. Ever failed. No
matter. Try again. Fail again.
Fail better.”

— Samuel Beckett

This second chapter presents the corporate feeding networks based on Gap
Waveguide used or developed in this thesis. Before delving into these networks,
the chapter will focus on the artificial magnetic conductor (AMC) environment
surrounding them. The AMC is a type of high-impedance surface (HIS). For
a given frequency band, the surface impedance becomes very high and the
transverse magnetic field component vanishes, that is, the structure behaves
as a magnetic conductor [192]. In Gap Waveguide technology, the bed of nails
is employed to realize such high impedance surface. But there exists other
practical AMC realizations deserving of consideration in the context of GW
technology. In this chapter, the performance of the bed of nails will be studied
taking into account practical design considerations and its relationship with
other HIS types. Finally, the different types of GW networks used in this
thesis will be presented.

2.1 Bed of nails

The fundamental parameters involved to achieve a parallel-plate stopband for
wave propagation are shown in depth. When a periodic structure behaving
as an AMC is located close enough to a metal plate (with an air gap smaller
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Figure 2.1: Basic cell used to study the stopband performance of the Gap
Waveguide. Top (left) and cross-section (right) views are showed.

than λ/4), no wave can propagate between those surfaces within a certain
frequency band (stopband). The lower and upper cutoff frequencies will define
the bandwidth of such stopband, which will in turn depend on the geometric
parameters of the periodic structure. Regarding the bed of nails, the dimensions
governing the stopband of the parallel-plate propagation are the nail height
(hp), nail period (p), nail width (wp) and the distance from the top of the
textured surface (AMC) to the upper plate (ha).

The choice of the most appropriate configuration for the bed of nails is
not a trivial issue. Depending on the particular design, different trade-offs
between the involved geometric parameters will be taken into consideration.
In this thesis, mainly focused on large arrays fed by waveguide networks, the
bed of nails design plays a critical role to attain a satisfactory performance.
Fig. 2.1 shows the geometric parameters involved. A preliminary analysis of
the impact of these parameters on the stopband bandwidth is reported next.
This study will serve to understand the design decisions taken throughout this
thesis. Despite a center frequency of 30 GHz has been set as the reference, the
final conclusions are drawn in terms of the free-space wavelength λ0 for the
sake of generality.

Nail height (hp)

Firstly, a parametric study with different hp values was done to study its ef-
fect on the stopband. All other relevant parameters kept fixed: periodicity
(p) was set to 0.2λ0, wp to 0.1λ0 and ha to 0.2λ0. The dispersion diagram of
the parallel-plate structure, showing the different propagating modes, is repre-
sented in Fig. 2.2.

As already mentioned in Chapter 1, the height of the nails must be approxi-
mately λ0/4 to transform a short circuit (PEC) to an open circuit (PMC). From
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(a) (b)

(c) (d)

Figure 2.2: Study of the stopband for several nail heights: (a) hp=0.1λ0, (b)
hp=0.2λ0, (c) hp=0.3λ0, (d) hp=0.4λ0.

this fundamental principle, the most logical nail height would be 2.5 mm, since
it is a quarter wavelength at 30 GHz. However, it is interesting to see how the
stopband varies if this height is not exactly that value. Sometimes, for design
or manufacture reasons it is more convenient to choose lower or higher nail
heights. A height of 1 mm (Fig. 2.2a) is totally invalid for a 30 GHz design
since the stopband starts at almost 40 GHz, being more appropriate for V band
(60 GHz). As expected, a height of 3 mm (Fig. 2.2c) may seem the best option
since the band is centered at 30 GHz and there is enough margin on both sides.
However, the higher the nails, the more time of machining is needed in the
fabrication process and more fragile they are. A height of 4 mm (Fig. 2.2d),
though it is strictly not outside the band, would not be advisable since a higher-
order mode starts to propagate at 35 GHz. Moreover, an hp=4 mm would not
favor an efficient manufacturing.
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On the other hand, it is important to confirm that the relative bandwidth
is hardly affected by the different nail heights and just a slight frequency shift
is manifested. As a general rule, it can be concluded that the parameter hp
should be between 0.2λ0 and 0.3λ0.

Nail width (wp)

Nails are commonly square in shape, though some works opt for cylindrical
nails [193]. Typically, the height-to-width ratio of the nail is 2:1. Different
widths are analyzed here to assess its impact on the stopband, showing the
results in Fig. 2.3.

From the results it is deduced that the most optimal solution is the one
presented in Fig 2.3d, not only because of the larger relative bandwidth but also
because it is efficient in terms of manufacturing. In Fig. 2.3f, for the thickest
and stiffest nail, a mode is close to the lower cutoff frequency. In that case, even
small deviations in the manufacturing process might alter the expected device
performance. Thus, as valid options for a 30 GHz design, values of wp from
0.75 mm to 1.25 mm are possible when keeping fixed hp=2 mm. Extrapolated
to any frequency, nail height-to-width ratio should be between 1.6 and 2.6.

Periodicity of nails (p)

A third design parameter is the periodicity of nails, whose stopband results are
shown in Fig. 2.4. The case of Fig. 2.4a would not be a good option. First of
all, it would entail a very dense nail bed, which once again, it is not desirable
in terms of manufacture. More importantly, the lower cutoff frequency is very
close to 30 GHz. However, sometimes it is convenient to have a denser bed of
nails. For compact corporate networks, branches are close to each other and at
least two rows of nails are necessary to ensure good isolation. For this reason,
most corporate networks adopt an option similar to that shown in Fig. 2.4b.
Nonetheless, for less intricate networks, larger periods are possible, leading to
simpler beds with fewer nails.

Air gap (ha)

Usually, the air gap is around λ/20 but there is not a well-established criterion
except that it must be narrower than λ/4. Therefore, this choice is usually
left to the designer’s discretion. In recent years it is not uncommon to see
many designs without an air gap, also called as zero-gap condition. One might
think that it contradicts the basic principles of GWs, but in fact, it is just the
opposite. The zero-gap condition exhibits all the advantageous properties of
GW technology. In addition, if a zero-gap structure has non-contact zones (for
example due to inaccuracies in machining), its performance is hardly affected.
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(a) (b)

(c) (d)

(e) (f)

Figure 2.3: Study of the stopband for several nail widths: (a) wp=0.25λ0, (b)
wp=0.05λ0, (c) wp=0.075λ0, (d) wp=0.1λ0, (e) wp=0.125λ0, (f) wp=0.15λ0.
The rest of the parameters are p=0.2λ0, hp=0.2λ0 and ha=0.2λ0.
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(a) (b)

(c) (d)

Figure 2.4: Study of the stopband for different nail periodicity: (a) p=1.5 mm,
(b) p=2 mm, (c) p=2.5 mm, (d) p=3 mm. The rest of the parameters are
wp=1 mm, hp=2 mm and ha=0.2 mm.

This will be demonstrated below. The wider the air gap, and the closer it
gets to the quarter-wavelength, the smaller the stopband bandwidth will be, as
shown in Fig. 2.5.

Parametric study as a function of periodicity

Results seen so far performed a single parameter sweep, setting the rest fixed,
being able to verify how these values (wp, hp, p, ha) affect the stopband. In
the following figures a more generic study is presented. Now the behavior of
the relative bandwidth is studied varying hp, wp, and ha, but for several values
of parameter p.

As seen in Fig. 2.6a the narrower the air gap, the greater the stopband
bandwidth. As for the nail width, something remarkable happens. If peri-
odicity is small, that is, the bed of nails is dense, periodicity becomes the
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(a) (b)

(c) (d)

Figure 2.5: Study of the stopband for different gap heights: (a) ha=0 mm,
(b) ha=0.02λ0, (c) ha=0.04λ0, (d) ha=0.08λ0. The rest of the parameters are
wp=0.1λ0, hp=0.2λ0 and p=0.2λ0.

determining factor and the nail height hardly affects the stopband. When the
bed is less dense, height does become a parameter to be taken into account.
Finally, perhaps one of the factors of less importance is wp. From these re-
sults it is understood why using different shapes (cylindrical, square) is not
a relevant factor for the stopband performance. This parametric study will
allow to properly choose the bed of nails parameters when designing optimal
distribution networks.

Rule of thumb

As rule of thumb, nail height should be between 0.2λ0 and 0.3λ0. Periodicity
of nails can oscillate between a very dense bed of nails (p = 0.1λ0) or a low-
density one (p = 0.4λ0). Nail periodicity-to-width ratio should be between 2
and 3. The air gap should be less than 0.25λ0. Zero-gap is also acceptable since
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Figure 2.6: Parametric study as a function of periodicity.

the properties of the GW remain intact and has been taken into consideration
in future designs.

2.2 Other AMC Realizations

It would be excessively lengthy to list all the different types of high impedance
surfaces existing in the literature but at least let us take a small representa-
tive part. Beyond its infinite versions and modifications, in this section some
of the most relevant realizations are presented, either because of the technol-
ogy background (mushroom-type) or its direct connection with gap waveguide
technology (bed of springs or glide symmetry).
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Figure 2.7: Front and top view a microstrip gap waveguide surrounded by a
mushroom-type EBG surface and a manufactured prototype [194].

Mushroom-type

Mushroom-type EBG is a conventional three-dimensional EBG consisting of a
solid patch with a cylindrical via to the ground. A side view of this structure
is shown in 2.7. The transmission response of a mushroom-type EBG depends
upon the size of the patch, via diameter, gap between the unit elements and sub-
strate thickness and permittivity. Fig. 2.7 shows a manufactured microstrip gap
waveguide surrounded by a mushroom-type EBG surface, presented in [194].

In [195], different patch shapes such as crosses, hexagons or even fractal
forms are proposed with the aim of improving the bandwidth for different ap-
plications. An interesting study presented in [196], demonstrated that increas-
ing the thickness of the vias does not improve the bandgap width but moves it
to higher frequencies.

Another structure worth mentioning is the one made in [197]. It is an inter-
leaved EBG structure with a smaller area than the conventional mushroom-like
EBG structure. That new realization manifests a substantial improvement on
bandwidth of 51.1% and miniaturization of 61.2% compared to the conventional
approach. Another investigation [198], exploring similar possibilities, showed
that by changing the position of the metallic vias from the patch center to its
edge, the bandgap moves toward lower frequencies.

Uniplanar EBG configurations

Unlike the mushroom-type, the uniplanar EBG configurations have no vertical
vias and are appropriate for thin substrate materials. Besides, this structure
displays a reduced dependence on polarization and incident angle [199]. Re-
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sembling mushroom EBGs, uniplanar EBGs are also frequency-sensitive since
it also responds to an equivalent LC network within a particular frequency
band. However, in contrast to mushroom EBGs it is difficult to establish accu-
rate LC equivalent models for uniplanar arrangements. Within the stopband,
the texture performs as a high-impedance surface and stops the promulgation
of surface waves [200]-[203]. In uniplanar EBGs, equivalent inductor L is syn-
thesized as thin connecting lines in the EBG cell while capacitance C is due to
gaps between adjacent cells.

Bed of springs

Some other periodic structures have been studied also for low-frequency ap-
plications where compact unit cells are needed, particularly in packaging ap-
plications. That is the framework where the bed of springs shown in Fig. 2.8
has been proposed [172], being an alternative to the bed of nails for low fre-
quencies. The period of the helical structure can be sub-wavelength, and most
importantly, due to the wire shape, the total height of the unit cell will also be
small. The main parameters of this bed of springs are the height and diameter
of the springs, height of the air gap, periodicity, and number of turns in each
spring, as shown in Fig. 2.8a.

As commented in [172], the effect of the air gap height in this solution is
not so critical as compared to the case of the bed of nails or mushrooms. It
was demonstrated that, when springs are used, the upper limit of the stopband
is almost unaffected by the air gap, while the lower limit increases a bit when
increasing the gap. In any case, this parameter is not moving the stopband in a
relevant way. This feature provides a valuable design flexibility when compared
to the nails or mushroom-type EBG geometries. Such a good performance is
due to the lower capacitive effect between the top of the springs and the upper
plate, which makes the gap a factor of less importance. In short, this structure
can be useful for packaging application. However, its manufacturing complex-
ity is evident and it does not seem an adequate solution for the applications
developed here.

Zigzag wires

In [173], a planar zigzag-wire structure is proposed, representing somehow the
printed version of the bed of springs. This periodic zigzag structure is printed
on several slices of thin dielectric boards, which are located vertically side by
side to form the periodic surface shown in Fig. 2.9. In this structure the lower
cutoff frequency appears when the electrical length of the wires is approxi-
mately 0.25λ in free space, and the upper one when the spacing h+ g between
the two metal plates is approximately 0.5λ. The stopband condition also pre-
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(a)

(b)

Figure 2.8: (a) Description of the bed of springs unit cell and all its parameters.
(b) Manufactured bed of springs [172].

Figure 2.9: Zig-zag structure proposed in [173].

vents from radiation leakage from the small gap between the metal lid and the
box walls, exhibiting a behavior similar to GW but employing a printed circuit.
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Glide simmetry

Glide symmetry is a novel cost-effective method to manufacture integrated
waveguide structures at high frequencies. This concept makes use of a trun-
cated glide-symmetric holey EBG structure [204]. The proposed EBG struc-
ture is only made of holes, which makes the manufacturing process easier with
respect to the nails in gap waveguide technology. Among the advantages high-
lighted in [205], the higher accuracy and lower cost of manufacturing at high
frequencies stand out. This technology represents a good alternative to GW
as described in [206], though glide-symmetric structures are in general more
bulkier.

Let us follow the evolution of the unit cells represented in Fig. 2.10. Fig. 2.10a
shows a common bed-of-nails unit cell, and Fig. 2.10d its complementary ver-
sion: a periodic repetition of squared holes in a metallic slab. In order to
compare the holey structure to the bed of nails, the holes have been shaped as
squares. However, the manufacturing process could be easier with cylindrical
or conical shapes. Both cases have a top metallic plate separated by an air
gap. Then, the new configuration is faced, as shown in Fig. 2.10b and 2.10e.
Additionally, and most importantly, both metasurfaces must be shifted from
each other by half a unit cell, as depicted in Figs. 2.10c and 2.10f.

Next, the dispersion diagram of both structures were compared to analyze
their behavior. The dispersion diagram for the bed of nails configuration is
represented in Fig. 2.11. Particularly, the dispersion properties for the first
two modes are shown for the unit cells of Fig. 2.10a and 2.10c when the pa-
rameters are l=4 mm, d=0.5 mm, h=1 mm, g=0.1 mm. Two incident angles
are presented in each graph: 0◦ and 45◦. The dispersion diagram for the holey
configurations of Fig. 2.10d and 2.10f are given in Fig. 2.11, again for those
same two angular directions and for the following parameters: b=0.5 mm, l=4
mm, h=1.5 mm, and g=0.1 mm. The results are very similar to those obtained
for the bed of nails. Thus, this novel structure, as the GW, alleviates the prob-
lem of electrical contact between two metal parts since the field will remain
confined.

Typically, cylindrical holes are more used than the squared ones because
they facilitate the manufacturing [207]. For example, it is really easy to drill
holes in a metal plate. However, in order to achieve wider stopbands, holes
must be made both on the bottom plate and on the top plate as discussed
in [205]. Fig. 2.12 is revealing and demonstrates the need for two layers with
holes facing one another. Note how this mandatory requirement of two plates
to increase that initial narrow stopband leads to bulkier structures.

In order to demonstrate the shielding effectiveness of the proposed structure,
an aluminum waveguide with a double 90◦ bent (Fig. 2.13) was designed and
measured in [205]. First, a conventional WR-19 rectangular waveguide was con-
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(a) (b) (c)

(d) (e) (f)

Figure 2.10: Metasurface configurations presented in [206]: (a), (d) single meta-
surface with a metallic top cover; (b), (e) doubled metasurface, face-to-face; (c),
(f) doubled metasurface, half unit cell shifted; (a), (b), (c) bed of nails; (d),
(e), (f) squared holes.

sidered. Later, a small gap of air was left and finally the glide-symmetric holey
EBG was introduced. As presented in Fig. 2.14, even a very small gap excites
parallel plate modes and produces a significant field leakage (Fig. 2.14b). How-
ever, by placing two rows of glide-symmetric holey EBG at both sides, almost
perfect transmission in the operation frequency range of the EBG structure is
achieved (Fig. 2.14c).

In conclusion, the glide-symmetric alternative is similar to the groove gap
waveguide technology. For all the different methods of manufacturing, such as
electro discharge machining (EDM), molding and casting, and CNC milling,
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Figure 2.11: Dispersion of a metasurface under periodic conditions [206]: (left)
Gap Waveguide, (right) Glide Symmetry.

(a) (b)

Figure 2.12: Dispersion diagram for two unit cells [205]. (a) Holes only on one
plate. (b) Glide-symmetric holes on both plates.

the glide-symmetric holey EBG is potentially cheaper and easier than GGW
at the same frequency band.
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Figure 2.13: Rectangular waveguide: (Up) Conventional WR-19. (Down) Two
rows of glide-symmetric holes surrounding the waveguide [205].

(a)

(b) (c)

Figure 2.14: Normalized electric field distribution of (a) aluminum WR-19,
(b) waveguide with an air gap on the side walls, and (c) waveguide with a
glide-symmetric holey EBG [205].

2.3 Contactless feature of GW

The contactless feature of GW must be thoroughly reviewed since its a key
aspect of the technology. To understand its potential, we take as an example
two waveguides whose performance is assumedly equivalent: RW and GGW.

This behavior was firstly demonstrated in [209]. It was observed that the
field distribution of the GGW fundamental mode is very close to that of a RW.
In fact, GGWs have been successfully utilized in the past for waveguide slot
arrays [210]. Also in [208], a study in that sense was carried out. In Fig. 2.15,
propagation constant for the fundamental mode of a GGW was compared to
that of a RW having the same cross section. Although curves manifest a slightly
different slope, they can be made practically equal for a given frequency just by
adjusting nails width and periodicity. The reflection coefficient was also com-
pared (Fig. 2.16) and very good agreement is shown. The study done in [211]
reached the same conclusion. It was shown that the GGW field distribution
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Figure 2.15: Propagation constant of two waveguides with the same cross-
section (red box in the inset): rectangular and groove gap waveguide [208].
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Figure 2.16: Reflection coefficient comparison for a subarray taken from the
antenna presented in [208].

resembles to that of the equivalent RW. Thus, waveguide performance is not be
significantly affected if an equivalent GGW replaces the RW. Fig. 2.17 shows
a comparison of the magnetic field distribution between RW and GGW.

Finally, in [212] it was demonstrated the direct equivalent correspondence
between the GGW and the rectangular waveguide. It was presented there a
fast analysis method based on transmission line theory, which establishes the
proper correspondence between the GGW and the RW. The authors concluded
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Figure 2.17: Normalized amplitude of the magnetic field of both waveg-
uides [211]: (a) Hx component and (b) Hy component.

(a) (b)

(c) (d)

(e) (f)

Figure 2.18: Magnetic field Hx in a RW waveguide (c) perfectly sealed and (d)
with an air gap of 0.5 mm. Electric field Ez in the RW (e) perfectly sealed and
(f) with a gap of 0.5 mm between the metallic pieces.
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(a) (b)

(c) (d)

(e) (f)

Figure 2.19: (a) GGW with zero-gap. (b) GGW with ha=0.5 mm. (c) Magnetic
field Hx in a zero-gap GGW waveguide and (d) with an air gap of 0.5 mm.
Electric field Ez (e) in a zero-gap GGW waveguide and (f) with an air gap of
0.5 mm.

that GGW shows a behavior very similar to the RW and thus, the GGW is a
suitable alternative to the RW.

Keeping this in mind, a comparative example of the standard WR-28 using
RW and a GGW it is now taken as a benchmark. First, a perfectly sealed RW
is used and then a gap of air is added below the top plate. Next, the same is
done when using a GGW. The dimensions of WR-28 are 7.112 mm×3.556 mm.
GGW parameters are wp=1 mm, hp=2 mm and p=2 mm. The air gap is 0 mm
and 0.5 mm depending on the case.

As it is well-known, one aspect of particular importance for RWs is the
field leakage across the pieces joints when they are not completely flat. Even
a minimum air gap can greatly spoil the performance of any device. Some
simulations will be shown for demonstrative purposes. The first example keeps
a perfect electrical contact between the metal plates (Fig. 2.18a) and the second
leaves an air gap of 0.5 mm (Fig. 2.18b). This air gap is determinant, as can
be seen in Fig. 2.18d, since the field spreads through that tiny gap, degrading
the expected behavior of a conventional waveguide.
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In the second case, a GGW is used (Fig. 2.19). The results are certainly
enlightening. The magnetic field in both structures, without and with the gap,
remains practically unchanged. It is observed how the blue zone (absence of
H-field) extends just up to the middle of the first nail even if there is a gap
between the nails and the metal lid. On the other hand, an intense electric field
is observed between the first nail and the upper metal plate. Then, the field
is drastically attenuated around the second nail and it is already non-existent
at the third nail. This demonstrates that, as a general rule, one row of nails
is not enough to isolate completely two adjacent GGW branches but two rows
could be enough depending on the design requirements. In any case, three rows
would isolate them perfectly.

2.4 GGW Corporate-feed networks

Power dividers are building blocks of many microwave and millimeter-wave
components and networks. Especially in microwave and millimeter-wave inte-
grated circuits, the feeding system of an array antenna needs power dividers
with low loss and broad bandwidth. Conventional rectangular waveguide power
dividers can meet these requirements. For instance, power dividers fabricated
from traditional waveguides have the advantages of low insertion loss and high
power handling capability, but their large size and high cost is a limiting fac-
tor [213]. The aim of the following section is to apply the groove gap waveguide
(GGW) technology to design power dividers to be used in feeding networks
of large slot antenna arrays. To date, some array antennas have been real-
ized based on groove gap waveguide distribution networks. Firstly, a H-plane
coupling layer is presented. Then, examples of H-plane power dividers are
described. Later an E-plane version will be shown, to end with the authors’
proposal to improve these E-plane power-dividers to feed arrays in a more
compact way.

2.4.1 H-plane coupling layer

A H-plane coupling layer using GW is presented in [208], within the LOCOMO
project. It is part of a multilayer array antenna designed and fabricated for a
SATCOM on-the-move terminal.

LOCOMO (LOw-cost and COmpact Ka-band MObile Satcom terminal)
was a project carried out between 2013 and 2016, funded by the European
Space Agency to develop precisely a SatCom on the move antenna in the Ka-
band. In the project were involved French companies (Thales Alenia Space,
Vectrawave, IXBlue), the Spanish TTI, as well as the UPV, responsible for
the complete design and manufacture of the antenna subsystem. The system
was intended for dual use, civil and military, and therefore the reception band
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Figure 2.20: Electric field amplitude distribution (dB) in a conventional rect-
angular waveguide (above) and Groove Gap waveguide (below) [214].

covered from 19.7 to 21.2 GHz, while the transmission range was between 29.5
and 31 GHz. The antenna consisted of four radiating panels: two for TX, with
right and left circular polarization and two others for RX. The feed network has
been implemented using a combination of E-plane splitters coupled to H-plane
waveguides.

A subarray layout of the feeding network is depicted in Fig. 2.20. The first
distribution layer corresponds to 1 to 4 power dividers in the E-plane. An off-
centered septum provides the required tailored power distribution as well as a
wideband return-loss performance.

As shown in Fig. 2.20, Gap Waveguide technology was integrated into the
intermediate layer of this power divider. In order to avoid leaks between the
metallic layers that compose each panel, RW (upper figure) were replaced by
nails (bottom figure). The qualitative view of the electric field distribution
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Figure 2.21: LOCOMO antenna mounted on rotatable axis. Two antenna sub-
panels for transmit and receive are visible. Two more are on the backside [214].

within the coupling waveguides shows good agreement between both. In addi-
tion, it is evidenced that the field remains confined in the groove.

Besides, LOCOMO gave the idea of designing E-plane splitters using Groove
Gap Waveguide, which, in the end, proved to be a good alternative to get
low-profile antennas in a single layer architecture. This project, which was
a prior work, is standing outside the main scope of this thesis. Anyhow, a
good summary of the complete system (Fig. 2.21), as well as the final results
obtained can be consulted in [208].

2.4.2 H-plane feeding networks in GGW

There are few examples of H-plane feeding networks in GGW. Most GW net-
works used to feed array antennas are implemented with RGW or microstrip
RGW [215]-[217]. The most common reason for not using corporate networks
in GGW is their larger size compared with RGW-based ones.

One of the most recent examples of GW arrays fed by a H-plane feeding
network was presented in [67]. The fundamental building block is a T-junction
covering the V-band (50 GHz to 70 GHz). The whole network is a 64-way GGW
power divider used to feed a high-gain and high-efficiency slot array antenna.
The configuration of the T-junction is illustrated in Fig. 2.22. The topology
provides in-phase power division with symmetrical amplitude distribution. As
shown in Fig. 2.22, this power divider makes use of several nails to match the
input port and split the incoming power from the input port to the output ones.
Two different pin heights (A and B) are used as network tuning elements. The
height of type-B nails is kept the same as that of all the other nails but the
height of type-A nails is lowered. In order to satisfy the matching requirements
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over the desired frequency band, the position and height of the matching nails
are optimized.

Figure 2.22: (a) Top view of the 64-way H-shaped GGW power divider and (b)
16-way one [67].

Figure 2.23: (a) Structure of the antenna array with 16×16 slots. (b)
Manufactured antenna photograph. The dimensions of the antenna are
80×80×12.2 mm [67].

The total number of tuning nails in each 1-to-2 divider are three (type A)
and three (type B) for achieving good performance over the desired frequency
band. The overall performance of the antenna and experimental measurements
can be checked in the aforementioned paper. The manufactured antenna, as
well as each one of the constitutive layers, is shown in Fig. 2.23. Despite this
solution is certainly satisfactory, it still presents some drawbacks. Firstly, the
feeding network needs several layers to couple to the radiating layer, compli-
cating the manufacturing and assembly process as well as increasing the total
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Figure 2.24: (Left) H-plane power divider of [67]. (Right) S-parameters.

antenna height. Besides, the height of the tuning nails (type B) may be a man-
ufacturing challenge since it would be complicated to ensure the same height
in every nail. This fact would eventually lead to unwanted imbalances on the
output branches.

2.4.3 E-plane feeding networks in GGW

As a result of the above, an E-plane corporate feeding network is proposed
here. The horizontally-polarized GGW is illustrated in Fig. 2.25. Placing the
GGW vertically allows the branches of the distribution network to be closer
to each other. Note that one of the ultimate goals when designing a feeding
network is to enable arrays with close enough radiating elements.

Figure 2.25: Narrow-wall GGW.

H-plane and E-plane GGWs use different tuning elements to achieve a good
power balance between the ports of the divider, as shown in Figs 2.24 and 2.26.
In the H-plane case, nails of different heights were used in the T-joint. In the
E-plane case, two dividers are shown. The upper instance of Fig. 2.26 uses a
step discontinuity, being width and length of the box the tunable parameters.
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Figure 2.26: (Left) Proposed E-plane power dividers and (right) S-parameters
obtained with each one.

Figure 2.27: Behavior of the phase of the electric field in an E-plane power
divider.

The second divider (bottom figure) uses also a septum to improve the overall
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matching. Both dividers are valid solutions since in both cases the reflection
coefficient is lower than −15 dB within a relative bandwidth larger than 30%.

Figure 2.28: Fabricated 4×4 Ka-band array [175]: (a) without the cover to
reveal the network and (b) layout of the corporate-feed network.

Figure 2.29: Fabricated 16×16 V-band array: (a) without the cover to reveal
the network and (b) layout of the corporate-feed network.

However, the problem arising when using power dividers with horizontally
polarized GGW is the well-known 180◦ phase difference on output branches.
Fig. 2.27 shows the behavior of the electric field where that 180◦ phase hop
is clearly seen between both ports. Conversely, the figure demonstrates that
the field amplitude is divided equally between both arms thanks to the device
symmetry. Nonetheless, it is possible to design E-plane distribution networks
in GGW as long as a mechanism is conceived to fix this phase difference.
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The first antenna fed by an E-plane corporate network in GGW was pre-
sented in [175]. It is a small 4×4 Ka-band slot array which uses a GGW feeding
network with asymmetrical arms. The final manufactured feeding layer and its
layout can be seen in Fig. 2.28. It has also proved to be a valid solution in
larger arrays, as shown in Fig. 2.29. It can be observed that branches in the
left part are mirrored versions of those in the right part to counteract the 180◦

phase shift. A detailed description of these prototypes is left for Chapter 3.

In [67], the H-plane feeding network required an intermediate layer to place
the radiating elements close enough to avoid grating lobes. Comparing the
dimensions of both networks, the E-plane network proposed here is 60% more
compact than that H-plane version. On the other hand, while the height of the
antenna is similar since placing the GGW vertically requires more height than
horizontally, E-plane network is realized in one layer while H-plane requires
two layers.

2.5 RGW corporate-feed networks

In the previous section two different ways to build distribution networks with
GGW, E-plane and H-plane, have been explained. However, the most common
all-metal distribution networks use RGW. On the one hand, RGW corporate-
feed networks are more compact than vertically-polarized GGW. On the other
hand, RGW avoids the above-mentioned phase problem in the power dividers.

One representative example of a typical network configuration in RGW
is presented in [75]. There, a corporate-feed network for a 16×16-element
slot array antenna is designed based on cascaded equally-split power dividers.
Fig. 2.30 shows the configuration of the two-way ridge gap waveguide power
divider as a building block of the full corporate-feed network.

Figure 2.30: Geometry of the ridge gap waveguide power divider [75].
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Figure 2.31: Full 1-to-64 corporate-feed network in RGW [75].

A quarter-wavelength matching box, as well as a gradual tapering from low
to high impedance, are used to design a wideband power divider. The simulated
performance of the power divider shows an input reflection coefficient below -
20 dB with balanced amplitude and phase outputs over a frequency band from
55 to 75 GHz.

In this case, the ridge lines are separated by three nail rows, except near
the T-shaped ridges and the coupling slots. Due to the limited room, the ridge
lines are placed very closely in some places and therefore it could cause coupling
between them. This effect has been seen and explained previously in Fig. 2.19.
Besides, in [75] it is also demonstrated that the coupling is lower than −20 dB
in case of one row of nails, lower than -37 dB using two rows of nails and -50 dB
for three rows of nails in the desired frequency band (57-68 GHz).

As can be observed in Fig. 2.31, a chandelier-shaped network is imple-
mented, so that all output ports have the same phase. The need to arrange the
network in this way makes it difficult to build a more compact structure. In
fact, each network termination is separated 1.6λ on both axes (X and Y). That
is the reason why a second distribution network, also called coupling layer, is
needed above to finally feed the radiators. The resulting architecture responds
to a multilayer antenna very similar to the H-plane GGW version presented in
the previous section.

In view of the complexity of the afore-presented corporate-feed network,
new topologies were investigated. The same group of researchers published,
very recently (late 2017), a much more compact RGW network [218]. In this
publication, unfortunately, the critical aspects of the network are not detailed.
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Figure 2.32: Schematic of the antenna presented in [218].

There, a RGW is capable of feeding, in one single layer, a two-dimensional array
of 8×8 apertures in GW technology as depicted in Fig. 2.32. The chandelier-
type corporate network is no longer used but a more compact H-shaped distri-
bution network, avoiding the intermediate coupling layer. Radiating apertures
are spaced 4.2 mm (0.86λ) in both directions. It is a more compact solution
than the previous one but, due to the lack of information in this short paper,
it is difficult to assess and compare both designs.

As part of this work, and taking up the last developed GGW network
(Fig. 2.29), other topologies are considered to address the 180◦-phase-difference
issue. Two possible alternatives have been implemented able to feed full-metal
GW arrays: RGW and RGW-GGW networks.

In this context, as a contribution of the Thesis, an RGW power splitter was
presented in [219]. The objective was to obtain a scalable network able to feed
an array of large dimensions. A schematic drawing of the individual divider
as well as the proposed architecture of an 8×8 array feeding network can be
observed in Fig. 2.33. This figure is key to understand the problem with RGW
networks and their need, in many cases, for intermediate coupling layers.

Although the unit cell is very compact (0.93λ×0.46λ), the horizontal RGW
branches force the apertures to be separated 0.46λ and 0.73λ alternatively. It
can be concluded that the most limiting factor in the final array spacing involves
the presence of the horizontal RGW sections.

Nonetheless, RGW networks are symmetric and more compact than those
based on rectangular waveguides or vertically-polarized GGW. On the other
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Figure 2.33: Schematic drawing with the cell presented in [219] and its inte-
gration in an 8×8 network.

hand, even more compact distribution networks would be possible using E-
plane dividers, but the problem arises from the out-of-phase outputs of the
splitters. The possibility to unify both types of networks in order to take ad-
vantage of their respective benefits will be addressed as the next step.

Table 2.1: Comparison of different proposals of RGW networks.

Type Spacing (λ0) Layers Band

Chandelier-shape [75] 0.82×0.82 2 V

H-shape [218] 0.86×0.86 1 V

T-shape [219] 0.93×0.73 1 V

2.6 GGW-RGW corporate-feed networks

As discussed above, E-plane dividers are able to provide very compact networks,
but their inherent 180◦ phase difference must be faced. A RGW network avoids
such problem but more room is needed. An optimal solution combining both
types of networks might hopefully lead to a compact in-phase approach. In
order to verify the feasibility of such hybrid distribution networks, the first
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Figure 2.34: Basic dimensions of groove and ridge gap waveguides and (b) their
respective propagation constant [220].

step is to demonstrate that ridge and groove waveguides are compatible and
can be seamlessly combined.

For a certain height, width and periodicity of nails, the propagation constant
is studied. Interestingly, an straightforward tuning of these parameters gives
the same propagation constant in both waveguides. The basic dimensions of
the groove and ridge gap waveguides are shown in Fig. 2.34a. This study was
initially done for the V-band, though it can be easily extrapolated to any band
by scaling the values. The propagation constant of RGW and GGW obtained
with the dimensions shown in Fig. 2.34a is plotted in Fig. 2.34b. It is observed
that perfect agreement between both, βGGW and βRGW , can be achieved within
the band of interest (57 to 66 GHz). The stopband of the bed of nails spans
from 40 GHz to 70 GHz.
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Figure 2.35: Electrical field representation at the discontinuity between RGW
and GGW.

Figure 2.36: Amplitude and phase of a power divider combining GGW and
RGW.

Power splitter from RGW to GGW

In order to couple the propagation modes from RGW to GGW, a power splitter
has been designed. After several attempts the first conclusion was that the ridge
must protrude a little bit into the GGW to be able to couple the field from
the RGW. In Fig. 2.35, the behavior of the electric field and how it rotates
from the RGW to the GGW can be observed. This good behavior of the field
coupling has been crucial to achieve more compact hybrid networks, solving
most of the drawbacks explained in previous designs.

Let us compare Fig. 2.27 with Fig. 2.36. E-plane divider is more compact in
the horizontal plane since the GGW fits between two rows of nails. However,
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Figure 2.37: RGW to GGW transition.
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Figure 2.38: Simulated S-parameter magnitude for the RG transition.

this type of divider introduces a 180◦ phase difference on both sides of the
divider. Now, coupling the RGW to a GGW, the phase of all ports are equal
without requiring to any asymmetry to fix this effect (Fig. 2.39). At the same
time, this transition is a divider, since it splits the power from the RGW input
port to both sides of the GGW. In Figs. 2.37 and 2.38 the divider and its S-
parameters are shown. Despite this change of waveguide type, a remarkable
37% bandwidth for an S11 lower than −10 dB is achieved.

Design of a 1 to 4 power divider combining RGW to GGW

A schematic drawing of a 1 to 4 power divider combining RGW and GGW
is shown in Fig. 2.40. A central RGW (yellow block) is subsequently coupled
to a GGW (blue block) which in turn is coupled to two RGWs on each side,
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Figure 2.39: Simulated S-parameter phase for the output ports in the RG
transition.

Figure 2.40: Schematic drawing of a 1 to 4 power divider combining RGW and
GGW.

leading to a 1 to 4 power divider combining RGW and GGW. There are two
fundamental parameters to be taken into account for a proper network design.
A fundamental tuning parameter to match the network is the short-circuit
distance of the GGW concerning the RGW position. This distance must be
approximately λg/4. In this way, E-field maximum occurs just at the input
of the RGW for a proper power coupling. Moreover, capacitive slits can be
included on both sides of the input RGW-GGW transition to improve the
frequency bandwidth. Nonetheless, these slits are not an element as decisive
as the tuning parameters mentioned above (protrusion and short-circuit).

In Fig. 2.41, the proposed power divider is shown. Fig. 2.42 shows the phase
of the magnetic field when exciting the input port. It is observed that the four
output ports have the same phase, just like in an all-RGW network. Fig. 2.43
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Figure 2.41: Combined ridge-groove-ridge divider (RGR).

Figure 2.42: Magnetic field at the output ports of the 1 to 4 power divider.

26 28 30 32 34 36 38
−40

−30

−20

−10

0

Frequency (GHz)

S
-p
a
ra
m
et
er
s
(d
B
)

S11 S21 S31 S41 S51

Figure 2.43: Simulated S-parameters of the RGR transition.

plots the simulated S-parameters versus frequency. The power is equally dis-
tributed to the output ports with a reflection coefficient lower than −10 dB
over a 37% frequency bandwidth. The RGW to GGW transition may help to
specific corporate-feed networks that require a compact design. The primary
advantage in combining these two types of waveguides is that they introduce
a very profitable versatility in the design of corporate-feed networks. Whereas
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Figure 2.44: Evolution of the combination of a GGW network with a RGW
network to obtain the hybrid network with both types of waveguides.

Figure 2.45: Fabricated ridge-groove feeding network.

RGW leads to symmetrical networks, GGW sections provide a more compact
structure (Fig. 2.44). This hybrid network, one of the main outcomes of this
Thesis, has been widely adopted in the arrays finally developed in Chapter 4.
As an example, Fig. 2.45 shows the combined ridge-groove network integrated
into a manufactured antenna.
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Chapter 3

Radiating elements for Gap
Waveguide Arrays

“I believe any success in life is
made by going into an area with a
blind and furious optimism.”

— Sylvester Stallone

The present chapter addresses the use of apertures, whether rectangular or
circular, as radiating elements for GW arrays. These radiating elements are
fed by the GW networks described in the previous Chapter 2. Rectangular
apertures are cavity-backed by coaxial cavities while the circular apertures are
fed by cylindrical cavities. However, to have a global understanding of the
subject to be discussed, the fundamental principles of radiation of apertures
are reviewed first.

The concept of radiating apertures was already known more than 300 years
ago, as evidenced by the work carried out by Huygens in the late 17th century.
Paradoxically, it was not until the mid-twentieth century, with the World War II
that due attention was paid to this concept [221]. After the WWII and in later
years, Watson [222] and Stevenson [223], proposed for the first time to use slots
on the walls of a rectangular waveguide to couple and radiate energy. Later,
Orefice and Elliot [224] proved they could control antenna parameters like
external mutual coupling, input impedance, and radiation pattern by adjusting
the length, spacing and orientation of the slot elements within a rectangular
waveguide array. It was then that the basic concepts of slot waveguide arrays
were established. Even today it remains a widely used solution because of its
easy implementation and low cost, especially in the microwave band.
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Figure 3.1: Some slot arrangements in a rectangular waveguide.

Figure 3.2: LOCOMO project. Layout of receive antenna comprising 4 × 4
subarrays. It shows parasitic dipoles (grey), radiating slots (blue), radiating
waveguides (black) and coupling waveguides (red). Feed network is shown in
green.

Slotted Waveguide Antennas (SWA) radiate energy through slots cut in
a broad or narrow wall of a rectangular waveguide. These slots introduce
discontinuities in the conductor and interrupt the flow of current along the
waveguide. Hence, the current must flow around the edges of the slots, causing
them to act as dipole antennas. The position, shape, and orientation of the slots
will determine how (or if) they radiate. Fig. 3.1 shows a rectangular waveguide
with a red-line schematic of the current distribution on the waveguide walls.

Among the main advantages of SWA are their relatively low weight and
small volume, and their high power handling, high efficiency, and good match-

74



3.1 Slots fed by Coaxial Cavities

ing properties. For this reason, SWA has been an ideal solution for many radar,
communication, navigation, and high-power microwave applications. As men-
tioned in Chapter 2 the use of slotted waveguides was explored in the initial
phases of the thesis for the implementation of a multilayer antenna (Fig. 3.2)
for SATCOM applications [208].

3.1 Slots fed by Coaxial Cavities

A coaxial cavity resonator is a cavity structure resembling a finite-length coax-
ial transmission line which is closed at both ends and shorted at one end as
illustrated in the Fig. 3.3. At the other end, a small gap is left, behaving as a
capacitance between the inner and outer conductors. Typically, resonant coax-
ial cavities have been used for filter design [225]-[227], also known as combline
filters. In this regard, the ability of gap waveguide technology to create high-Q
resonators for waveguide cavity filters is also well documented [148]-[154]. In
this case, thanks to the TEM nature of the coaxial cavity mode, its size can be
freely reduced without worrying about the cutoff condition. In addition, it has
been shown that coaxial cavities could also be a good alternative to feed slots,
instead of using rectangular waveguides [175].

Figure 3.3: Coaxial cavity structure.
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Figure 3.4: H-field distribution within gap waveguide coaxial cavities. The
cavities are excited through a RGW.

Figure 3.5: Different nail heights from h=0 mm to h=2.5 mm (λ/4 at 30 GHz)
in steps of 0.5 mm.
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Figure 3.6: Transmission coefficient of the structure depicted in Fig. 3.4 for
different nail heights.

3.1.1 Coaxial Cavities in Gap Waveguide

The typical feeding scheme of coaxial cavities in Gap Waveguide is presented in
Fig. 3.4. It consists of a bed of nails where the height of two of them, drawn in
orange, is reduced. The height of the rest of the nails is λ/4. A parametric study
of the shortened-nail height is performed from h= 0 mm to h=2.5 mm (in steps
of 0.5 mm), as represented in Fig. 3.5. In Fig. 3.6 the transmission coefficient
is shown. As it is observed, the coaxial cavity is resonant for h=1.5 mm. At
the resonance frequency, the RGW properly excites the coaxial cavity mode.
This fact can be seen in Fig. 3.4, where the typical loops of the magnetic field
are created around the shortened nails.

Now, if a slot is conveniently placed over the resonator, parallel to the
magnetic field, an efficient radiation is produced. The coaxial cavity provides
a great versatility to locate the radiating apertures. From the behavior of the
magnetic field, up to 4 possible slot arrangements can be defined for an in-
phase excitation (Fig. 3.7). The most symmetric options are (a) and (d) since
they are equally separated from the feeding ridge. For options (b) and (c),
though they are perfectly valid with regard to the H-field direction, slots would
be unequally excited in amplitude.

In this example, the coaxial cavities are fed through a central ridge, but it
can also be done through a groove, as shown in Fig. 3.8. In fact, this approach
is more optimal since it allows to place closer the cavities exciting the radiating
apertures above them. A similar behavior of the H-field in the cavities fed by
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Figure 3.7: Different valid positions to place the apertures for an in-phase
radiation.

Figure 3.8: Coaxial cavities excited by a GGW.

a GGW is observed. Interestingly, distance between cavities can be less than
0.5λ0. Since they are separated by the groove and the coaxial nails only, it
is possible to bring the cavities closer by adjusting the nail periodicity and
the groove width, if necessary. These first feeding examples demonstrates the
versatility of the coaxial cavities excitation and their advantages in terms of
compactness, a crucial property for array antenna design.
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Figure 3.9: 2×2 Cavity-backed slot-antenna fed by a symmetric GGW.

Figure 3.10: E and H field in a 2×2 cavity-backed slot array using a symmetric
groove gap waveguide feeding.

3.1.2 Groove Gap Waveguide feeding

In the previous section, we have seen the basic structure of a coaxial cavity and
how the magnetic field is confined around the shortened nail of the textured
surface. It has also been seen that both the RGW and the GGW are able
to excite these cavities. However, each option must be studied separately in
order to understand their particularities. Intuitively, the GGW seems to be
the best candidate since it is more compact and fits easily between two rows
of nails. In addition, its horizontal polarization facilitates the field coupling to
the shortened nail.

Nevertheless, as explained in Chapter 2, an E-plane 1:2 power splitter as
the one depicted in Fig. 3.9 introduces a 180◦ phase difference on each branch
(Fig. 3.10). If this effect is not corrected, the cavities are excited with opposite
phases on each side of the subarray. E and H fields of this subarray are shown
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Figure 3.11: Location of the apertures for coherent radiation.

Figure 3.12: (Left) Symmetric GGW feeding. (Right) Asymmetric GGW feed-
ing.

Figure 3.13: Unit cell of a 2×2 subarray fed by GGW. The most represen-
tative elements are shown: feeding network (green), magnetic field (arrows),
shortened-nails (purple) and apertures (red).

in Fig. 3.10. However, Fig. 3.7 has demonstrated that there is some degree of
versatility to place the radiating apertures.
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Figure 3.14: (a) Amplitude of the electric field in the apertures using a centered
slit and (b) an off-center slit.

Figure 3.15: E and H field in a 2×2 cavity-backed slot antenna.

For this case, two possible slot arrangements are shown in Fig. 3.11, both
leading to an array with unequally spaced apertures though. An effective so-
lution to compensate the 180◦ phase shift is to add a second splitter in the
left arm, resulting in an asymmetrical disposition as illustrated in Fig. 3.12.
Such asymmetry leads to a not uniform amplitude excitation of the radiating
apertures.

Fig. 3.13 shows a schematic drawing of the new unit cell with the most
representative elements. In order to attain an equal power distribution in the
divider, an off-center slit is introduced. The tuning elements of the slit are
its width, length, and position. It is observed that it has a small rounding on
both sides because a milling radius of 0.2 mm has already been considered.
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Figure 3.16: 2×2 cavity-backed slot-antenna fed by GGW.
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Figure 3.17: Reflection coefficient for different heights of the coaxial nails.

Placing the slit just in the center of the divider (off-center=0 in Fig. 3.13),
the E-field magnitude on the apertures is different, as presented in Fig. 3.14a.
However, if the slit is shifted to the right side, the E-field amplitudes can be
compensated and finally equalized (Fig. 3.14b). The role of this slit is crucial
to distribute evenly the power. Lastly, after fixing the position of the slit and
having previously designed the optimal height of the coaxial nails, the same
for all the cavities, a uniform field distribution can be obtained in the four
apertures of the subarray, as shown in Fig. 3.15.

Finally, Fig. 3.16 shows the 2×2 subarray. The rectangular apertures are
excited by coaxial cavities which are fed by the asymmetric GGW corporate-
feed network. Fig. 3.17 shows a parametric study of the height of the coaxial
nails to notice its relevant influence on the subarray performance.
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3.1.3 Ridge Gap Waveguide feeding

As pointed out at the beginning of the chapter, a ridge gap waveguide also
manages to feed coaxial cavities. In a RGW, the field propagates between
the ridge and the metallic top plate, more confinedly than in a horizontally-
polarized GGW. However, by adjusting the distance between the short circuit
of the RGW with respect to the cavity it is possible to achieve a good cou-
pling. Following a similar scheme to the previous one, a 2×2 cell is taken as a
demonstrator (Fig. 3.18).

Figure 3.18: 2×2 Cavity-backed slot array fed by RGW.

The regular nails in this V-band subarray are 1.25 mm high (λ0/4 at
60 GHz). Regarding the coaxial nail, for the previous case fed by GGW,
the height was set to 0.4 mm to achieve the cavity resonance. Conversely, for
the RGW case, the coaxial nail must be longer since the field is more confined
between the ridge and the top plate. In fact, the coaxial nail has to be as high
as the ridge (0.85 mm) to achieve a proper coupling between them (Fig. 3.19).

Nonetheless, an important drawback of this approach is the way in which
the apertures must be arranged. From Fig. 3.20 it is observed that there are
two optimal arrangements to feed the apertures coherently. In both cases, a
pair of apertures is necessarily closer to the RGW than the other pair. Such
imbalance leads to an unequal distribution since the apertures closer to the
RGW become more excited, as observed in Fig. 3.21. This fact does not have
a noticeable impact at this subarray level, but it would be relevant in a larger
array. Note that there would be consecutive rows of apertures more excited
than others, thus degrading the radiation pattern performance.

This behavior is more easily observable in Fig. 3.20, where the magnitude
of the magnetic field on the apertures is represented. To revert this effect,
the nails of the coaxial cavities corresponding to the outermost apertures are
moved outwardly with respect to the RGW. Fig. 3.22 shows this correction. By
displacing the shortened nails (in purple) of the lower cavities, the magnitude
of the electric field on the apertures becomes uniform. Despite this effective
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Figure 3.19: Reflection coefficient for different heights of the coaxial nail.

Figure 3.20: H field in a 2×2 cavity-backed antenna fed by RGW. The displayed
field is sampled at the height of the shortened nail.

Figure 3.21: E field in a 2×2 cavity-backed antenna fed by RGW. The displayed
field is sampled at the height of the apertures.
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Figure 3.22: Field uniformization on the apertures by moving the nails of the
coaxial cavities.

solution, the fact of needing more room to implement the RGW network reduces
its attractiveness compared to the horizontally-polarized GGW feeding.

3.1.4 GGW-RGW feeding

As it has been developed throughout Chapter 2, an optimal solution has been
conceived to uniformly excite arrays in a compact way. It consists of a hybrid
network combining GGW and RGW. Following the same scheme of previous
examples, 2×2 radiating apertures are fed by a GGW-RGW network. This
subarray is shown in Fig. 3.23.

Figure 3.23: 2×2 cavity-backed slot array fed by GGW-RGW

In Fig. 3.24 the magnetic field for this sample is represented. Also in this
same figure the location of the coaxial cavities is marked. In this case, the
network does not need an extra arm on the left side to compensate for the
phase difference. Besides, the network is vertically more compact compared to
the RGW version. The simulated reflection coefficient using different coaxial
heights is shown in Fig. 3.25, where a good matching performance is obtained
for hcoax=0.65 mm.
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Figure 3.24: H field in the subarray fed by the RGW-GGW network. RGW,
GGW and the position of the coaxial cavities are indicated.
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Figure 3.25: Reflection coefficient for different heights of the coaxial nail.

3.1.5 Dual-Band Antennas

We have seen how to host coaxial cavities and the feeding network in the
same layer. Taking this solution as a starting point, one may try to extend
this idea to host cavities with widely separated frequency bands within the
same layer. Then, single-layer dual-band antennas could be conceived. Such
solutions would be very attractive in SATCOM on the move applications, where
K-band is used to receive the signal and Ka-band to transmit it. Low-profile
solutions typically use two dedicated antennas for this dual-band operation.

Bearing in mind that coaxial cavities must be around a quarter of the
wavelength in height, it is possible to modify the resonance frequency by tuning
the distance of the cavity floor with respect to the surrounding nails. Fig. 3.26
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Figure 3.26: Transmission coefficients by varying the coaxial cavity height.

corroborates that, as the cavity ground moves away or approaches the lid, the
resonance is shifted. A larger distance between the lid and the floor leads to
a resonance at a lower frequency. On the other hand, if the floor is moved up,
the resonance shifts to higher frequencies. Therefore, the resonance frequency
of the coaxial cavities can be easily changed by tuning the height of the floor.
This concept opens the door to host resonant cavities at widely separated
frequencies in the same layer by simply adjusting the height of each cavity.
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Note that stopband bandwidth typically reaches an octave (Fig. 3.27), being
enough to cover the two desired bands in K and Ka-band.

Figure 3.27: Stopband created for a nail height of 3.125 mm, period of 2.25 mm
and width of 1 mm.

Figure 3.28: Side and top view of the cavity at 30 GHz.

Upper Band Cavity

Since the ultimate goal is to design a dual-band low-profile antenna for SAT-
COM applications, cavities resonating at 20 GHz and 30 GHz has been pursued.
Fig. 3.28 shows a cavity where the floor has moved upwards (h=2.5 mm and
hp=3.125 mm). As a consequence, the cavity resonance is shifted to a higher
frequency, in this case 30 GHz.

One interesting feature is that the periodicity and width of the nail do not
have to be altered. The two only tuning parameters are the height of the cavity
floor (h), as a coarse tuning, and the coaxial height (hcoax) as a fine tuning.
A side and top view of the cavity is shown in Fig. 3.28. The values of lx and
ly are determined by the thickness of the nails and the period between them.
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In this regard, the choice of the nail periodicity will be crucial to place the
cavities as close as possible. In Fig. 3.29 a perspective view of the cavity and
the excited magnetic field loop at 30 GHz are shown. In Fig. 3.30 the response
of the S-parameters is observed.

Figure 3.29: (a) Cavity operating at 30 GHz and (b) magnetic field distribution.
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Figure 3.30: S-parameters of the 30-GHz cavity.

Lower Band Cavity

For the cavity resonating at 20 GHz the floor is moved down. Now h is 3.75 mm,
which corresponds to λ0/4 at 20 GHz (Fig. 3.31). The height of the nails hp
is 3.125 mm, as in the upper band cavity. This way, the excavation depth in
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Figure 3.31: Side and top view of the cavity at 20 GHz.

Figure 3.32: (a) Cavity operating at 20 GHz and (b) magnetic field distribution.
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Figure 3.33: S-parameters of the 20-GHz cavity.
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the lower band cavity and the mound height in upper band cavity is the same,
0.625 mm.

Fig. 3.32 shows the perspective view of the cavity and the magnetic field
loop generated at 20 GHz. Now, since the floor of the cavity is moved down,
the frequency has shifted to a lower frequency and a very strong resonance is
observed at 20.5 GHz (Fig. 3.33).

2×2 Dual-Band Slot Array

Once the feasibility of housing resonant cavities at two widely separated bands
within the same bed of nails has been demonstrated, a 2×2 subarray with 2
cavities of each type is presented. In this first example, half of the cavities have
been designed at 20 GHz and the other half at 30 GHz.

Figure 3.34: 2×2 Dual-band cavity-backed slot-antenna fed by a combined
RGW-GGW network.

Figure 3.35: Side view of a bed of nails housing cavities of different heights.

One of the key aspects to design a dual-band array in a single layer is the
disposition of the radiating apertures as well as the cavities excitation. It is not
an easy challenge since apertures are excited in very separated bands. All the
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(a)

(b)

Figure 3.36: (a) H-field at 20 GHz and (b) H-field at 30 GHz.

details will be given in Chapter 4, but an arrangement alternating RX and TX
apertures is adopted, shown in Figs. 3.34 and 3.35. The spacing between the
apertures is 12 mm in the X-plane and 6 mm in the Y-plane. Therefore, since
λ0 is 10 mm at 30 GHz, TX apertures are spaced more than one wavelength
in the X-plane. Consequently, grating lobes will appear along the XZ plane
in the upper band. Fig. 3.36 shows how the H-field is trapped around the
coaxial nails. As expected, upper band cavities are excited at 30 GHz and the
lower band cavities at 20 GHz. Finally, Fig. 3.37 shows the simulated radiation
patterns for both main planes. A 4×4 array factor has been applied to the
basic cell to emulate a larger array.

In short, the coaxial cavities implemented in GW technology revealed them-
selves as an effective solution to implement simpler approaches of dual-band
arrays. The versatility of these cavities allows to achieve, in a single layer,
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Figure 3.37: Radiation patterns at both bands: (a) XZ-plane (20 GHz); (b)
YZ-plane (20 GHz); (c) XZ-plane (30 GHz); (d) YZ-plane (30 GHz).

resonant cavities at different frequencies just by adjusting their vertical size.
This fact enables practical designs of high-gain antennas able to share in the
same panel two arrays working in widely separated frequency bands.

3.2 Cylindrical Cavities

In this section, alternative radiating elements based on cylindrical cavities are
presented. In the strict sense of the word, though, these cavities are not res-
onant but rather a guided medium through which the signal propagates and
couples to radiating circular apertures. The term cylindrical cavity will be used
hereinafter. Fig. 3.38 shows the basic model of the radiating element. It is a
circular waveguide fed at one of its sides. Obviously, the cylinder could also be
fed from the back. In that case, it would basically behave as an open circular
waveguide. The employed lateral feeding is more convenient for a single-layer
architecture making use of a corporate feeding network.
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Figure 3.38: Different views of the cylindrical cavity.
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Figure 3.39: Reflection coefficient of the basic cell using a cylindrical cavity fed
by a GGW.

As it will be discussed later, this feeding mechanism enables to conceive
new array concepts, such as dual-polarized, circularly-polarized or dual-band
antennas. In the coaxial cavity case, it would be difficult to get dual-polarized
antennas in a single layer. A possible solution would be to add a second layer.
Thus, each layer could radiate with orthogonal linear polarizations. Anyway,
stacking coaxial cavities does not seem evident with the proposed architecture.
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Figure 3.40: (Left) Ex and (right) Hy on a radiating element based on a cylin-
drical cavity.

Figure 3.41: Ex field component in YZ and XZ planes for the radiating element
based on a cylindrical cavity.

With cylindrical cavities, however, it seems simpler to excite them at different
heights to achieve dual-polarized radiators.

When using the cylindrical cavities as radiating elements, the main tuning
parameter is the radius of the aperture, which is approximately determined
by r ' λ0/π, i.e., a diameter of 0.64λ0. The rest of tuning parameters are
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Figure 3.42: Outline of a 4×4 array using cylindrical cavities. The room left to
locate the corporate distribution network is less than 0.36λ0 in both dimensions.

indicated in Fig. 3.38. For a unit cell working at 30 GHz, the nails height and
the aperture radius is 2.5 mm and 3.2 mm (λ0/π) respectively. The simulated
S11 is plotted in Fig. 3.39, achieving a bandwidth of 13% for S11 < −10 dB.

Regarding the field on the aperture, a uniform electric field is observed in
Fig. 3.40. In this figure, the distribution of electric and magnetic fields on
the circular aperture can be observed. A great polarization purity is achieved.
In Fig. 3.41 the amplitude of the Ex component is represented in two cuts
corresponding to the YZ and XZ planes. The colored graphs show how the
electric field is coupled from the input port to the radiating circular aperture.

Keeping in mind the final goal of designing two-dimensional arrays, the
schematic situation can be seen in Fig. 3.42 when cylindrical cavities are used.
On the one hand, apertures should be located at a distance less than λ0
both vertically and horizontally to avoid grating lobes. On the other hand,
the diameter of the apertures must be around 0.64λ0. So, the network must
fit between the remaining 0.36λ0 distance between the apertures. Vertically-
polarized GGW network is discarded because it would be too wide (at least
0.5λ0). Thus, the RGW or the horizontally-polarized GGW arise as possible
options.

3.2.1 Cylindrical Cavities fed by GGW

The most immediate way to feed this type of cavity is through a horizontally-
polarized GGW. This type of feeding has already been shown in Fig. 3.38. As
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can be observed, a feeding GGW fits in the room left between two adjacent
nail rows. As it is well known, the cut-off frequency of a horizontally-polarized
GGW is determined by its height. Therefore, narrow waveguides can be used
to design compact networks fulfilling the space requirements shown in Fig 3.42.
Let us now see the dimensions and performance of these cavities in a sample
2×2 array (Fig. 3.43).

Figure 3.43: 2×2 Cylindrical cavities fed by GGW.

A horizontally-polarized GGW feeding network is implemented to distribute
the signal between the unit cells, choosing a groove width of 1 mm (0.1λ0).
However, as it was demonstrated throughout Chapter 2, the E-plane power-
dividers produce a phase difference of 180◦ in each of the arms. Therefore, if
the distribution network only uses E-plane GGW dividers as building blocks,
the cavities would be excited with opposite phases (Fig. 3.44), leading to a
broadside null in the radiation patterns.

Different solutions could be implemented to solve this issue. As it was
discussed already, the phase inversion in the power-dividers can be avoided
using ridge waveguides. Then, the feasibility of coupling the RGW guided
mode to the cylindrical cavity must be first demonstrated.

3.2.2 Cylindrical Cavities fed by RGW

The cylindrical cavity fed laterally through a RGW is shown in Fig. 3.45. The
protrusion of the RGW inside the cavity ensures a proper field coupling. The
reflection coefficient of the unit cell is shown in Fig 3.46, where a matching
value better than -10 dB is obtained in a 10% frequency bandwidth.
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Figure 3.44: E-field in the circular apertures of a 2×2 antenna fed by GGW.

Figure 3.45: Cylindrical cavity fed by RGW.

Note that the RGW protrusion has not been fully optimized and even bet-
ter results can be achieved, being this example a proof of concept. Therefore,
a single radiator can be excited through an RGW feeding port. Extension to a
two-dimensional array is more troublesome. The reason why the RGW alone
does not allow compact designs has already been discussed. Fig. 3.47 shows
the lack of room to place the RGW with enough isolation (orange box).
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Figure 3.46: Reflection coefficient of the basic cell using a cylindrical cavity fed
by a RGW.

Figure 3.47: Compact and symmetrical distribution network solution: a com-
bined of RGW with GGW.

Consequently, the objective marked by Fig. 3.42 cannot be met by using
RGW-based feeding networks. Notice that cavities and radiators might be
separated to have enough room to place the RGW distribution network, but
this action would lead to grating lobes on the radiation patterns. At this point,
the effective solution reached for the coaxial cavities can also serve in this case.
The hybrid RGW-GGW network can be compact enough to meet the discussed
requirements, as sketched in Fig. 3.47.
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3.2.3 Chamfered Cylindrical Cavities

Taking the cylindrical cavities as starting point, it should be easy to modify
them to achieve circular polarization. Keep in mind that this feature is one of
the typical antenna requirements for SATCOM. The new radiating element is
shown in Fig. 3.48, being a chamfered version of the previous circular aperture.

To achieve good circular polarization purity, two tuning parameters are
used: the angle and the size of the chamfer. The shorter the cavity is, the more
abrupt the chamfer must be to obtain two orthogonal modes excited with 90◦

phase difference. Here the cavity is chosen high enough so that the chamfers
are not too abrupt. This favors the access to the cavity from its side without
difficulties by a groove gap waveguide.

Figure 3.48: Circularly-polarized basic cell.

The fundamental aspect for this low-profile approach is the fact that the
polarizer is embedded into the radiating cavity itself. This type of structure
reminds a typical circularly-polarized patch design in microstrip technology
(Fig. 3.49). A top view of the unit cell is shown in Fig. 3.50. The chamfers
are not made of square-shaped nails but thick metal triangles to ensure the
robustness of the piece. Note that this piece is essential to achieve a good
circular polarization purity.

The unit cell can be extended to obtain a high-gain array by making use of
a hybrid GGW-RGW corporate-feed network. A 2×2 sample array is shown
in Fig. 3.51. An axial ratio below 3 dB is obtained from 29.5 GHz to 31 GHz.
It is a compact circularly-polarized subarray where the feeding network, the
radiating cavities and the polarizer are hosted in the same layer.
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Figure 3.49: Fabricated dual patch antenna [228].

Figure 3.50: Top view and relevant dimensions of the basic cell.

3.2.4 Dual-Polarized Cavities

Antennas with dual polarization have also been explored. In this case, it is no
longer a single-layer antenna but a multilayer one to achieve the dual operation.
The lower layer radiates with linear polarization and the upper layer with the
orthogonal component. The coupling between the feeding layer 1 and the
feeding layer 2 is via a longitudinal slot. The radiating layer is shared by both
polarizations.

The full structure is shown in Fig. 3.52. The cylindrical cavity is fed at
different heights. In order to improve the isolation between both ports, a
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Figure 3.51: (a) 2×2 single-layer circularly-polarized antenna. (b) Simulated
axial ratio.

longitudinal slot is placed in the middle of the cylinder. In Fig. 3.53 the different
layers of the subarray are shown in a top view.

Fig. 3.54 shows the S-parameters of the 2×2 array cell. The reflection
coefficients are not identical since the conditions are not the same for both
levels. The lower level couples to the upper one by a longitudinal slot while the
intermediate layer radiates directly through the circular aperture. Nonetheless,
both reflection coefficients are below −10 dB from 29.5 GHz to 31 GHz. The
isolation between ports is greater than 40 dB within the whole bandwidth.
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Figure 3.52: 2×2 dual-polarized antenna.

Figure 3.53: Layers of the dual-polarized antenna from bottom to top.

3.2.5 Dual-Band Cavities

The previous scheme explored the possibility to feed arrays through different
layers to achieve a dual operation. Following the same concept, dual-band
antennas in GW are also feasible.

As seen at the beginning of this section, the diameter of the circular cavity
determines its working frequency. Keeping this in mind, two stacked cavities
with different diameters can be combined for a dual frequency operation. The
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Figure 3.54: S-parameters of the 2×2 dual-polarized antenna.

targeted bands are the same used for the single-layer solution based on coaxial
cavities. Hence, the diameter of the aperture working at 20 GHz is d=9.5 mm
while that operating at 30 GHz is d=6.5 mm. Obviously, the 30-GHz cavity is
placed below, so the fields at 30 GHz can propagate through the cylindrical 20-
GHz waveguide to finally be radiated. In addition, to achieve greater decoupling
between both layers, the radiating field will also be orthogonal by rotating one
layer 90◦ with respect to the other. Fig 3.55 shows the concept of stacked
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cylindrical cavities removing the nails in the contour of the cell. It is observed
that the two ports are fed at different points rotated 90◦.

Figure 3.55: Layers of the dual-band unit cell from bottom to top.

Figure 3.56: Perspective view of layer 0 and layer 1 of the dual-band antenna.

In Figs. 3.56 and 3.57, the 2×2 subarray is shown. All dimensions in each
layer must be consistent with the corresponding working frequency. Therefore,
the nails of the lower layer have a height of a quarter wavelength at 30 GHz,
which is 2.5 mm. In the upper layer, working at 20 GHz, the height of the
nails is 3.75 mm. The nail width and periodicity are equal in both cases for
ease of design. The distance between apertures is 0.8λ0 at 20 GHz and 1.2λ0
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Figure 3.57: 2×2 dual-band array antenna.

at 30 GHz. This separation between apertures would lead to grating lobes at
30 GHz but they will be mitigated by using a waffle-grid placed on top of the
antenna. More details will be given in Chapter 4.

In Fig 3.58, the S-parameters of the 2×2 subarray are represented. Fig. 3.58a
shows the reflection coefficient of the antenna in the 20-GHz band. The sim-
ulated S11 is below −10 dB within a bandwidth from 19.5 GHz to 22 GHz,
widely covering the K-band typically used in SATCOM applications. On the
other hand, Fig. 3.58b shows the S11-parameter at the 30 GHz band. A band-
width of 11% is observed below −15 dB. Finally, Fig. 3.58c represents the S21

parameter between both ports, confirming the expected high isolation.
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Figure 3.58: S-parameters of the 2×2 dual-band array antenna: (a) S11 (Port
1); (b) S11 (Port 2); (c) S21.
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Chapter 4

Gap Waveguide Array
Antennas

”You can’t connect the dots
looking forward; you can only
connect them looking backwards.
So you have to trust that the dots
will somehow connect in your
future.”

— Steve Jobs

This Chapter brings together the concepts that have been detailed in Chap-
ters 2 and 3. Gap Waveguide Arrays will be presented here. In most cases, it
has been possible to carry out not only the design but also the manufacture
and measurement of the prototypes. The feasibility and performance of the
antennas and their possible applications will be studied.

Firstly, a 16×16 V-band antenna with circular polarization is presented.
The wide frequency band available, over 7 GHz of continuous spectrum, makes
the V-band very desirable for applications requiring high transmission band-
width such as indoor and outdoor communications.

The other prototypes were developed to operate at 20 or 30 GHz, aim-
ing at future applications in satellite communications on the move. Different
prototypes have been designed in the Ka-band, linearly-polarized (LP), dual-
polarized (DP), circularly-polarized (CP) and dual-band (DB) array antennas
have been considered. Several prototypes have been manufactured using dif-
ferent manufacturing techniques such as CNC milling or 3-D printing. These
antennas provide desirable features for SATCOM such as lightness, low profile
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(a) (b)

Figure 4.1: E-plane GGW corporate-feeding network: (a) without and (b) with
the nails surrounding the network.

and high efficiency. In addition, the use of GW ensures good assembly and
avoids leakage.

4.1 16×16 Single-Layer Array Antenna in V-
band

The 60 GHz band has become very attractive due to the huge unlicensed band-
width available worldwide [229]. One of the challenges for mm-wave wireless
systems is to develop highly directive planar antennas with good aperture ef-
ficiency. Expected low cost of manufacturing process for gap waveguide tech-
nology, compared to hollow waveguide array antennas at mm-wave frequency
bands can be a considerable advantage. Among the recent contributions, those
carried out in Chalmers Antenna Group stand out [68],[72],[74],[191], as it has
already been discussed in previous chapters. Nevertheless, most of these an-
tennas use a feeding network composed of two layers. Here, a more compact
16×16 V-band antenna in Gap Waveguide is proposed.

The full array consists on 64 unit cells as described on Section 3.1.2. The
basic cells are fed by a 1 to 64 corporate network designed with GGW. Splitters
use step discontinuities to achieve the proper matching, like that in the unit

110



4.1 16×16 Single-Layer Array Antenna in V-band

(a) (b)

Figure 4.2: (a) Full corporate networks and cavities. Coaxial nails depicted in
purple. (b) Apertures (blue) are added over the network.

cell. In Figs. 4.1 and 4.2 a top view of the layers that makes up the antenna
is presented. First, 4.1a shows the 1 to 64 corporate-feed distribution network.
This distribution network is made with an E-plane GGW. As it was already
explained, this network allows a more compact distribution of the signal. At
the end of the network, it is necessary to add one extra divider on one of the
sides to compensate the phase at those output ports. In 4.1b, the nails of the
bed are highligthed in orange. All nails have the same height and width. The
horizontal and vertical periodicity is slightly different, though. The spacing
is larger in the horizontal dimension because enough room must be left to
place the apertures. As for the slots, the ratio Wslot/Lslot was optimized to
get the best possible impedance bandwidth. However, this ratio should not
exceed 0.5 because to avoid cross polarization [72]. In our case, this ratio is
set to Wslot/Lslot = 0.46, so a trade-off between getting the desired frequency
bandwidth and not worsening the crosspolar component is reached.

Then, in Figs. 4.2a and 4.2b, the shortened-nails (purple) are emphasized
for the sake of clarity. The shortened-nails are responsible for creating the
coaxial cavities. Finally, the apertures (blue) are placed on top. Therefore the
antenna is hosting both the distribution network and the radiating cavities in
a single layer.

The antenna is fed from the backside. Feeding from one side would reduce
the complexity of the design but it would spoil pattern symmetry. The feeder
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is in fact a key part for good performance. A transition must be designed from
the WR-15 to the GGW. It is not a straigthforward transition since the field
must be divided at the very input port. In Fig. 4.3 the fundamental parameters
of the transition are shown.

Input transitions from WR-15 to GGW

A transition connects a standard WR-15 waveguide (port of the V-band array
antenna), to two GGW (initial stage of the feeding network). Fig. 4.4 depicts
top and back views of the transition. As can be observed, the transition is an
H-plane power divider with a central slit to balance the power evenly to both
branches.

Figure 4.3: Cross-section of the RW-to-GGW transition. The values of the
basic design parameters are presented in Table 4.1.

Table 4.1: Optimized dimensions of the RW-to-GGW transition

Parameter Value (mm)
Wx 0.1
Lx 1.7776

hpin 1.2195
aWR15 3.7592
bWR15 1.8796
agroove 2.9561
bgroove 0.8
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4.1 16×16 Single-Layer Array Antenna in V-band

Figure 4.4: (Left) RW-GGW transition without a lid where the slit is observed.
(Right) Back view of the transition

Figure 4.5: Magnitude of the electric field within the GGW transition.
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Figure 4.6: Simulated S-parameters of the RW-to-GGW transition.
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Figure 4.7: RW-GGW transition using capacitive slits.
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Figure 4.8: Simulated S-parameters of a RW-to-GGW transition using capaci-
tive slits.

The dimensions of the WR-15 standard waveguide are 3.7592×1.8796 mm2,
whereas the inner dimensions of the GGW are 2.9561×0.8 mm2. Note that the
GGW presents one very narrow dimension due to the closeness to the final
stages of the corporate feeding network (see Fig. 4.1a). Such a difference in
dimensions forces us to use a tapered transition between both waveguides, as il-
lustrated in Fig. 4.3. This tapering is more convenient than a stepped transition
since, at V-band, steps needed would be of the order of microns. Such accuracy
would be somehow hard to guarantee using a conventional milling process. The
transition has been optimized separately from the rest of the antenna to speed
up the design process. The optimization process has been mainly focused on
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tuning depth (Lx) and width (Wx) of the central slit, which have a substantial
effect on the matching to the input impedance. The optimized values of the
transition parameters are included in Table 4.1.

Fig. 4.5 displays the electric field on XZ-plane of the RW-to-GGW transition
at 61.5 GHz. As can be observed, the use of a slit in the central part of the
transition is enough to divide the power into both sides efficiently. The main
drawback of this system, however, is that, the width must be as thin as possible
(0.1 mm) for proper performance. In the V-band, this value is not critical, but,
maybe, this strip would be barely tens of microns wide at higher frequencies,
which would complicate fabrication process. The simulated S-parameters of the
transition are shown in Fig. 4.6. As can be seen, the RW-to-GGW transition
presents identical transmission parameters,S21 and S31, while S11-parameter is
below −15 dB within a 15% relative bandwidth.

As an alternative, a second transition from WR-15 to GGW was designed.
This transition (Fig. 4.7) eliminates the central slit and uses capacitive windows
in the GGW instead. They are placed on both sides of the input waveguide. S-
parameters (Fig. 4.8) are similar to that of the first transition. The advantage
is that it can also be used at frequencies above 60 GHz since the size of the
capacitive windows is less sensitive to assembly and fabrication issues.

Figure 4.9: Manufactured Linear-Polarized Antenna in the V-band. (Left)
Corporate-feeding network. (Right) Copper plate with the apertures.

Experimental results of the Linearly-polarized antenna

The antenna was manufactured in the facilities of the electromagnetic radiation
group at iTEAM using a milling machine. The prototype is shown in Fig. 4.9.
The array was designed taking into account the inner rounded corners with a
maximum radius of 200 µm due to restrictions on the dimensions of the milling
tools. The slots of the antenna are also designed with rounded corners to have
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a real manufacturing environment. The spacing of the apertures in the x-
direction is 0.92λ0, and 0.78λ0 in the y-direction. Simulated E-plane radiation
pattern is shown in Fig.4.10a. Sidelobe level remains below −10 dB for the
entire bandwidth. However, grating lobes become significant only at the upper
end of the frequency band. At 66 GHz, the electrical spacing between slots is
λ0 in the E-plane. The simulated H-plane pattern is shown in Fig.4.10c. In
this case, the radiation patterns do not exhibit those high grating lobes at 66
GHz because they are canceled due to the radiation pattern of the slot itself.
Both cases present excellent cross polarization suppression, better than 60 dB.
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Figure 4.10: For several frequencies : (a) Simulated E-plane pattern. (b)
Measured E-plane pattern. (c) Simulated H-plane pattern. (d) Measured H-
plane pattern.
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Figure 4.11: Measured and simulated reflection coefficient of the linearly-
polarized antenna

In the right column of Fig. 4.10, the measured radiation patterns for both
main cuts are shown. The large bandwidth of the distribution network allows
a great stability of the patterns for the entire bandwidth, from 57 GHz to 66
GHz. However, a slight asymmetry in the radiaton patterns is observed. This
is due to two reasons. First of all, there is some uncertainty in the alignment of
the antenna in the anechoic chamber and secondly, there is a slight warping of
the copper plate containing the slots. A thicker plate would solvable it easily.

Regarding the reflection coefficient, a comparison between simulation and
measurement is presented in Fig. 4.11. It can be observed that there is a good
agreement of both curves for the lower part of the band, but not for the upper
part. However, the S11 remains close to the target of −10 dB over the entire
band.

Finally, after manufacturing and measurement, a metrological study was
made. Some discrepancies between the designed and manufactured model were
observed. A deviation of 150 µm on the depth of the groove was found. Grooves
depth is fundamental to control βwg and probably it is one of the main reasons
for not obtaining a better reflection coefficient.

Polarizer

As it is well known, circular polarization may be very advantageous for certain
applications. For that reason, a polarizing layer was designed to seamlessly
convert the linear into circular polarization, keeping the same array as a feeder.
In [230] a metal cavity mounted on the slot was proposed to achieve a circularly-
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Figure 4.12: 3D sketch of the unit cell with the polarizer.

Figure 4.13: Different sketches showing the dimensions of the polarizer.

polarized antenna. Setting the height and the cross-section of the cavity, two
orthogonal modes with equal amplitude but with a phase-shift of 90◦ can be
obtained. Here the same concept is used to transform LP into CP. Neither
the cavities nor the slots dimensions have been changed with respect to the
linearly-polarized array antenna.
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Figure 4.14: Manufactured 16×16 polarizer in the V band.
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Figure 4.15: For several frequencies : (a) Simulated YZ-plane pattern. (b)
Simulated XZ-plane pattern.

The bed of nails with the E-plane splitter is the same as previously. Above
the bed of nails, the new radiators are located. The height of the metal cavity
is key in order to get a good polarization purity. The cross-section could be
designed in different ways, always under the premise of getting a phase shift
of 90◦ between two orthogonal modes. Here, a chamfered square is used. In
Fig. 4.12 two images of the unit cell are shown. In the new piece, the slots are
integrated directly with the polarizer as drawn in the right subfigure. By using a
single piece of metal as radiating layer, possible air gaps are avoided. Fig. 4.13
shows a top view of the RHCP radiating element where the cross-section is
observed. In those figures the most relevant dimensions of the polarizer have
been included. The manufactured polarizer is shown in Fig. 4.14.
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Figure 4.16: (a) Simulated Axial Ratio. (b) Simulated S11 parameter for the
circularly-polarized array.

Simulated radiation patterns presented in Figs. 4.15a and 4.15b demonstrate
that the grating lobes are not a significant problem even at 66 GHz, the highest
operation frequency. Interestingly, that wide aperture spacing in the x-direction
is compensated by the element radiation pattern. However, the higher the
working frequency, the higher the grating lobes in the YZ-plane.

Nevertheless, it was not a simple task to achieve good polarization purity
in a bandwidth as large as defined above. The working band is from 60 GHz
to 66 GHz, which is almost 10%. The preliminary axial ratio and reflection
coefficient are presented in Fig. 4.16. The axial ratio remains below 2.5 dB over
the entire bandwidth, being better in the lower part of the band. Regarding
the S11-parameter, the simulation shows a value below −12 dB from 60 to 66
GHz.

Conclusions

One distinctive feature of this antenna is the possibility to alternate the lids
for linear or circular polarization, using the same bed of nails. Unfortunately,
measured results of the circularly-polarized antenna are not available so far.
Yet, measurements on the linearly-polarized antenna verify the potential of the
GW coaxial cavities. In addition, the GGW feeding network has enabled a
compact array design in a single-layer architecture.
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4.2 8×8 Single-Layer Cavity-Backed Slot Array
Antenna

The following prototype, as well as all successive ones, work on Ka-band. From
now on this will be the band of interest in order to develop novel antennas for
SATCOM applications on the move. Therefore, the goal is to design lighter
and more compact that can compete with current solutions. This first antenna
has two main differences with respect to the previous one, beyond the change
in frequency from V to Ka band. Firstly, the antenna is not fed by a GGW
distribution network. Now the signal is distributed corporately through a com-
bination of GGW and RGW. The advantages of this second type of network
have already been discussed in previous chapters.

(a)

(b)

Figure 4.17: Antenna prototypes. They are uncovered to clearly show the
feeding network and cavities in GW technology. Both antennas are identical
and share the same radiating layer. (a) Prototype 1: 3D printed. (b) Prototype
2: Machined aluminum [231].

In addition, a study of performance of different fabrication techniques has
been carried out on this model. Two identical antennas has been fabricated
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Figure 4.18: Depiction of the basic radiating element. The most important
parts that composed the cell are detailed. The slots, colored in green, are
located above the coaxial cavities which are framed in a black dashed line [231].

using CNC Milling and 3D printing (Fig. 4.17). The design decisions taken to
get an 8×8 single-layer antenna are explained next.

Basic radiating cell

The 2×2-element subarray represents the basic radiating structure of the pro-
posed gap waveguide antenna. To simulate an array environment, periodic
boundary walls are placed in the external region of the basic radiating element
to take into account the mutual coupling in an ideal infinite 2-D array. Firstly,
the corporate-feeding network and the coaxial cavities are presented in Fig 4.18.
Next, the four elements in the subarray are coupled to the branches of a com-
bined groove-ridge gap waveguide corporate-feeding networks as explained in
chapter 3. Nail height in the coaxial cavities is hs=1.35 mm, the rest of the
nails exhibit the same height (λ/4 at the central operating frequency), hp=2.44
mm.

The nails are not distributed in an even grid but this does not affect the
bandgap of the textured surface. The non-uniformity is done on purpose. On
the one hand, the periodicity of the nails is wider in the central part of the unit
cell, thus facilitating possible tolerance problems during subsequent in-house
milling tasks (prototype 2). In the surroundings of the unit cell, on the other
hand, the periodicity of the nails can be narrower thanks to the absence of
grooves. In the central part, nails are spaced 2.4 mm and 2.5 mm on the X and
Y axis, respectively. In the surroundings, 2.1 mm and 1.5 mm, respectively.
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4.2 8×8 Single-Layer Cavity-Backed Slot Array Antenna

The 16 cells comprising the complete antenna are identical to the one shown
in Fig. 4.18.

Radiating layer

Two identical feeding layers have been manufactured, one with 3D-printing and
the other with a CNC Milling technique. However, to be able to adequately
compare the experimental results, it is convenient to have the least number of
uncertainties. For this reason it was decided that both antennas would share
the same radiating layer. This radiating layer was manufactured on the same
milling machine as the second prototype. Some ribs have been included to
provide greater consistency to this layer. This solution is better than making
a thicker radiating layer which would lead to a noticeable increase in weight in
larger arrays. Finding a trade-off between weight, height and performance, a
good choice is to use a ribbed grid. Fig. 4.19 shows a conventional slots plate
on the left, and on the right the proposed radiating layer including ribs.

Figure 4.19: Radiating layers. The one on the left corresponds to a conventional
slots plate (h = 0.5mm). On the right, a ribbed grid (hmax=3.5mm) is added.

Adding these ribs, the metal sheet can hardly be bent. Nevertheless, this
solution presents some issues to be solved. The y-component of the electric
field will be forced to be null on the vertical rib walls. This produces a non-
uniform aperture illumination, which degrades the radiation pattern in the
H-plane (XZ). Such degradation is not observed in the E-plane (YZ) since the
electric field is normal to the horizontal ribs. A quick and effective solution
is simply to reduce the height of the vertical ribs in order to achieve a more
uniform illumination of the antenna. Therefore the height of the ribs is set to
3 mm horizontally and 1 mm vertically.

As shown in Fig. 4.20, if vertical ribs were 3 mm in height (left figure), field
nulls would appear along the y-dimension on the vertical rib walls. On the
other hand, if the height of the vertical ribs is reduced to 1 mm (right figure),
such effect is partly alleviated, leading to a more uniform illumination. This
problem does not occur in the YZ-plane (horizontal ribs) because the field is
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Figure 4.20: Electric field Ey across the apertures. On the left figure using
single-height grid. On the right, two-heights grid, being vertical ribs shorter
than horizontal ones [232].
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Figure 4.21: Radiation patterns using different configurations in the radiating
layer [232]: (a) XZ-plane @ 30 GHz. (b) YZ-plane @ 30 GHz.

normal to the horizontal rib walls. The amount of metal added is minimal and
the weight of the antenna is not greatly altered. Its effect is clearly seen in
the behavior of the radiation patterns (Fig. 4.21). First, it is observed how the
E-plane pattern is immune to these changes in height. This is not the case,
however, for the H-plane pattern, where it is clearly observed that if the height
of the grid is not lowered, side lobes would increase considerably.

Experimental results

As explained above, the study presented here is aimed at assessing the viability
of additive manufacturing by comparing its electrical performance with milling.
Both antennas are shown in Fig. 4.17 without the top plate. The first prototype

124
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Table 4.2: Measured antenna parameters of 3D-printed prototype.

Frequency (GHz) 28.5 29 29.5 30 30.5 31

Directivity (dBi) 24.82 24.5 25.42 26.03 25.87 25.72
Gain (dBi) 23.96 23.89 24.45 25.55 25.15 24.58

Antenna Efficiency (%) 82.0 87.01 80.08 89.62 84.84 77.04

Table 4.3: Measured antenna parameters of aluminum prototype.

Frequency (GHz) 28.5 29 29.5 30 30.5 31

Directivity (dBi) 25.39 25.58 25.85 26.09 26.24 26.22
Gain (dBi) 24.48 24.43 24.82 25.64 25.40 25.31

Antenna Efficiency (%) 81.17 76.74 78.89 90.02 82.26 81.08

has been manufactured using SLA printing, followed by copper plating. SLA
is a laser-based technology which uses an UV-sensitive liquid resin. A UV
laser beam scans the surface of the resin and selectively hardens the material
corresponding to the object’s cross section, thus building the 3D body from the
bottom up. The required supports for constructing overhangs and cavities, are
automatically generated and manually removed at the end of the process.

Once the solid object is built, it is subject to a metallic coating process
whose outcome is critical for the final electrical performance. In fact, tech-
niques such as physical vapour deposition or electroplating, require access to
every internal surface to correctly plate the structure [233]-[234]. As can be
inspected in Fig. 4.17a, the targeted 3D structure was conceived to be free of
intricate tunnels and allows a proper copper deposition by a straightforward
procedure. The 3D-printed version was manufactured by Protolabs company.
Conversely, the second prototype has been fully built inhouse by making use
of the well-known CNC milling technique. This process requires a milling ma-
chine, aluminum material and several cutting bits, which must be equal to or
smaller than the smallest feature of the desired pattern.

Both antennas have been measured under the same environment and dur-
ing the same period of time, to avoid imbalances in the measurement equip-
ment and calibration. The measured radiating parameters of both antennas
are shown in Tables 4.2 and 4.3. The mean efficiency is above 80% for both
prototypes within the band of interest, being that of the 3D-printed version
slightly higher. Recall that conductivity of copper is better than that of alu-
minum. Fig. 4.22 shows the radiation patterns in the main cuts (E and H plane)
for several frequencies. In each subfigure, the patterns of the 3D-printed and
aluminum antennas, in green and yellow, respectively, are compared. All the
measured patterns present an overall good agreement except for one visible
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Figure 4.22: Measured radiation patterns of both prototypes (aluminum and
3D-printed) at several frequencies: (a) H-plane at 29 GHz; (b) E-plane at 29
GHz; (c) H-plane at 30 GHz; (d) E-plane at 30 GHz; (e) H-plane at 31 GHz;
(f) E-plane at 31 GHz [231].

discrepancy at 29 GHz in the H plane. Finally, the magnitude of the measured
reflection coefficient is plotted in Fig. 4.23. A good agreement is shown between
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Figure 4.23: Measured input reflection coefficient for both antennas [231].

Table 4.4: Metrological study of antenna dimensions.

Mean deviation (µm)
Parameter Designed (mm)

Aluminum 3D printing
Groove width 1.6 7 37
Groove depth 3.473 13 33
Ridge width 0.986 13 14
Ridge height 1.548 41 44
Nail width 0.9 15 11
Nail height 2.439 3 9

Shortened-nail width 0.9 7 7
Shortened-nail height 1.35 12 23

both experimental results, despite the aluminum version reveals a greater sim-
ilarity to the simulated result.

Discussion between 3D printing and CNC manufacturing

A metrological study was carried out on both antennas to analyze the fab-
rication accuracy. The measured deviation from ideal dimensions of different
constitutive parameters are shown in Table 4.4. Predictably, the analysis of the
tabulated data reveals that the mean manufacturing deviation committed by
the milling technique is lower than that observed for the 3D-printed antenna.

Figs. 4.24b, 4.24d and 4.24f show three zoomed pictures of the 3D-printed
antenna. Several imperfections in the sampled GGWs are evidenced. Such
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(a) (b)

(c) (d)

(e) (f)

Figure 4.24: Zoomed sampled views of the prototypes [231]: (a), (c), (e) alu-
minum antenna; (b), (d), (f) 3D-printed antenna.

inaccuracies in the waveguides’ walls were detected throughout the antenna.
Conversely, those defects are not present in the aluminum piece, where the
circular ripple left by the milling cutter is visible instead (see Figs. 4.24a, 4.24c
and 4.24e). Such ripple, however, is merely one micron thick and its effect on
electrical performance is negligible. One might state, therefore, that the overall
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4.3 4×4 Single-Layer Circularly-Polarized Array Antenna

fabrication quality of the aluminum antenna is notably better than that ob-
served for the 3D-printed prototype. This fact contradicts to a certain extent
what it was affirmed in [193], where larger roughness was observed in the alu-
minum version. It must be pointed out that the aluminum breadboard in [193]
was subject to a sanding process, which is undoubtedly responsible for such
roughness. As it is already suggested in [193], an eventual finishing process
for aluminum pieces may lead to additional roughness which significantly in-
creases the conductor losses. In our study, the ohmic losses are similar in both
prototypes as it is evidenced from the measured antenna efficiency. Note that
no finishing process has been applied here. On the other hand, 3D printing
technique inherently avoids the typical rounded corners of milled structures.

Conclusions

Making the same array using two very different manufacturing techniques has
allowed us to validate and appreciate the advantages and disadvantages of each
of them. Milling remains the most conservative and safe technique. The man-
ufacturing tolerances at these frequencies are not critical and the experimental
results behave as expected. However, it is an expensive technique, and hardly
acceptable for mass production. Additive manufacturing, on the other hand,
still has certain accuracy limitations, however, it is much cheaper than milling
and also allows lighter prototypes. The experimental measures achieved with
the additive manufacturing prototype have shown it as a reliable technique.

4.3 4×4 Single-Layer Circularly-Polarized Array
Antenna

The next antenna makes use of the chamfered cylindrical cavities explained in
Chapter 3. As explained, these cavities radiate circular polarization in a very
compact way by hosting the feeding network and the polarizer in the same
layer. So, the basic radiating element and the feed network are put together
here to build a 4 × 4 array (Fig. 4.25). The size chosen is considered large
enough to demonstrate how these two structures can be combined in an array,
being the extension to larger arrays formally straightforward. The apertures are
uniformly spaced and surrounded by the corporate feeding network combining
RGW and GGW.

Fig. 4.26 shows the final 3D layout before manufacturing. Input section and
one of the cavities have been zoomed in for clarity. The antenna input is located
at the back surface, making use of a transition to a WR-28 standard waveguide.
The lack of room left by the corporate network and the apertures forces to excite
the RGW by a reduced cross-section waveguide. Hence, a stepped transition to
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(a) (b)

Figure 4.25: (a) Perspective view of the manufactured antenna. (b) Antenna
array prototype [235].

Figure 4.26: 3D model of the 4×4 antenna. Detailed views of one radiating
cavity and the input transition are enlarged [235].

a WR-28 waveguide has been designed separately. It was found that one single
step was enough to achieve good impedance matching. A cross-sectional view of
the transition from WR-28 standard waveguide to RGW is shown in Fig. 4.27.
Regarding the dimensions of the textured surface, the nail height and width,
hp and lp, respectively, as well as the nail periodicity, pp, are the following:
hp = 2.5 mm, lp = 1 mm and pp = 2 mm. The band-gap performance with
these values, goes from 22 GHz to 53 GHz, which broadly covers the required
frequency range. This is certainly far more bandwidth than necessary, but it
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4.3 4×4 Single-Layer Circularly-Polarized Array Antenna

Figure 4.27: Cross-sectional side view of the 4×4 antenna. A complete view
from the WR-28 input port to the first GGW, passing through the input RGW,
can be seen. Most relevant dimensions of the WR-28 to RGW transition are
shown [235].

can also be convenient. A wide stopband may be advantageous if, for example,
a frequency shift occurs due to inaccuracies in nails manufacturing. In such case
the operation frequency band would still be within the bed of nails’ stopband.

Radiating Layer: Waffle grid

Given the size of the chamfered holes and the room required by the waveguide
feeding network within the bed of nails environment, the apertures have been
spaced as close as possible, i.e., 10 mm in our case, as illustrated in Fig. 4.28a.
Such array spacing corresponds to 1.03λ0 at the maximum frequency of the
intended band, 31 GHz, therefore grating lobes will still be present. To alleviate
their effect, a waffle grid has been added to the lid. The waffle grid frames
each chamfered aperture into a larger square aperture. If an appropiate waffle
height is chosen, both fundamental degenerate modes are properly excited at
the square apertures. Hence, such grid preserves the circular polarization while
increasing the effective aperture area of the unit cell. This field filling effect at
the aperture level leads to a significant reduction in grating lobe level, as shown
in Fig. 4.28b. Sidelobes at θ = 70◦ are lowered by more than 5 dB. Notice that
the thickness of the waffle grid itself is 2 mm only, a reasonable value in terms
of the total antenna height. Finally, Fig. 4.29 shows the aperture electric field
at different heights, where the uniform excitation of the array elements can be
noticed.

Manufacturing process

The described antenna has been fully manufactured and measured inhouse. For
manufacturing, a Datron M-25 CNC Milling Machine has been used. Machine
tolerances and milling restrictions influenced some of the dimensions finally
chosen. In particular, groove depth and width are constrained by the milling
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Figure 4.28: (a) Antenna lid showing the chamfered apertures (left) and an-
tenna lid with the waffle grid framing the original apertures (right). (b) Ra-
diation patterns with and without grid. Patterns are at the lower and upper
frequency of the band (XZ-plane) [235].

tools available. Notice that the deeper the groove, the wider the tool must be.
Grooves cannot be made as deep and narrow as one would wish. Given the
operation band, a groove depth of at least 6 mm (hp+ Hgroove) is required,
which forced us to use a milling tool of 0.4 mm in diameter. Thicker tools
would damage groove walls due to unavoidable vibrations.

Despite these fabrication precautions, a couple of errors during the milling
process were detected. The first one was caused by inconsistencies of the CNC
milling machine, while the other can be attributed to a milling software bug.
The most serious one was a hole perforated onto one of the input ridges. It
was decided to try to fix this pitfall by filling the wrong drill with a conducting
paste (LPKF ProConduct).
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Figure 4.29: Electric fields distribution for two different heights. (Left) Inside
the Waffle-Grid. (Right) Above the Waffle-Grid.

(a) (b)

Figure 4.30: (a) Picture of the RGW where the drilled hole has been covered
by the LPKF ProConduct paste. (b) Detail of the sector where a nail was
incorrectly milled out [235].

Fig. 4.30a shows the fixed hole covered with the paste. The second error
detected was related to a missing nail in one of the cavities, apparently swept
away by the machine. In Fig. 4.30b it can be seen that the tool overdrilled a
metallic part between the input ridge and one cavity, removing one nail and
part of the cavity chamfer. Since only one row of nails is used to isolate the
ridge from the cavities, that missing nail played a key role. Unfortunately, this
error could not be fixed and its effect will manifest itself as pattern asymmetries
along the XZ plane.
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Figure 4.31: For several frequencies : (a) Simulated E-plane pattern. (b)
Measured E-plane pattern. (c) Simulated H-plane pattern. (d) Measured H-
plane pattern [235].

Table 4.5: Measured broadside antenna parameters.

Frequency (GHz) 29.5 30 30.5 31

Directivity (dBi) 21.94 22.18 22.3 22.44
Gain (dBi) 21.83 21.95 22.25 22.40

Antenna Efficiency (%) 97.5 94.84 98.9 99.1

Experimental results

The fabricated prototype was subject to a measurement campaign at several
sampled frequencies within the band. For the sake of comparison, simulated
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Figure 4.32: Copolar radiation pattern (XZ-plane) at 31 GHz including the
machining errors in simulation [235].
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Figure 4.33: (a) Measured and simulated reflection coefficient versus frequency.
(b) Measured and simulated axial ratio versus frequency [235].

copolar and cross-polar radiation patterns are first shown in Figs. 4.31a and
4.31c. These graphs represent φ = 90◦ and φ = 0◦ cuts, respectively. As can
be observed, both cuts reveal an excellent stability versus frequency. First side-
lobes appear at −13 dB level, as can be expected from a uniform illumination.
Measured radiation patterns in the main cuts are shown in Figs. 4.31b and
4.31d. Remarkable agreement between simulations and measurements can be
noticed along YZ-plane (φ = 90◦). XZ-plane, conversely, reveals a clear asym-
metry which can be attributed to the manufacturing errors discussed above.

As a further proof of the statement above, the antenna was resimulated
including the machining errors detected. Fig. 4.32 shows a much better agree-
ment between measurements and simulations for XZ-plane. Although it is
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difficult to quantify exactly the amount of badly milled metal, this estimation
clearly demonstrates the cause behind the XZ-plane pattern asymmetry.

Fig. 4.33a plots the measured S11-parameter for the band of interest. It re-
mains below −10 dB, as predicted by simulations. With respect to the circular
polarization purity, measured and simulated axial ratio are shown in Fig. 4.33b.
Nearly ideal 0-dB axial ratio has been sampled at 30 GHz, rising up to 1 dB and
3 dB for the lower and upper band edges, respectively. Satisfactory agreement
with simulations can be noticed, being measurements even better in the lower
part of the band. Nevertheless, notice that an axial ratio below 3 dB might be
obtained just by a slight re-tuning toward higher frequencies. Such re-tuning
can be done by modifying the angle of the chamfers or the waffle grid height.

Finally, the measured directivity, gain and antenna efficiency are shown
in Table 4.5 for four equispaced frequencies at broadside direction. Measured
efficiency values, over 94%, are particularly remarkable for this 30 GHz tar-
geted band. Such good results are consequence of the full-metallic waveguiding
technology and the gap-waveguides capability to prevent field leakage. Notice,
however, that directivity figures are obtained from a numerical integration of
the measured full radiation pattern. Therefore, it is affected by the presence
of the positioner and subjected to certain uncertainty in the tenths of dB.
Obviously, antenna efficiency is directly affected by this uncertainty. Also, it
must be recalled that, as any corporate-fed array, efficiency values will decrease
as aperture size becomes larger. Gain measurements has been carried out at
the anechoic chamber facilities of Universidad Politécnica de Madrid (UPM),
Spain, which are ISO-17025 standard certified. The uncertainty in measured
gain values for an antenna of this size in Ka-band is around ± 0.18 dB. There-
fore, even in the worst case, the measured efficiency values would be above
90%.

Conclusions

Combined GGW-RGW network has allowed us to feed uniformly and in phase
not only the coaxial cavities but also the cylindrical cavities. Truncated cir-
cular waveguides allow, in a single layer, to feed circularly-polarized radiators.
The compact architecture avoids using a multilayer array. Also, its structure
resembles to microstrip arrays but completely metallic, which leads to a high-
efficiency array in the Ka band (above 90 %). The proposed array architecture
may be seamlessly enlarged to any size thanks to the scalability of the gap-based
corporate feeding network, making this solution very attractive for medium to
high-gain applications.

136



4.4 8×8 Dual-Polarized Array Antenna

4.4 8×8 Dual-Polarized Array Antenna

The three prototypes seen so far are based on single-layer solutions. The next
antennas presented are multilayer structures but they offer additional features
such as dual-polarization or dual-band.

Figure 4.34: Top view of layers −1 and 0 of the antenna.

Figure 4.35: Combined RGW-GGW divider. The fundamental parameters of
each waveguide are indicated.
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Figure 4.36: The total network is composed of 4 GGW and 3 RGW of different
dimensions. By symmetry the network is identical in each quadrant.

Table 4.6: Relevant dimensions of the distribution network in both layers.

Width (mm) Height (mm)
Groove 1 1.75 2.61
Groove 2 1 2.57
Groove 3 1 2.57
Groove 4 1 2.67

Width (mm) Height (mm) Protrusion (mm)
Ridge 1 1 2.3 0.37
Ridge 2 0.78 1.5 0.36
Ridge 3 0.69 1.6 0.4

The first multilayer prototype is a dual-polarized antenna that uses stacked
cylindrical cavities as radiating element. These cylindrical cavities are excited
in such a way that in the top layer the two orthogonal components of the
field (horizontal and vertical linear polarization) are radiated. A preliminary
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approach at this antenna was the result of a collaboration with the Chalmers
group [182]. Here we will concentrate on an evolved version of it.

Fig. 4.34 shows each of the layers that compose the antenna in the absence
of the top lid. The periodicity of nails, height and width are exactly the same
for each layer. The diameter of the apertures as well as the dimensions of the
corporate-feed distribution network are similar too.

Fig. 4.35 shows one of the RGW-GGW dividers of the network with the
legend providing the most relevant parameters. Fig. 4.36 illustrates that the
full antenna can be divided into four identical quadrants (blue squares of the
figure). The arrows indicate that three different RGW and four GGW sets can
be found in the whole 1-to-64 corporate network. Waveguide dimensions are
indicated in Table 4.6.

Figure 4.37: Side view of the transitions and top view of the antenna where
their location on it is indicated.

Input Ports

There are just a few differences between both layers but these are key. In the
lower layer (Layer −1), the floor of the cylindrical cavities is solid conductor.
However, in the intermediate layer (Layer 0), the floor contains a slot. This
slot is responsible for coupling both layers. The slot is placed perpendicular to
the field of Layer 0, so there is no coupling to Layer −1. Another difference
is the input port of each layer. The input port to the lower layer is directly
connected from the back of the antenna while the input port of the intermediate
layer must cross Layer −1, as illustrated in Fig. 4.37. A good realization of
this transition will be key to obtaining good matching.

In both cases the transitions have been designed following the same strategy.
A standard WR-28 input waveguide - whose dimensions are 7.112 mm×3.556 mm
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Figure 4.38: Side view showing the stepped transition and the capacitive win-
dows at the GGW input.
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Figure 4.39: Scattering parameters of the two input transitions.

- must be adapted with a series of steps to the width of the GGW, which in
both cases is 1.75 mm, as shown in the Table 4.6.
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Figure 4.40: Simulated reflection coefficients of the Dual-Polarized Antenna.
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Figure 4.41: Simulated S21 parameters of the Dual-Polarized Antenna.

It should be noted that this groove is 75% wider than the rest of the GGW’s
of the antenna precisely to favor the matching from the WR-28 to the input
port. The capacitive slits at the GGW input are as relevant as the steps. These
capacitive windows can be clearly seen in Fig. 4.38. Both inputs have these
slits. Scattering parameters of the two input transitions were optimized sepa-
rately and are shown in Fig. 4.39.
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Figure 4.42: For several frequencies : (a) Simulated XZ-plane pattern (Layer
−1). (b) Simulated YZ-plane pattern (Layer −1). (c) Simulated XZ-plane
pattern (Layer 0).(d) Simulated YZ-plane pattern (Layer 0).

Simulated Results

Any two-port antenna has the added challenge of having to provide good iso-
lation between them. Fig. 4.40 shows that both S11-parameters are below the
target of −10 dB from 29.5 GHz to 31 GHz which is a usual band for trans-
mit in the SOTM applications in the Ka band. Fig. 4.41 shows the isolation
between ports, with a decoupling of more than 60 dB in the entire bandwidth.
Regarding the radiation patterns in Fig. 4.42, as it would be expected from
a dual-polarized antenna, the XZ-plane cut of polarization 1 is exactly the
same as the YZ-plane cut of polarization 2 and analogously in the other cuts.
Finally, Fig. 4.43 shows the crosspolar component of the vertically-polarized
component, being less than −60 dB in the whole band. The same results are
obtained for the horizontal polarization.
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Figure 4.43: (a) Crosspolar of XZ-plane for V-pol (Layer −1). (b) Crosspolar
of YZ-plane for V-pol (Layer −1).

Manufacturing process

This time the manufacturer of the prototype was the Chinese company Next-
Proto. A lower cost option was attempted to check the performance that can
be expected. Fig. 4.44 shows pictures of the fabricated antenna. Looking
at the antenna in detail using a microscope, it was observed that sensitive
manufacturing parts such as the distribution network, transitions or input ports
were far from an ideal fabrication. These serious manufacturing errors led to a
very poor measured results.

Fig. 4.45 illustrates in the images of the left column two critical parts which
are key for good antenna functioning. In Figs. 4.45a and 4.45b, a power divider
from RGW to GGW is shown and in Figs. 4.45c and 4.45d a transition from
GGW to RGW is detailed. The figures on the right side correspond to two
dividers at the same frequency manufactured later following the agreed toler-
ances. Comparing Figs. 4.45a and 4.45b it is clear that in the first case there is
no straight continuity in the GGW, making the performance of the transition
worse since the fields are not well coupled from the RGW to the GGW. This
inconsistency is more noticeable in Figs. 4.45c and 4.45d. Whereas Fig. 4.45d
clearly shows a groove with uniform and straight walls, Fig. 4.45c is a de-
formed groove with asymmetric walls and rounded inner corners showing less
than acceptable tolerance (of the order of 0.2 mm).

This study has allowed us to identify the most sensitive parts in the GW
manufacture and to what extent bad manufacturing results in inconsistent and
unacceptable measurements. The tolerances required in GW technology are
not at all limiting and even less at 30 GHz but poor manufacturing without
taking due care can cause the errors shown here.
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Figure 4.44: Photographs in detail of the fabricated dual-polarized antenna.

A second antenna was manufactured at iTEAM-UPV facilities. The new
model comply with the expected tolerances so that we could compare our man-
ufacturing capacity with that of NextProto. Fig. 4.46 shows the antenna in the
manufacturing process in the iTEAM-UPV facilites.

Experimental results

The experimental validation of the manufactured prototype is observed in
Figs. 4.47 and 4.48. The first of these figures corresponds to the reflection
coefficient measured for each of the ports. The left figure corresponds to port
1 (which feeds layer −1) and the right figure to port 2 (which feeds Layer 0).
In these figures a comparison is made between simulation and measurement.
Although the agreement is not perfect, it maintains a similar behavior.

These measurements have a reflection coefficient below −10 dB from 29.5
to 30.8 GHz (close to the goal of covering a 1.5-GHz bandwidth). As for port 2,
best matching is achieved from 29.8 GHz to 31.2 GHz. Overlapping both results
and taking the most restrictive results, the antenna presents an adaptation of
1 GHz (29.8 to 30.8 GHz) below −10dB.

Regarding the radiation patterns, the main cuts are presented at various
frequencies (from 29.5 GHz to 31 GHz) and with both polarizations (horizon-
tal and vertical). The results are highly satisfactory. Uniform patterns with
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(a) (b)

(c) (d)

Figure 4.45: Pictures of the metrological study to validate the manufacturing
accuracy. (a) and (c) correspond to NextProto manufacturing. (b) and (d) to
UPV manufacturing.

well-defined lobes, very similar to those obtained in simulation. This antenna
has a directivity of 27 dBi and an antenna efficiency better than 75% over the
entire bandwidth.

Conclusion

Dual-polarized array antenna has been an evolution that complements the
single-layer circularly-polarized array previously described. The circularly-
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Figure 4.46: Antenna during the manufacturing by milling.
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Figure 4.47: Measured and simulated S11 parameters in both ports.

polarized array presented earlier is unable to provide both polarizations. There-
fore, a trade-off has been reached adding an intermediate layer to provide both
horizontal and vertical polarization. Now, by feeding the ports conveniently, it
is possible to radiate both orthogonal linear components or RHCP and LHCP.
The integration of a hybrid coupler in the back side of the antenna remains
open as a future development.
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Figure 4.48: For several frequencies : (a) Measured XZ-plane pattern (Layer -
1). (b) Measured YZ-plane pattern (Layer -1). (c) Measured XZ-plane pattern
(Layer 0).(d) Measured YZ-plane pattern (Layer 0). (e) Measured directivity
and gain.
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4.5 8×8 Single-Layer Dual-Band Cavity-Backed
Slot Array Antenna

The following architecture propose the use of coaxial cavities to integrate two
antennas for widely separated frequency bands within the same panel. As
seen in Chapter 3, adjusting the height of these cavities it is possible to have
resonators at different frequencies. Now, since the objective is to provide new
solutions for SATCOM applications, bands 19.7-21.2 GHz for receive and 29.5-
31 GHz for transmit have been assumed.

Discussion on the relative position of the radiating elements
within the panel

Once the versatility to create coaxial cavities that resonate at different fre-
quencies has been proven, the question is how to place these cavities in a single
layer. In order to obtain a radiation pattern without grating lobes a limiting
factor is the spacing between apertures.

Spacing larger than λ0 will lead to the appearance of the grating lobes. If
the elements are evenly distributed (same number of TX and RX apertures),
TX radiation pattern will have higher SLL than the RX one. A first guess to
solve this issue is to place more TX apertures than RX ones, but even this
solution is not as simple because what is improved for the TX pattern will
worsen the RX pattern by having fewer elements. All these circumstances
make the arrangement of the elements in the panel a key decision.

It was decided to make an analytic study of the best possible solution,
assessing the pros and cons of each of the possible options:

• A 2 to 1 vertical ratio. That is 2 times more TX apertures than RX in
an horizontal arrangement.

• A 2 to 1 ratio in horizontal. Same as the previous case but in a vertical
arrangement.

• A grid layout, where there is the same number of RX as TX apertures,
alternately arranged.

Arrangement 1 proposes to place two TX elements for each RX one in the
vertical dimension to obtain radiation patterns with the lowest possible SLL
at both frequencies (RX and TX). It must be emphasized that the analytic
study only considers isotropic sources, therefore the Array Factor (AF) is not
multiplied by any element pattern.

In Fig. 4.49 TX slots are marked with red crosses. RX slots are drawn as
blue circles. The distance between elements is the minimum distance allowed by
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Figure 4.49: Arrangement 1. Two rows of TX radiating elements are placed
for each row of RX.
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Figure 4.50: Simulated AF using the arrangement 1: (a) 20 GHz and (b) 30
GHz.

the RGW-GGW distribution network. On the X-axis, the minimum distance at
which the elements can be placed is 12 mm while on the Y-axis the minimum
distance is 6 mm. On the Y-axis it is much easier to place coaxial cavities
because they are placed on both sides of the GGW. In the X-axis, the elements
must be more separated since the power divider is in-between them.

Fig. 4.50a represents the AF for RX elements (blue circles) in the two main
cuts (φ = 0◦ and φ = 90◦). XZ-plane shows good appearance since the elements
are spaced 12 mm, which is 0.8λ0 at 20 GHz. For YZ-plane, the spacing is
24 mm, which is 1.6λ0, and grating lobes show up. For the TX pattern in
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Figure 4.51: Arrangement 2. Two columns of TX radiating elements are placed
for each column of RX.
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Figure 4.52: Simulated AF using the arrangement 2: (a) 20 GHz and (b) 30
GHz.

Fig. 4.50b, the φ = 0◦ cut remains fairly stable, but the φ = 90◦ cut exhibits
grating lobes at θ = 60◦.

In the second arrangement, a 2 to 1 ratio in the horizontal dimension is
used. See Fig. 4.51. As expected, the situation is similar with regard to the
grating lobes but in the orthogonal cut now, as seen in Fig. 4.52.

A first conclusion that can be drawn is that an entire column or row of
elements of a given frequency results in a shadow area for the other frequency
that it is too large. This leads to degradation of the radiation pattern. For
these reason, a trade-off must be reached. Whatever the element distribution,
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Figure 4.53: Arrangement 3. Elements are interleaved.
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Figure 4.54: Simulated AF using the arrangement 3: (a) 20 GHz and (b) 30
GHz.

keeping two well-separated bands in a single panel seems difficult to achieve.
However, the solution could be to be able to get at least 3 of the 4 main cuts
with acceptable SLLs. Ultimately the grating lobes in the fourth cut could
be mitigated using ad-hoc superstrates or sets of longitudinal grooves between
elements, as it will be explained later.

The third arrangement (Fig. 4.53) corresponds to a lattice where both types
of slots are interleaved. Fig 4.54a shows a uniform AF in both cuts at 20 GHz.
In the Fig. 4.54b, which corresponds to the TX AF, grating lobes only appear
for φ=0◦ cut. Therefore, even if it is not the ideal scenario yet, it can be a
good starting pont to the desired single-layer dual-band array.
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Figure 4.55: Array perspective and frontal views (with and without cover)
where the parts that make up the distribution network, the location of the
coaxial cavities and each type of aperture have been coloured for clarity.

Antenna Geometry

This section describes the design and dimensions of the arrangement chosen
after the previous discussion. The antenna consists of 64 elements distributed
in 8 rows by 8 columns. Of the 64 elements, 32 are TX and 32 are RX, being
interleaved in the panel.

The 8×8 antenna array is illustrated in Fig. 4.55. The upper part of this
figure shows the CST model of the array. The location and spacing of the
elements have been kept as in the discussion above, 12 mm in the X-axis and
6 mm in the Y-axis. In the lower part, the elements of the array are sketched
and the most relevant parts of the antenna are indicated. First of all, the
full-corporate feed network is observed. GGW sections are depicted in orange
while RGW sections of the network are coloured in blue. It should be noted
that each end of the network feede two coaxial cavities, one for each frequency,
RX and TX. Therefore the 1 to 32 network can feed 64 elements in a corporate
way, symmetrically and uniformly.

In tables (4.7 and 4.8) all array dimensions are shown. Firstly, the dimen-
sions of the nails as well as their periodicity are indicated. The dimensions of
the respective GGW and RGW are also shown. As in the case of the dual-
polarized antenna, the waveguides are identical by symmetry and there are
only three GGW and two RGW with different dimensions. The numbering
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Table 4.7: Design parameters of the Dual-band Array (Feeding Layer)

Feeding Layer.
Component Parameter Value (mm)

w×h 1×3
Nails

Period 3
RGW (1) 2.4×1.6
RGW (2) 2×1.6
GGW (1) 9.1×1.2
GGW (2) 9.1×1.1
GGW (3)

Dimensions

(h×w)
9.1×2

TX Nail 1.4
RX Nail 2.2

TX Cavity 0.57
RX Cavity

height

-1

Table 4.8: Design parameters of the Dual-band Array (Radiating Layer).

Radiating Layer
Component Parameter Value (mm)

Length 7.4
Width 2.8

Spacing along X 12
RX Apertures

Spacing along Y 6
Length 5.6
Width 0.6

Spacing along X 12
TX Apertures

Spacing along Y 6

starts from the input port located in the middle of the array. The height of
the coaxial nails is shown too. Finally, the cavities are either on a pedestal,
TX cavities, or slightly sunk, RX cavities. The indicated dimension is the dis-
placement with respect to the floor of the bed of nails. For that reason, RX
cavity height shows a negative value since it is deeper than the floor of the bed
of nails.

Preliminary results

Preliminary simulated results of the antenna are presented here. The reflection
coefficient of the array is shown in Fig. 4.56. The two working bands are clearly
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marked. In the RX band the antenna is well matched from 19.5 GHz to 21
GHz while the TX band covers from 29.5 GHz to 31 GHz.
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Figure 4.56: Simulated reflection coefficient of the dual-band array.
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Figure 4.57: Comparison at 20 GHz of the Array Factor calculated analytically
and radiation patterns simulated in CST. (Left) XZ-plane, (Right) YZ-plane.

As for the radiation patterns, it is now possible to compare the agreement
between the previous analysis and the complete electromagnetic simulation.
Fig. 4.57 compares the RX simulated patterns with the previous AFs. H-plane
is identical since the slot radiates omnidirectionally in this cut. On the other
hand, E-plane patterns are not equal due to the effect of the slot pattern, left
subfigure. The radiation null of the slot favors the progressive decrease of the
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Figure 4.58: Comparison at 30 GHz of the Array Factor calculated analytically
and the radiation patterns simulated in CST. (Left) XZ-plane, (Right) YZ-
plane.

lobes in the XZ-plane (φ = 0◦). This behavior is also noticeable in the figures
corresponding to the patterns for the TX band, see Fig. 4.58. The radiation
null of the slot in X-axis helps to reduce grating lobes slightly. Nevertheless, a
great deal of improvement is required to be able to meet the specifications of
SATCOM patterns.

Ad-hoc solutions for grating lobes reduction

Even if the feasibility of the antenna has been proven, there is still plenty of
room for improvement. The interleaved arrangement provided certain advan-
tages but TX patterns need to be improved. A well-known solution is to flare
the apertures. In this way it is possible to reduce the grating lobes. Fig. 4.59
shows the 8×8 antenna where the radiating apertures have been flared.

Fig. 4.60 shows the comparison of the TX patterns between the 8×8 slotted
antenna (Fig. 4.49) and the same antenna including horns as radiating element
(Fig. 4.59). Horns reduce the lobes very slightly so they can not be considered
a valid solution. Another alternative is to add a grid over the horns. Then,
certain uniformity of the field at the TX band is achieved without modifying
the field at the RX band.

Fig. 4.61 shows the new sheet that is placed over the horns. It is observed
that the size of the RX apertures fits the RX horns. However, on the TX horns,
the sheet subdivides into 4 slots, distributed in 2×2. This surface manages to
uniform the field in the aperture. Comparing the patterns of the original design
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Figure 4.59: 8×8 Single-Layer Dual-Band Antenna.
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Figure 4.60: Comparison of radiation patterns at 30 GHz using slots and using
horns.

Figure 4.61: A grid is placed over the dual-band array to reduce the SLL.

and the one using horns, this grid achieves to reduce the SLL by more than 7
dB in the XZ-plane (Fig. 4.62) which was the most critical cut.
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Figure 4.62: Comparison of radiation patterns at 30 GHz using slots, horns
and a grid.

Conclusions

Proposed single-layer dual-band array is composed by 64 apertures, 32 for
20 GHz and 32 for 30 GHz. When employing just a single panel to hold
apertures of two separate bands is important both the element arrangement
and the spacing between them. A spacing of 12 mm (in the particular case
studied) between apertures in the horizontal plane remains a bottleneck that
leads to grating lobes in the XZ-plane at 30 GHz. A possible solution is a more
compact network but there is also a constraint determined by the length of the
slots at 20 GHz. Finally, horns and grids have been used to mitigate this effect
and grating lobes have been reduced.

4.6 8×8 Dual-Band Array Antenna using Cylin-
drical Cavities

An alternative way of approaching dual-band antennas is through a multilayer
antenna array, using the cylindrical cavities already seen in previous sections.
For the case study, the working frequencies will be the same as in the previous
array. The field distribution will be through an RGW-GGW network, which
has proven to be the most efficient solution in this technology to distribute the
signal in a compact way.

The proposed architecture is depicted in Fig. 4.63. It is very similar to the
dual-polarized array. The distinctive feature, however, is in the intermediate
layer where the radius of the cavities is larger, to account for the different
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Figure 4.63: 3D model of an 8×8 antenna using cylindrical cavities.

working frequency. On top of the antenna, a waffle grid will be used. RX and
TX fields are orthogonal to each other.

TX Layer Design

In Fig. 4.64 the lower layer is shown. From now on it will be referred to as Layer
−1. Here, all the GGW have the same dimensions in height and width. The
total size of the dual-band antenna is 10 cm×10 cm, instead of the 9 cm×9 cm
of the dual-polarized antenna.

TX elements are spaced 12 mm, 1.2λ0 apart, at the center frequency (30
GHz). Obviously, this is not desirable but there is no option since these aper-
tures must be perfectly aligned with the upper layers. In the upper layer the
RX cavities show larger radius and require more room. This fact forces us to
locate the TX cavities more spaced than desired. A 1.2λ0 spacing, entails grat-
ing lobes in the TX pattern. However, the waffle-grid in the lid could mitigate
this effect, as has already been demonstrated. All the relevant parameters of
Layer −1 are shown in Table 4.9.
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Figure 4.64: Top view of the lower layer (Layer −1). The different waveguides
are indicated.

Feeding Layer (TX)
Component Parameter Value (mm)

w×h 1.5×2
Nails

Period 2
RGW (1) 2×1.6
RGW (2) 1.5×1.2
RGW (3) 1.6×1.6

GGW (all)

Dimensions

(h×w)
5.5×2

Radius 3.42
Cavity

Height 5.9

Table 4.9: Dimensions of the feeding layer (TX).

RX Layer Design

The intermediate layer (Layer 0) is responsible for the radiation at the RX
band. The cylindrical cavities work at 20 GHz, therefore they have larger
diameter than the cavities in Layer −1.

Both layers are coupled by a circular aperture equal to the radius of the
TX cavity. In this case a longitudinal slot is not used since both cavities
are mutually decoupled because they operate at widely separated frequencies.
Since the RX cavity has a larger radius, TX field can propagate through the
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(a)

(b)

Figure 4.65: (a) Side view of the antenna. The different radius of TX and RX
cavities are observed. (b) Front view of Layer 0. The fundamental parts of the
network are indicated by arrows.

Feeding Layer (RX)
Component Parameter Value (mm)

w×h 1.5×3.5
Nails

Period 2
RGW (1) 3.2×1.7
RGW (2) 3.2×1.1
RGW (3) 2.5×0.9

GGW (all)

Dimensions

(h×w)
8.5×2

Radius 4.7
Cavity

Height 9

Table 4.10: Dimensions of the feeding layer (RX).
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4.6 8×8 Dual-Band Array Antenna using Cylindrical Cavities

RX cylinder. Interestingly, the orthogonality of the propagated components
increases the decoupling between both layers. Fig. 4.65 details the fundamental
parts of this intermediate layer. Again the distribution network consists of a
combination of 4 GGW and 3 RGW of different dimensions. Input port and
a 2×2 subarray of the antenna are also shown in detail. The TX input port
crosses the lower layer to reach the intermediate level. As for the cylindrical
cavities, they are stacked, being the TX cavity highlighted in light blue while
the RX cavity is shown in dark blue. A table gathering the values of each
dimension is shown in 4.10.
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Figure 4.66: Simulated reflection coefficient of the dual-band antenna using
cylindrical cavities.

Preliminary results

Some preliminary results are shown below. First, the reflection coefficient of
the complete 8×8 antenna is shown in Fig. 4.66. The two RX-TX bands are
clearly marked. The blue line is the reflection coefficient for port 1, which feeds
the intermediate layer. The RX band is below −10 dB from 19 GHz to 21.5
GHz, therefore covering beyond the band of interest, from 19.7 GHz to 21.2
GHz. The pink line represents the reflection coefficient obtained at port 2,
which is the one that feeds the lower layer. The S11-parameter is lower than
−10 dB from 29 GHz to 30.6 GHz, therefore obtaining more than 5% of relative
bandwidth.

In Fig. 4.67 radiation patterns for XZ- and YZ-planes for both bands are
shown. As expected, grating lobes show up in the XZ-plane for the TX band.
The rest of the patterns look fairly stable with frequency patterns, correspond-
ing to the uniform illumination of the apertures.
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Figure 4.67: Simulated radiation patterns for several frequencies: (a) Simulated
XZ-plane pattern (RX). (b) Simulated YZ-plane pattern (RX). (c) Simulated
XZ-plane pattern (TX).(d) Simulated YZ-plane pattern (TX).

Conclusions

A 8×8 dual-band antenna array using cylindrical cavities has been presented.
Distance between apertures in the horizontal plane is similar to the single-layer
array (12 mm). Now, the radiating elements stacked instead of interleaved.
Lower layer radiates at 30 GHz and the intermediate layer at 20 GHz. A waffle
grid is used as a lid to uniform the field in the apertures. Interestingly, the
multilayer structure could be extended up to 4 levels. In that case, the two
orthogonal polarization at 20 GHz and 30 GHz might be achieved. This would
lead to an antenna capable of radiating either LHCP or RHCP at 20 and 30
GHz. The drawback in that case would be its relatively high profile, around 8
cm in total.
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Chapter 5

Conclusions and Future
Work

“Our responsibility is to do what
we can, learn what we can,
improve the solutions, and pass
them on.”

— Richard Feynman

The objectives established at the beginning of the thesis have been ap-
proached and worked in depth until they have been accomplished within a
expected grade of success. During these years, several new concepts and find-
ings have shown up. From the perspective obtained at this point of the thesis,
it is worth stopping and looking back at the work done.

In Chapter 1, a state of the art on those high-gain antennas at mm-wave
band related to the scope of the Thesis was made. Some features of antennas
reviewed are desirable for SATCOM. These are low-profile, low-cost, high-gain
or beam-steering capability (mechanical, hybrid or electronic). In addition, a
deep review regarding Gap Waveguide technology was carried out. From this
broad research work it is concluded that:

• As the mm-waves are capable of transmitting large amounts of data with
greater efficiency, they hold a major application across the telecommu-
nication industry. Intensive research and development activities and in-
vestments from the private and public sectors is being carried out.

• Satcom On-The-Move market has experienced a rapid growth in recent
years. In situations where no terrestrial communication infrastructure
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exists (e.g. disaster scenarios), SOTM systems represent one of the best
solutions. SOTM is a strong candidate in many other applications such as
mobile TV, public security, rescue, maritime, aeronautical and military
applications.

• There exists solutions based on parabolic reflectors, waveguide arrays,
lenses, reflectarrays or horn arrays meeting several SATCOM needs, tho-
ugh there is still room for new contributions. In recent years, GW tech-
nology has proven to be a candidate able to provide high-gain low-profile
antennas. In addition, the GW prevents leakage losses thanks to its in-
herent contactless shielding.

In Chapter 2, several printed and full-metal high impedance surfaces have
been overviewed. The role of HIS on GW has been shown. Then, those cor-
porate feeding networks based on Gap Waveguide that were used or developed
through this thesis haven been analyzed. The following are the conclusions in
this regard:

• There are different periodic structures such as mushroom-type, unipla-
nar, zig-zag wires or holey glide-symmetry that can be used to achieve
a parallel-plate stopband for wave propagation. However, some of these
technologies are printed while others are bulky, which limits their use in
high-gain and low-profile arrays.

• The contactless feature of GW is a key aspect of the technology. To
understand its potential, a comparative study between the GGW and
RW performance was done. This contactless feature is key for multilayer
antennas at the mm-wave band. As the joints across the waveguides must
be a perfect metal to metal contact, even a minimum air gap can greatly
spoil the device performance. Using the GW ensures a good assembly in
large arrays.

• Existing GW networks use either GGW or RGW. A new network combin-
ing both has been presented. This network provides in-phase power di-
vision with symmetrical amplitude distribution. The primary advantage
to combine these two types of waveguides is that they introduce a very
profitable versatility in the design of corporate-feed networks. Whereas
RGW leads to symmetrical networks, GGW provides a more compact
structure.

Chapter 3 is devoted to develop radiating elements suitable for GW Ar-
rays. Main conclusions extracted along the process are:

• The coaxial cavities have opened new possibilities in the implementation
of more compact arrays. To date, most contributions of GW antennas in
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mm-wave followed a similar 3-layer scheme. Now, the versatility of the
coaxial cavities have enabled single-layer architectures in GW.

• The capability of housing resonant cavities at different frequencies in the
same bed of nails has also been demonstrated. Nevertheless, there is an
obvious limitation in obtaining single-layer dual-band arrays using coaxial
cavities. By sharing the same level, the slots at two widely separated
bands leads to the appearance of grating lobes. Today it seems unfeasible
to achieve a single-layer dual-band antenna with as good performance as
that of a two dedicated panel arrays.

• The ability of cylindrical cavities to be placed in a stacked fashion has
allowed to design circularly-polarized, dual-polarized and dual-band an-
tennas, all of them quite desirable in SATCOM applications.

• The spacing between circular apertures is constrained by their radius,
which is frequency dependent. Only a combined RGW-GGW network
has proved to be a viable feeding of this type of radiating elements.

In Chapter 4, each of the elements detailed above are connected together
to configure different kinds of arrays. From the results obtained it can be
affirmed that:

• The coaxial cavities are more attractive for very low-profile linearly-
polarized arrays. The cylindrical cavities, on the other hand, partially
sacrifice the low profile feature in exchange for providing circular, dual-
polarized or dual-band antenna arrays.

• The additive manufacturing will become a viable and economical alter-
native to conventional techniques such as milling. While milling perfor-
mance is still better, the boom of additive manufacturing will soon reach
enough accuracy to meet specifications. On the other hand, roughness is
an aspect to be taken into account in 3D manufacturing in the mm-wave
band, and can be very limiting in terms of losses.

• There exist very few high-gain, lightweight, low-cost and low-profile array
antennas in the mm-wave band, despite being a demand in the SATCOM
market. Although the GW antenna arrays contributed throughout this
thesis are not yet integrated in a complete system, they are competitive
approaches covering needs not met before.

Future work

This Thesis has reached significant entity to be finished here. However, as any
research work, several issues remain open. Some future work lines have arisen
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during the research process as issues to solve or to improve, whereas others are
its natural continuation. All of them are compiled in the following list:

• Due to the problems encountered to properly measure the 16×16 V-band
Array Antenna, some features such as the polarization purity is pending
validation.

• The waffle-grid has proven to be an effective solution to reduce grating
lobes in antennas using cylindrical cavities. Other grids can be evaluated
in order to find the best possible lid.

• The dual-band single-layer antenna still has some more milestones to
cover. Although the reflection coefficient meets specification for both
frequency bands, the radiation patterns can be improved. Grids able to
reduce the grating lobes have been presented but better solutions must
be investigated, even resorting to printed structures. In addition, the
manufacture and measurement of the antenna is still pending.

• The dual-band antenna using cylindrical cavities has not been manu-
factured either. The architecture is very similar to the dual-polarized
antenna. The promising performance found in simulations remains to be
demonstrated experimentally.

• The use of cylindrical cavities would allow us to stack 4 layers, 2 for
RX and 2 more for TX, therefore achieving a dual-polarized dual-band
antenna. A future work would evaluate the viability of such solution or
explore other alternatives to achieve that performance, especially appeal-
ing for SATCOM terminals.

• One valuable feature, not addressed in this thesis, involves the implemen-
tations of beam-steering mechanisms, either electronic or hybrid electronic-
mechanic. The contactless feature of the GW technology becomes a cru-
cial property to exploit for that objective. The steering property would
definitely provide the desired low-profile characteristic for SOTM termi-
nals.
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Pérez, “Groove gap waveguide in metallized 3D-printed plastic and in
mechanized aluminium in ka band,” in Antennas and Propagation &
USNC/URSI National Radio Science Meeting, 2017 IEEE International
Symposium on. IEEE, 2017, pp. 247–248.

[194] E. Pucci, E. Rajo-Iglesias, and P.-S. Kildal, “New microstrip gap waveg-
uide on mushroom-type EBG for packaging of microwave components,”
IEEE Microwave and Wireless Components Letters, vol. 22, no. 3, p. 129,
2012.

[195] N. Kushwaha and R. Kumar, “Study of different shape electromagnetic
band gap (EBG) structures for single and dual band applications,” Jour-
nal of Microwaves, Optoelectronics and Electromagnetic Applications,
vol. 13, no. 1, pp. 16–30, 2014.

[196] H. Kumar, M. Kumar, M. Kumar, A. Kumar, and R. Kanth, “Study on
band gap behaviour of electromagnetic band-gap (EBG) structure with
microstrip antenna,” in Advanced Communication Technology (ICACT),
2012 14th International Conference on. IEEE, 2012, pp. 356–359.

192



REFERENCES

[197] C.-D. Wang and T.-L. Wu, “Model and mechanism of miniaturized
and stopband-enhanced interleaved EBG structure for power/ground
noise suppression,” IEEE Transactions on Electromagnetic Compatibility,
vol. 55, no. 1, pp. 159–167, 2013.

[198] E. Rajo-Iglesias, L. Inclan-Sanchez, J.-L. Vazquez-Roy, and E. Garcia-
Munoz, “Size reduction of mushroom-type EBG surfaces by using edge-
located vias,” IEEE Microwave and Wireless Components Letters, vol. 17,
no. 9, pp. 670–672, 2007.

[199] F. Yang and Y. Rahmat-Samii, Electromagnetic band gap structures in
antenna engineering. Cambridge university press Cambridge, UK:, 2009.

[200] N. Jaglan, S. D. Gupta, S. Srivastava, and B. K. Kanaujia, “Satellite
downlink communication band notched UWB antenna using uniplanar
EBG structure,” in Signal Processing and Communication (ICSC), 2016
International Conference on. IEEE, 2016, pp. 89–94.

[201] F.-R. Yang, K.-P. Ma, Y. Qian, and T. Itoh, “A uniplanar com-
pact photonic-bandgap (UC-PBG) structure and its applications for
microwave circuit,” IEEE Transactions on microwave theory and tech-
niques, vol. 47, no. 8, pp. 1509–1514, 1999.

[202] N. Jaglan and S. D. Gupta, “Design and development of band notched
UWB circular monopole antenna with uniplanar star shaped EBG struc-
tures,” International Journal of Microwave and Optical Technology (IJ-
MOT), vol. 11, no. 2, pp. 86–91, 2016.

[203] Y. Toyota, A. E. Engin, T. H. Kim, and M. Swaminathan, “Stopband
analysis using dispersion diagram for two-dimensional electromagnetic
bandgap structures in printed circuit boards,” IEEE microwave and wire-
less components letters, vol. 16, no. 12, pp. 645–647, 2006.

[204] M. Ebrahimpouri, O. Quevedo-Teruel, and E. Rajo-Iglesias, “Design
guidelines for gap waveguide technology based on glide-symmetric holey
structures,” IEEE microwave and wireless components letters, vol. 27,
no. 6, pp. 542–544, 2017.

[205] M. Ebrahimpouri, E. Rajo-Iglesias, Z. Sipus, and O. Quevedo-Teruel,
“Cost-Effective Gap Waveguide Technology Based on Glide-Symmetric
Holey EBG Structures,” IEEE Transactions on Microwave Theory and
Techniques, 2017.

[206] O. Quevedo-Teruel, M. Ebrahimpouri, and M. N. M. Kehn, “Ultraw-
ideband metasurface lenses based on off-shifted opposite layers,” IEEE
Antennas and Wireless Propagation Letters, vol. 15, pp. 484–487, 2016.

193



REFERENCES

[207] M. Ebrahimpouri, E. Rajo-Iglesias, and O. Quevedo-Teruel, “Wideband
glide-symmetric holey structures for gap-waveguide technology,” in An-
tennas and Propagation (EUCAP), 2017 11th European Conference on.
IEEE, 2017, pp. 1658–1660.

[208] J. I. Herranz-Herruzo, A. Valero-Nogueira, M. Ferrando-Rocher,
B. Bernardo, A. Vila, and R. Lenormand, “Low-Cost Ka-band Switchable
RHCP/LHCP Antenna Array for Mobile SATCOM Terminal,” IEEE
Transactions on Antennas and Propagation, vol. 66, no. 5, pp. 2661–
2666, 2018.

[209] E. Rajo-Iglesias and P.-S. Kildal, “Groove gap waveguide: A rectangular
waveguide between contactless metal plates enabled by parallel-plate cut-
off,” in Antennas and Propagation (EuCAP), 2010 Proceedings of the
Fourth European Conference on. IEEE, 2010, pp. 1–4.

[210] A. Valero-Nogueira, J. I. Herranz-Herruzo, M. Baquero, R. Hernandez-
Murcia, and V. Rodrigo, “Practical derivation of slot equivalent ad-
mittance in periodic waveguides,” IEEE Transactions on Antennas and
Propagation, vol. 61, no. 4, pp. 2321–2324, 2013.

[211] M. Ferrando-Rocher, A. Valero-Nogueira, J. I. Herranz-Herruzo,
A. Berenguer, and B. Bernardo-Clemente, “Groove Gap Waveguides: A
contactless solution for multilayer slotted-waveguide array antenna as-
sembly,” in Antennas and Propagation (EuCAP), 2016 10th European
Conference on. IEEE, 2016, pp. 1–4.

[212] A. Berenguer, V. Fusco, M. Ferrando-Rocher, and V. E. Boria, “A fast
analysis method for the groove gap waveguide using transmission line
theory,” in Antennas and Propagation (EuCAP), 2016 10th European
Conference on. IEEE, 2016, pp. 1–5.

[213] A. Farahbakhsh, D. Zarifi, A. Zaman, and P.-S. Kildal, “Corporate dis-
tribution networks for slot array antenna based on groove gap waveguide
technology,” in Antennas and Propagation (EuCAP), 2016 10th European
Conference on. IEEE, 2016, pp. 1–3.

[214] J. I. Herranz-Herruzo, A. Valero-Nogueira, M. Ferrando-Rocher,
B. Bernardo, A. Vila, and R. Lenormand, “Low-cost Ka-band Switchable
RHCP/LHCP Antenna Array for Mobile SATCOM Terminal,” IEEE
Transactions on Antennas and Propagation, vol. PP, no. 99, pp. 1–1,
2018.

[215] S. A. Razavi, P.-S. Kildal, L. Xiang, H. Chen, and E. Alfonso, “Design
of 60GHz planar array antennas using PCB-based microstrip-ridge gap

194



REFERENCES

waveguide and SIW,” in Antennas and Propagation (EuCAP), 2014 8th
European Conference on. IEEE, 2014, pp. 1825–1828.

[216] A. U. Zaman and P.-S. Kildal, “Ku band linear slot-array in ridge gap-
waveguide technology,” in Antennas and Propagation (EuCAP), 2013 7th
European Conference on. IEEE, 2013, pp. 3078–3081.

[217] ——, “A new 2× 2 microstrip patch sub-array for 60GHz wideband pla-
nar antenna with ridge gap waveguide distribution layer,” in Antennas
and Propagation (EuCAP), 2015 9th European Conference on. IEEE,
2015, pp. 1–4.

[218] J. Liu, A. Vosoogh, A. U. Zaman, and J. Yang, “A high-gain high-
efficiency corporate-fed slot array antenna directly fed by ridge gap
waveguide at 60-GHz,” in 2017 International Symposium on Antennas
and Propagation (ISAP), Oct 2017, pp. 1–2.

[219] M. Ferrando-Rocher, A. Valero-Nogueira, J. I. Herranz-Herruzo, and
A. Berenguer, “V-band single-layer slot array fed by ridge gap waveg-
uide,” in Antennas and Propagation (APSURSI), 2016 IEEE Interna-
tional Symposium on. IEEE, 2016, pp. 389–390.

[220] M. Ferrando-Rocher, A. Valero-Nogueira, and J. I. Herranz-Herruzo,
“New feeding network topologies for high-gain single-layer slot array an-
tennas using gap waveguide concept,” in Antennas and Propagation (EU-
CAP), 2017 11th European Conference on. IEEE, 2017, pp. 1654–1657.

[221] W. L. Stutzman and G. A. Thiele, Antenna theory and design. John
Wiley & Sons, 2012.

[222] W. H. Watson, The physical principles of wave guide transmission and
antenna systems. The Clarendon press, 1947.

[223] A. Stevenson, “Theory of Slots in Rectangular Wave-Guides,” Journal of
Applied Physics, vol. 19, no. 1, pp. 24–38, 1948.

[224] M. Orefice and R. Elliott, “Design of waveguide-fed series slot arrays,” in
IEE Proceedings H (Microwaves, Optics and Antennas), vol. 129, no. 4.
IET, 1982, pp. 165–169.

[225] F.-C. Chen, J.-M. Qiu, S.-W. Wong, and Q.-X. Chu, “Dual-band coaxial
cavity bandpass filter with helical feeding structure and mixed coupling,”
IEEE Microwave and Wireless Components Letters, vol. 25, no. 1, pp.
31–33, 2015.

[226] H.-Y. Li, J.-X. Xu, X. Y. Zhang, and X.-L. Zhao, “Low-loss Narrowband
Filtering Switch Based on Coaxial Resonators,” IEEE Access, 2018.

195



REFERENCES

[227] Q.-Y. Lu, W. Qin, and J.-X. Chen, “A novel balanced bandpass filter
based on twin-coaxial resonator,” IEEE Microwave and Wireless Com-
ponents Letters, vol. 27, no. 2, pp. 114–116, 2017.

[228] A. M. Sabaawi and C. C. Tsimenidis, “Circular truncated patch anten-
nas for energy harvesting applications,” in Antennas and Propagation
Conference (LAPC), 2013 Loughborough. IEEE, 2013, pp. 369–373.

[229] S. K. Yong and C.-C. Chong, “An overview of multigigabit wireless
through millimeter wave technology: Potentials and technical chal-
lenges,” EURASIP journal on wireless communications and networking,
vol. 2007, no. 1, pp. 50–50, 2007.

[230] D. Dogan and C. B. Top, “Circularly polarized Ka-band waveguide slot
array with low sidelobes,” in Antennas and Propagation (EUCAP), 2012
6th European Conference on. IEEE, 2012, pp. 1105–1109.

[231] M. Ferrando-Rocher, J. I. Herranz, A. Valero-Nogueira, and B. Bernardo,
“Performance Assessment of Gap Waveguide Array Antennas: CNC
Milling vs. 3D Printing,” IEEE Antennas and Wireless Propagation Let-
ters, 2018.

[232] M. Ferrando-Rocher, J. I. Herranz-Herruzo, A. Valero-Nogueira, and
M. Baquero-Escudero, “Flatness enhancement of Gap Waveguide Slot
Arrays using a Ribbed-Grid Plate,” in Antennas and Propagation (AP-
SURSI), 2018 IEEE International Symposium on. IEEE, 2018.

[233] C. Guo, X. Shang, M. J. Lancaster, and J. Xu, “A 3-D printed lightweight
X-band waveguide filter based on spherical resonators,” IEEE Microwave
and Wireless Components Letters, vol. 25, no. 7, pp. 442–444, 2015.

[234] G. P. Le Sage, “3D printed waveguide slot array antennas,” IEEE Access,
vol. 4, pp. 1258–1265, 2016.

[235] M. Ferrando-Rocher, J. I. Herranz-Herruzo, A. Valero-Nogueira, and
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