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Abstract

The deployment of 5G antenna infrastructure and the mandatory adoption of anti-
collision radars for automotive cars will require large amount of antennas operating in
the millimeter and sub-millimeter wavelength. These antennas are usually arrays and
the possibility to manufacture the antenna array including the feeding network and
the radiating element as a plastic piece reducing the need to use large (Printed Circuit
Boards) PCB’s on expensive dielectric substrates, can be an interesting manufacturing
technology. In this regard, waveguide-based antennas can be assembled using plastic
technology with a proper metallization procedure. They are more scalable in terms of
efficiency than microstrip line (ML) antennas and as the number of antennas in the
array increases the gain is not reduced due to the losses in the substrate.

In this thesis, the industrial challenges of this technology are addressed. A detailed
tolerance study by including the plastic manufacturing errors, typically ± 0.1mm,
is carried out in order to check the feasibility of plastic antennas to address mass
production. The antennas will need to be integrated with the radar chipsets, so a
transition between the chip and the waveguide-antennas will be presented. These
transitions can act as a direct chip-waveguide launcher, potentially reducing the need
of using large substrates, hence reducing the cost of the antenna. Also, the need to
apply metal coating is also explored to achieve the desired performance. Conventional
techniques such as copper electrodeposition is used. The main drawback is that the
copper has a lot of difficulties depositing into right angle surfaces. Eventually, these
antennas will have to be integrated in the aesthetics of a car, usually behind a plastic
radome (with its respective manufacturing errors as well) that will need to be designed
and optimized properly in order to introduce the minimum distorsions to the radar.
Optimization based on simulators done with commercial electromagnetic softwares
like CST is not feasible due to the required large computation time. In this regard
an ad-hoc ray-tracing based simulator has been developed to asses radome induced
errors in radar performance.

All these industrial problems are taken into account from the design stage where the
time, price, fabrication tolerances and radiation requirements have to be compromised
at the same time increasing dramatically the design complexity.

v



Resumen

El despliegue de infraestructura de antenas 5G y la adopción obligatoria de radares an-
ticolisión para automóviles requerirá una gran cantidad de antenas que operen en lon-
gitudes de onda milimétricas y submilimétricas. Estas antenas suelen ser agrupaciones
y la posibilidad de fabricar la agrupación de antenas, incluida la red de alimentación
y el elemento radiante como una pieza de plástico, lo que reduce la necesidad de usar
PCB grandes (placas de circuito impreso) en sustratos dieléctricos costosos, puede ser
una tecnología de fabricación interesante. En este sentido, las antenas basadas en guía
de ondas se pueden ensamblar utilizando tecnología plástica con un procedimiento de
metalización adecuado. Son más escalables en términos de eficiencia que las antenas
de línea microstrip (ML) y, a medida que aumenta el número de antenas en el arreglo,
la ganancia no se reduce debido a las pérdidas en el sustrato.

En esta tesis se abordan los retos industriales de esta tecnología. Se lleva a cabo un
estudio de tolerancia detallado que incluye los errores de fabricación de plástico, nor-
malmente ± 0,1 mm, para comprobar la viabilidad de las antenas de plástico para
hacer frente a la producción en masa. Las antenas deberán integrarse junto con los
chips de radar, por lo que se presentará una transición entre el chip y las antenas de guía
de ondas. Estas transiciones pueden actuar como una transición directa de chip-guía,
lo que podría reducir la necesidad de usar sustratos grandes y, por lo tanto, reducir el
costo de la antena. Además, también se explora la necesidad de aplicar un recubrim-
iento metálico para lograr el rendimiento deseado. Se utilizan técnicas convencionales
como la electrodeposición de cobre. El principal inconveniente es que el cobre tiene
muchas dificultades para depositarse en superficies en ángulo recto. Eventualmente,
estas antenas deberán integrarse en la estética de un automóvil, generalmente detrás
de un radomo de plástico (con sus respectivos errores de fabricación también) que de-
berá diseñarse y optimizarse adecuadamente para introducir las mínimas distorsiones
al radar. La optimización basada en simuladores realizados con software electromag-
nético comercial como CST no es factible debido al gran tiempo de cálculo requerido.
En este sentido, se ha desarrollado un simulador basado en trazado de rayos ad-hoc
para evaluar los errores inducidos por el radomo en el rendimiento del radar.

Todos estos problemas industriales se tienen en cuenta desde la etapa de diseño donde
el tiempo, el precio, las tolerancias de fabricación y los requisitos de radiación tienen
que verse comprometidos al mismo tiempo que aumentan drásticamente la comple-
jidad del diseño.
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Chapter 1

Introduction

1.1 State of the Art

The first radar patent was registered on 30th April 1904 by Christian Hülsmeyer. At
this time, almost all the applications and breakthroughs were exclusively in the mili-
tary field. After the II World War, different applications were developed in different
fields, such as the civil aviation radars, the weather radars, the mapping radars or
other different radar applications. In the automotive field, the first ideas and inves-
tigations came up in the 1960 s, continuing in the 1970 s by Bendix, Info Systems
Inc., RCA, and General Motors, partly supported by the U.S. Department of trans-
portation [1,2,3,4], followed by the Japanese companies Mitsubishi and Nissan. The
intended application was precollision obstacle detection and/or emergency braking.

Planar integrated circuits, e.g. microstrip, and integrated antennas were introduced
only in the lower frequency range (10 GHz, X-band; 15 GHz, Ku-band); with higher
frequencies, waveguide-based circuits and antennas were employed. Distance mea-
surement and collision warning worked well, but of course, technology was not yet
mature enough. In the following years, technology of RF devices and circuits as well
as signal processing circuits improved considerably. The 24 GHz ISM band became
a preferred frequency for low-cost sensors, and the 76–77 GHz band was assigned
worldwide for automotive radar.

Some years later, in the early 90’s, it started the serial introduction of radars into
vehicles in the USA. More than 4000 buses and trucks in the US were equipped with
the EATON-VORAD system (Figure 1.1). It used GUNN diode oscillators and planar
antennas at the 24GHz band.
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Figure 1.1: 24 GHz VORAD radar mounted at the front side of a Greyhound bus [5]

The first commercial 76 GHz automotive radar for passenger cars was introduced
1998/99 by Mercedes Benz (Fig. 1.2). It was built by Macom in the USA [6].

Figure 1.2: Front and back side of first commercial automotive ARS100 radar by Mercedes Benz
[5]

The development of SiGe MMICs with several radar channels integrated on a single
chip was an important step [7] for the advancement of high density integration and
cost reduction. A first radar sensor based on such a chip was the Bosch LRR3 sensor
(Figure 1.3). As antenna, a lens configuration [8] was chosen, fed by four separated
ML patch feeds, resulting in four beams. Each feed antenna was connected to one of
four channels of a SiGe MMIC.
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Figure 1.3: Exploded view of the Bosch LRR3 sensor [9]

In Figure 1.4 an overview of the evolution of automotive radars from 1970 to 2000 is
shown.

Figure 1.4: Evolution of automotive radars from 1970 to the first SiGe MMIC automotive radar
sensor from Bosch

With the easy and relatively low-cost availability of several radar channels on one chip,
a new system and antenna configuration became possible with one or more transmit
and multiple receive channels, each connected to one antenna element. With several
transmit channels, MIMO concepts can be introduced (although, at the beginning,
the term MIMO was not used) [10], see Figure 1.5.
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Figure 1.5: Principle of MIMO radar and virtual antennas concept [9]

With proper arrangements of transmitters and receivers, a better target acquisition
can be performed because a finer spatial resolution is achieved. This concept now is
pursued by many companies like Aptiv, Bosch, Conti, Denso, Hella, Mando, Valeo,
or Veoneer. Also startups like Arbe or Uhnder have emerged, presenting their own
approach to a high-performance automotive radar.

1.2 Motivation and Objectives

The rapid development of new radar sensor generations is driven by a strong mar-
ket demand as shown in Figure 1.6, mainly for Advanced Driver Assistance Systems
(ADAS), with the market volume starting slowly until 2010 and then massively taking
off.

Figure 1.6: Automotive radar market developement for ADAS function [9]
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This development was fueled by the migration of established driver assistance func-
tions from high class into middle class vehicles, and then further accelerated by the
requirement for active safety systems mandated by New Car Assessment Program
(NCAP). Ten years later, another market trend towards highperformance radar sen-
sors for ADAS with partial automation and Automated Driving (AD) with full au-
tomation is emerging.

The market is expected to almost double its volume by 2025 which obviously will
require the double capacity for mass production. The antennas from all the present
radar sensors are arrays, see Figure 1.7 and most of them are implemented in expensive
dielectric substrates.

Figure 1.7: Bosch 5th generation radar [9]

As stated in the abstract, the possibility to manufacture the antenna in plastic technol-
ogy by reducing the use of large substrates can be an interesting manufacturing tech-
nology, potentially reducing the costs when the product is massively deployed and
improving the antenna performance as the losses can also be decreased. Many com-
panies like Gapwaves, ZF, Bosch and Continental and research institutes like Fraun-
hofer are already starting to study and implement this technology. As the technology
is really recent, many information are still confidential due to Intellectual property
issues.

Table 1.1: Evolution of the latest three versions of radars from Continental

Model FoV (40m) Weight ∆θ−3dB SLL Gain Tx Gain Rx N Tx N Rx
ARS410 ±45◦, 130g 94.6◦ -13dB 18.9dB 13.9dB 2 2
ARS510 ±45◦, 140g 60◦ -14dB 14dB 14dB 3 4
ARS540 ±60◦, 500g 60◦ -12dB 14.1dB 14.1dB 5 5
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In Tab. 1.1 we show the evolution of the ARS model from Continental. The ARS410
and the ARS510 use microstrip antennas while the ARS540 from this last year uses
gapwaveguide technology manufactured using plastic molding processes. It can also
be observed a trend to increase the number of transmitting and receiving channels.

Clearly, plastic manufacturing technology is getting the attention worldwide by many
big radar companies as mentioned before owing its cheap cost, massive manufacturing
potential and radiation performance, with an expected high market impact. In this
regard, the objectives of this thesis are summarized as follows:

1. Explore different antenna designs that can be manufactured in plastic and at the
same time, they can support tolerances of up to 0.1 mm (which is a standard deviation
for a plastic molding process) at W-band (76-81GHz). So it can be mass produced
with a guaranteed radiation performance.

2. Integration of the plastic antenna into RF-chips by designing the required transi-
tions.

3. Find the correct metal coating procedure in order to completely metallize the plastic
antenna for a proper radiation performance.

4. Study optimal ways of integrating the final prototype antenna into the vehicle,
usually behind a radome.

1.3 Thesis Outline

- Chapter II is based on the work reported in paper [IZ-I] [11] and addresses the
objective 1. The design of a Gap-waveguide (GW) antenna suitable for a W-Band
automotive radar robust to fabrication tolerances of up to 0.1mm was studied and
successfully designed and validated. If the antenna still performs well in terms of
radiation properties like S-parameters, gain, tilting angle and sidelobe level (SLL)
after a predefined combination of dimensional errors, it can be concluded to be a
good candidate for mass production.

- Chapter III is based on the work reported in the paper [IZ-II] [12] and addresses the
objective 2. Every waveguide-based antenna, as in [IZ-I], requires of an interconnec-
tion with the RF-chips, normally designed as a microstrip line (ML) to rectangular
waveguide (RW) transition. A K-band ultra wide-band (UWB) narrow-wall waveg-
uide to ML transition is shown so our waveguide-antenna array can be integrated
easily to the chip. An alternative design with a more complicated manufacturing
process requiring a metallic short-circuiting box was also designed and validated in
W-Band [IZ-III] [13].
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- Chapter IV addresses the objective 3. The last paper [IZ-IV] [14] consists in a 3D-
printed phased array with low metallization complexity, to show the feasibility of
plastic manufacturing technologies for achieving complex antenna systems similar to
automotive radars.

- Chapter V addresses the objective 4. A software tool was implemented and used for
the study of the integration of a plastic cover in front of a radar sensor, showing its
impact on the main KPI’s of a radar.

-Chapter VI shows the conclusions andChapter VII the original publications of each
article.

The following Figure 1.8 summarizes the work done in this thesis.

Figure 1.8: Schematic showing each chapter of this thesis
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Chapter 2

Antenna Developement For Mass
Production

2.1 Introduction

The rapid expansion of the automotive market for ADAS has been massively taken off
and it is growing year after year, increasing the demand of radar sensors. These sensors
usually use directive beams in the elevation plane and wide beam in the azimuthal
plane for a higher Direction of Arrival (DoA) estimation in this plane working in the
76-81GHz band and mainly use arrays of patches in Microstrip-Line (ML) technology
as transmitting and receiving antennas for target detection [15]. However, there are
two main drawbacks for ML antennas that may limit them for mass production, they
are expensive and gain limited by the losses introduced by the substrate [16]. A matter
to be alert of is that there is an upcoming band for radars at 144GHz which will
definitively require higher gain antennas to face the propagation losses at these higher
frequency bands. In addition, these sensors will need to be integrated behind a plastic
cover from the car acting as a radome. Commonly used locations are behind the car
emblem or a bumper. This integration is usually done by separate companies and of
course, the result is not optimum as they are not jointly optimized. Anyways, these
plastic covers have radius of curvatures which require conformal antenna geometries
that are difficult to provide with conventional substrates when using ML. For all these
reasons, is there any technology that may face all the mentioned problems? A low
cost, low loss antenna that is robust to mass production and highly integrable behind
a radome.

The answer is yes, antennas based on Rectangular-Waveguide (RW) have been fully
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explored in this thesis. It is shown that it has high plastic prototyping potential,
which is very cheap with very low losses [17],[18]. It seems a very good candidate
for automotive radar sensors that may also be scalable to the 144GHz band. As it
is plastic, it can be really easy to be integrated in the aesthetics of the car such as a
radome. However, some preliminary studies have to be carried out in order to show
numerically its advantages with respect to the traditional ML solution. For an antenna
to be properly working, the radiation characteristics have to be fulfilled. One of the
most important parameters is the input reflection coefficient Γin, among others such
as the gain and SLL.

Γin =
Zin − Z0

Zin + Z0
(2.1)

In equation 2.1 we can see that the input reflection coefficient Γin depends on the in-
put impedance Zin and the characteristic impedance Z0. For an antenna to be robust
enough, the input impedance Zin as well as the Z0 have to be stable against manu-
facturing errors. A first analysis of the Z0 stability of both RW and ML technology
against manufacturing errors of typically ± 0.1 mm (a typical error case on a plastic
injection molding process) is carried out. In Table 2.1 the stability of the character-
istic impedance of the transmission line is shown as |Z0−Znom

Znom
|, where Znom is the

nominal characteristic impendace. By introducing dimensional errors of ± 0.1 mm,
we can see that the characteristic impedance in RW technology is much more robust
than in ML technology.

Figure 2.1: Microstrip Line Technology in the left (a) and Rectangular Waveguide Technology in
the right (b)
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Table 2.1: Stability analysis of the characteristic impedance Z0 for bothML and RW technologies.
The relative error is|Z0−Znom

Znom
| where Znom is the nominal value of the characteristic

impedance of the transmission line without inserting tolerance errors of ±0.1 mm,
that are 50 and 450 for the ML and RW respectively

Parameter Dimension (mm) Relative Error (%)
Microstrip Line

Wm 1 ± 0.1 7.2
Hsub 0.5 ± 0.1 13

Rectangular Waveguide
Wr 1.47 ± 0.1 0.001
Hr 3.5 ± 0.1 1.5

Although the input impedance Zin will really depend on the shape of the used an-
tenna, which is different for each design, it is not direct to say whether Zin will be
more robust in RW too. Usually, a higher bandwidth antenna will provide higher
chances for a proper impedance matching in the whole band of operation. Which is
in other words, that the Zin will be more stable. More details can be found in the
paper [IZ-I], by using the same antenna shape, with an equivalent inverted ML solu-
tion in RW, it is concluded that TE10 mode structures (RW) are much more stable
than a QTEM mode structures.

Fast prototyping of RW’s needs to be manufactured on separate pieces, requiring per-
fect sealing when unifying them in order to avoid leakage [19].

Figure 2.2: Gapwaveguide AMC cut-off boundary condition

In this context, Gap-Waveguide (GW) has attracted attention during the last decade,
and the invention by S. Kildal offers a contactless full metal two parallel plates guiding
structure solution by using an artifitial magnetic conductor (AMC) at both sides of
the transmission line, see Figure 2.2, so all the electromagnetic energy is confined by
the parallel plates and the AMC [20]. The AMC can be achieved by rows of periodic
nails, although other conformations can be adopted such as mushrooms type [21],
with the only condition that the space between the AMC and the parallel plate is
smaller than λg/4. Clearly, in this configuration, there is no need for an electrical
connection between the top and bottom conductive planes of the RW, leading to a
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low loss and relatively easy manufacturing process, such as plastic injection molding.

(a) H-GGW (b) RGW (c) V-GGW

Figure 2.3: Front view of the three main structures in GW technology that are used to analyze
the characteristic impedance stability. The AMC structure dimensions are the same
for (a), (b) and (c) with a constant air gap g of 0.25 mm between the nail and the top
metallic layer

In order to benefit from the advantages of the GW technology, different designs
have been reported in the literature, which can be classified into two main groups,
Ridge Gap-Waveguide (RGW) [22] which is the most popular design owing to its
analogy to the ML but in an inverted form and groove Gap-waveguide (GGW) [23]
with a working principle similar to that of RW. There are two subgroups of GGW
technology: named H-GGW and V-GGW, that are similar to an horizontal RW
(HRW) and a vertical RW (VRW) respectively. Regarding vertically oriented waveg-
uides V-GGW/VRW, they offer more compactness in the antenna plane because the
slots are excited on the narrow wall of the transmission line. All these previous clas-
sifications are summarized in Figure 2.3. Some designs using these technologies for
automotive radars have been made on H-GGW [24] but the size is too long in the
transversal direction of the array. Some works exciting vertically oriented waveguides
(VGGW/VRW) can be mainly found in VRW by implementing slots. However, the
slots must be excited using a tilt angle as currents are in counter phase every λg/2
[25],[26] , which is highly undesirable as cross polarization (CPol) appears. Many
studies have been conducted in order to make these elements radiate in phase while
maintaining low levels of CPol by using parasitic elements inside the waveguide to
modify the current distribution [27]; however, a very demanding manufacturing pre-
cision is required and they are bandwidth limited. Only a few works have been pub-
lished to solve these problems of slot excitation using V-GGW, in [28] parasitic dipole
elements are used in the upper layer by means of an extra layer of substrate; however,
it only shows 2% fractional bandwidth (FBW) which is not enough for automotive
applications.

A single series fed slotted array in V-GGW working in the automotive W-band of
76-81GHz is proposed in this work [IZ-I], although RGW can offer a much simple
and direct solution, it is shown that it is not that stable, check Table 2 from the paper
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[IZ-I].

Table 2.2: Comparison with other similar works. The minimum separation parameter from the
fifth column is the minimum inter-array separation achievable of the design, η is the
measured efficiency.

Ref. Tech. CPol FBW (%) Min. separation (λ) Thickness (λ) η

Series fed Solutions
[29] ML No 7 0.55 0.03 39
[30] HRW No 6.2 1.3 0.7 90.2
[25] VRW Yes 2.1 0.5 0.7 NA
[26] VRW Yes 9 0.5 0.7 80
[27] VRW No 6.4 0.29 0.61 NA
[24] H-GGW No 2.8 1.32 0.33 93
[28] V-GGW No 2 0.57 0.75 NA
[31] RGW No 14.4 0.65 0.7 NA
[32] RGW No 3.8 0.49 0.165 NA
This work V-GGW No 9 0.57 1.91 92.2

In comparison to the antennas presented in the literature (see Table 2.2), we propose
a new method for exciting narrow wall slots from V-GGW without added manufac-
turing complexity and a good fabrication tolerance stability of up to 0.1 mm (corre-
sponding to the tolerances of a conventional manufacturing technique). The antenna
consists of a triple-layer structure with a novel aperture coupling mechanism offering
a linearly polarized, high efficiency (92.2%) with a high measured FBW (9%) while
being compact in the transversal direction.

2.2 Antenna Design

The slot elements from a series fed design in the narrow wall of vertically oriented
waveguide-related technologies cannot be directly excited as stated in the introduc-
tion. An isometric and top view of the proposed unit array antenna for this study
with 0.5λg radiating slots in V-GGW technology can be seen in Figures. 2.4 and 2.5
respectively.
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Figure 2.4: Isometric View. Bottom layer L1, middle layer L2 and top layer L3

The V-GGW antenna is mainly composed of three layers: the feeding layer (bottom)
L1, coupling layer (middle) L2 and radiating layer (top) L3, whose dimensions are
listed in Table 2.3. All the energy from the guiding groove line from the bottom layer
propagates through four slots (WLslot xLLslot) from the middle layerL2. These slots
are approximately spaced λg from each other so they radiate in phase and each one of
them, excites two of the eight λg/2 spaced slots of (WUSlot x LUSlot) from the top
layer L3. In this manner, all the slots radiate in phase with no grating lobes or high
CPol level problems. For a more detailed explanation, please refer to the paper [IZ-I].

Figure 2.5: Top View of the three different layers. In yellow it is highlighted the input excitation
port to the antenna prototype and rc1, rc2, rc3 represent the radius of curvature of
the flagged edges.
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2.2.1 Tolerance Analysis

The massive deployment of antennas requires an important analysis of the manufac-
turing tolerances. In order to ensure a good radiation performance for N antennas

Table 2.3: Summary of the main antenna dimensions and the deviations in the fabricated one in
mm. The errors for the case of the slots and nails are the maximum errors. Parameters
marked with at least one * are used for the tolerance analysis from section III.

Param. Nom. (mm) Error (mm) Param. Nom. (mm) Error (mm)

Layer 1 Layer 2

Hgr* 2.7 0.02 LLslot** 2.35 0.07
Lgr* 13.95 0.08 WLslot* 1.1 0.11
Wgr* 1 0 dYL* 4.25 0.05
LW * 3.1 0.05 rc2 0.5 -
WW * 1 0.12 Ht1* 0.4 0.09
HW 1.35 - Lt1* 1.55 -0.15
rc1 0.5 - Ht2* 0.35 0.12
H1* 5 0.03 Lt2* 1 -0.17

Wt1* 1.1 0
Wt2* 1.1 0

Layer 3 H2* 1.75 -0.04

LUSlot** 2 0.03 AMC
WUSlot* 0.5 -0.01
dYup** 2.25 0.01 p * 0.88 0.03

DispX3* 0 0.15 Wnail** 0.5 0.07
DispY 3* 0 -0.10 Hnail* 0.95 0.01

dx* 0.4 0 p1** 0.1 0.05
rc3 0.025 - H3* 0.25 0

with fabrication tolerances of up to 0.1mm ( which is a standard manufacturing tol-
erance for many industrial technologies) at high frequencies is one of the main chal-
lenges that this paper has focused on. There are 31 dimensional parameters for the case
of V-GGW, assuming a uniform error distribution with only three discrete values of
−0.1,0 and +0.1 mm, for every single parameter this would result in a total amount
of 1.59 million and over trillions of combined errors respectively, which is obviously
not feasible to simulate. A first analysis of the critical dimensions was carried out to
reduce this space of combinations. Errors of ± 0.1 mm were applied to each parame-
ter separately, resulting in 54 input reflection coefficients, the parameters used in this
first study are marked with at least one * in Table 2.3 respectively. Parameters from
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the Table 2.3 marked with a double * are the most critical ones in terms of reflection
coefficients seen at Figure 2.6 (a), resulting in a penalty of greater than 15% of FBW
reduction if taking into account that the only valid bands are those marked by the
input reflection coefficient when using nominal dimensions.

(a) Independent Errors (b) Combined Errors

Figure 2.6: Simulated Input reflection coefficients (a) by adding independently +0.1 mm and -0.1
mm of errors (54 in total) to each dimensional parameter while keeping the rest ones
in nominal dimension and (b) for themain combination of errors (243 in total) in color.
The black trace corresponds to the simulated antenna with nominal dimensions.

The critical parameters are the length of the slots from each layer LLslot and LUSlot,
Wnail and p1. Only these parameters are selected for the final study using combined
errors and are plotted in Figures 2.6 (b) and 2.7. For the case of the input reflection
coefficients in this V-GGW design, 89% of the combined errors guarantee a frequency
range from 74.25GHz to 80GHz, resulting in a 7.5% secured FBW. Note that the
higher the FBW, the higher chance to guarantee a good matching against manufac-
turing errors in the frequency band of interest.
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(a) V-GGW H-plane (b) V-GGW E-plane

Figure 2.7: V-GGW design radiation pattern cuts for the main combination of errors in color, -
corresponds to the simulated antenna with nominal dimensions.

Only pattern stability for the design in V-GGW is represented in Figure 2.7 because
the results are well-matched, showing good pointing stability as well as realized gain.
An increase of up to 7.5dB in SLL was due to the errors related to the slot spacing
dYup from the top layer L3. Of course, if considering misalignment errors between
each layer, we will have a worse response in terms of SLL although it has almost no
impact on the input reflection coefficients.

2.3 Experimental Validation

The fabricated dimensional errors of the antenna are listed in Table 2.3, which were
measured using the Nikon Measurescope MM-11 with a precision of 10um. The
most deviated errors were caused by the displacement of the L3 layer (DispX3 and
DispY 3), the connection of the WR10 (WW ) to the waveguide structure, the width
of the slots WLslot of L2 and dimensions (height x length) of the stepped matching
element (Ht1 x Lt1) and (Ht2 x Lt2) with a deviation up to 0.15 mm.
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(a) Manufactured antenna at the head
of the PNA N5222A Network Ana-
lyze

(b) Measured Input reflection coefficients of the
antenna

Figure 2.8: Input reflection coefficients of the antenna. In black a double row of nails for the
AMC is used and in red color corresponds to the simulated antenna by just using only
one row of nails to show that it can be compact in the transversal direction of the
array. Discontinuous lines (- -) are the measured results while continuous lines (-) are
simulated results.

The measurements and simulations using CST Studio software included the reflection
coefficients and realized gain patterns, which were cut at 77 GHz, and are shown in
Figures 2.8 and 2.9.

A good matching of the antenna was achieved which ranges from 74.5GHz to 81GHz.
A realized gain of 12.15 dB was measured which also showed good agreement with the
simulations for both planes at 77GHz. A simulated SLL of -18.5dB in H-plane was in-
creased up to -16.5 dB at θ = -28 deg in the measurements caused by the misalignment
of the radiating layer l3 with respect to the other two ones, leading to a non-perfect
symmetrical field distribution among the radiating slots.

18



(a) E-plane (b) H-plane

Figure 2.9: Radiation pattern cuts at E-plane (a) and H-plane (b), - corresponds to the simulated
antenna, and - - corresponds to the actual measured prototype.

2.4 Conclusions

The robustness of TE10 mode guiding structures such as RW or V-GGW/H-GGW
against manufacturing errors of ± 0.1mm are more stable than those ones found in
Q-TEM mode structures such as RGW and ML. This is also reflected in the input
reflection coefficient of an antenna using those technologies.

After this finding, GW solutions (RGW, V-GGW and H-GGW) were explored be-
cause of its high manufacturing potential when compared to RW, because they can
be assembled in two different pieces without requiring direct contact among them.
V-GGW technology was finally selected because it shows more compactness than
H-GGW and offers a much higher characteristic impedance stability (TE10 mode)
than RGW (Q-TEM mode). A triple layer V-GGW series fed slotted antenna was
designed, manufactured and validated at the UPC anechoic chamber, showing great
results even with a lot of manufacturing errors.

Although the antenna was not plastic manufactured because of the limitations of our
resources, it offers a high tolerance stability, it is shown that for the main combination
of critical simulated errors they all offer S11< -10dB in the whole 76GHz-81GHz band
which makes this antenna a very good candidate to be manufactured using plastic in-
jection molding and mass produced. This can also be used to conclude that the higher
the FBW, the better the input reflection coefficient against manufacturing errors.

Future works may be exploring curved solutions with this type of antenna in order to
integrate it behind the aesthetics of a car.

19





Chapter 3

Antenna Integration to Chip

3.1 Introduction

In conventional automotive radars, the antennas are usually connected to a chip where
all the transmission, reception and post-processing of the electromagnetic signal is per-
formed. Chips at these high frequencies of 76-81GHz make Microstrip-Line (ML)
based circuitry the optimum solution for this interconnection. In the previous chap-
ter, it was shown that antennas in Rectangular-Waveguide (RW) (same propagation
mode as in Groove Gap-Waveguide (GGW) can offer higher radiation performance
and plastic prototyping potential, with much greater advantages than those ones in
ML. Even if we implement RW antennas, we have to end up using a RW-ML transi-
tion (also known as RW launchers) [33,34], see Figure 5.1.

Figure 3.1: Three conventional RW launchers connected to the radar chipset via ML
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There are still two main advantages; first we reduce the area of substrate used, which
is a reduction of the cost with a high budget impact when mass produced; second
we avoid large distribution networks in ML, which is a reduction of the losses in the
antenna.

There are two main type of RW-ML transitions: bottom-side (BS) [35,36], and top-
side (TS) [37,38,39,40,41]. In the case of TS, the ML and the RW are on the same
face of the substrate, whereas for the BS the ML and the RW are on opposite faces,
which may be necessary depending on the design requirements.

In [36], a BS transition was proposed via proximity coupling through a patch antenna,
although it offers 18% of fractional bandwidth (FBW), it requires perpendicular in-
put/output ports from the large wall of the RW, which makes the design bulkier.
In [39], this large wall is avoided with a narrow-wall design consisting of a V-shaped
aperture coupled patch; however, only 7.5% of FBW is achieved. TS RW to ML
transitions are also explored as in [40], where the RW is excited through a transver-
sal patch antenna coming from the narrow wall; however, intrusion elements inside
the RW have to be carefully inserted in order to enhance the FBW from 11% to 15%,
which increases the fabrication complexity. This intrusion element is avoided in [41]
through a patch fed by a coupled ML, but only 11% of FBW is achieved.

In comparison with the transitions presented in this work, a narrow-wall ML-RW
transition is designed and validated using a manufactured back-to-back (B2B) config-
uration that can work for both TS and BS at the same time without increased manu-
facturing complexity. The transition consists of a ML that feeds an array of three over-
lapped transversal patches from the narrow wall of the RW, offering a much higher
bandwidth when compared to similar presented work. The design shows a FBW of
21.2% for the TS design and 23% for the BS design, which is much larger than the
other presented works.

Table 3.1: Similar works that can be found showing the comparison of B2B parameters like min-
imum IL, maximum IL, FBW and the operating band.

Work Type Wall Max IL FBW Band Backshort
[36] BS Broad NA 18% W No
[39] BS Narrow 0.7dB 7.5% W No
This Work BS BS Narrow 0.85 dB 23% LMDS, Ka No
[40] (A) TS Narrow 1dB 15% W No
[40] (B) TS Narrow 1.1dB 11% W No
[41] TS Narrow NA 11% W No
This Work TS TS Narrow 0.67 dB 21.2% LMDS, Ka No
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3.2 Transition Design

The focus of this first section consists of the conversion of the Q-TEM mode of a
50 Ω ML [42] to the TE01 mode of a WR-34 (Wrw ×Lrw) [43] for both TS and BS.
A more detailed description of the working principle will be given for the case of the
TS transition, the BS uses the same working principle by just adding a metallic bias
to connect the TS ML with the BS ML. Because of the manufacturing limitations
in the laboratories from the UPC, the design was first validated in a lower frequency
band, the LMDS and K bands (24.25GHz-29.5GHz).

Figure 3.2 a shows the isometric view of the transition, and Figure 3.2 b shows its
top and bottom view. The transition is designed using a 0.81 mm thick RO4003
substrate with a dielectric constant of Er = 3.55 and a loss tangent of 0.002. In order
to excite the TE01 mode from the waveguide, excitation of transversal currents in
the x̂ direction is needed. A simple and direct ML-RW mode conversion can be
found in [40]. By using a single transversal patch with an approximate length of 1

2λg,
radiation with the proper polarization is achieved to excite the TE01 mode from the
RW. However, it is bandwidth limited. As a way to enhance this bandwidth, an array
of three overlapped transversal patches is proposed in this chapter, the length Lp of
the patches, the width Wp, inter-element distance dy and array position with respect
to the entrance of the RW y0 are jointly optimized to provide maximum bandwidth.
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Figure 3.2: Artist view of the Top-Side transition for (a) isometric view and (b) top and bot-
tom view.

Table 3.2: Dimensions in mm of each designed parameter for the top-side transition

Hsub 0.81 Wf 0.47 Wrw 4.5
dy 1.625 Wl 1.1 Lrw 8.8
Wp 2.67 Ll 1.35 Hrw 2
Lp 1.35 Lm 2.5 Hin 0.5
Y0 4.3 Wm 2.55 Win 1.2
rb 0.25 db 1.17

The overlapped patches offer an intrinsic higher bandwidth behaviour when compared
to a single patch element. The array is fed by a ML of width Wf , and it is matched
to a 50 Ω circuit with a stepped section of Wt × Lt. The entrance to the RW has
dimensions (Win×Hin), it should ideally be as little as possible to avoid leakage from
the RW but not short-circuiting with the ML; however, a considerable dimension
was chosen to be manufacturable. There are via holes of radius rb and periodicity db
surrounding the aperture of the RW that connects the RW to the ground plane of the
substrate; by reducing this periodicity, the insertion losses are not reduced.

The working principle of the BS transition is the same as the TS transition. The pa-
rameters are not exactly the same, as they were slightly re-optimized for this BS case,
see Table 3.3. Figure 3.3 shows the top view, bottom view, and isometric view of this
transition. The entrance of the ML along the bottom side is achieved by leaving a
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Table 3.3: Dimensions in mm of each designed parameter for the bottom-side transition

Hsub 0.81 Wf 0.44 Wm 2.55 Y0 4.4
dy 1.73 Wl 1.45 Lm 2.5 rb 0.25
Wp 2.77 Ll 1.2 Hrw 2 Wrw 4.5
Lp 1.33 db 1.17 C 0.15 Lrw 8.8
Ex 1.58

U-slot of width c around the ground. By adding a bias of radius rb at the edge of this
ML, we can connect and feed the overlapped patches from the other side, the TS. The
ground plane has an extension ofEx with respect to the narrow wall RW. The via holes
also have to be extended to the end of this ground plane, otherwise leakage through
x̂ direction will appear due to the currents excited by the U-slot.

Figure 3.3: Artist view of the Bottom-Side transition for (a) isometric view and (b) top and bot-
tom view.

This type of BS transition has an advantage with respect to the TS transitions involving
interference reduction, as the RF-chipset may be located at the opposite face from the
radiating elements. However, it comes with many disadvantages, as will be seen in
the next section.
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3.3 Main Results

A B2B transition was designed and manufactured at the UPC facilities for both TS and
BS designs. The PCB was fabricated using the standard photolithography technique,
and the RW assembly connection was manufactured using a CNC milling machine
(see Figure 3.4 a and 3.4) b). The two designs were measured with the vector network
analyzer ZNB-40 from Rohde-Schwarz.

In Figure 3.5a and 3.5b, the 73 mm long B2B input reflection coefficient and insertion
loss (IL) from both simulations and measurements are shown for TS and BS designs,
respectively. There is a good correlation between the simulations and measurements;
for the case of TS transition the design offers a measured −10 dB bandwidth ranging
from 24.25 GHz to 30 GHz (FBW of 21.2%) with a little portion of mismatched band
ranging from 26.35 GHz to 26.65 GHz at just −9.5 dB and a maximum B2B IL of
1.35 dB, which is 0.67 dB (half ) for a single transition. Note that the IL does not take
into account the propagation losses (1.3 dB for the 73 mm long ML), as it was already
taken away from both simulation and measurement plots. This portion of slightly
mismatched frequencies is due to a positional error of the holes that are used to attach
the WR-34 to the transition; obviously, the results would be much better if, instead
of a B2B transition, a direct single ML-RW transition was used to be measured.

(a) (b)

Figure 3.4: Top view and bottom view of the B2Bmanufactured TS transition (a) and BS transition
(b).
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(a) TS (b) BS

Figure 3.5: Top-side back-to-back (a) and Bottom-side back-to-back (b) S11 reflection coefficients
(left y-axis) in black and insertion losses S12 (right y-axis) in blue for themeasurements
and simulations

For the case of BS transition, the design offers a measured −10 dB bandwidth ranging
from 24.6 GHz to 31 GHz (FBW of 23%) and a maximum IL of 1.7 dB, which is
0.85 dB for a single transition. This IL is worse than the simulated one because of
slight manufacturing errors, as seen in the previous section, BS is less robust than TS.

Clearly, the TS offers much better and stable IL along the frequency band of operation.
Although for both cases there is a small portion of slightly mismatched frequencies
around the central frequency point, the TS design is a preferred option in terms of
IL, simpler manufacturing process, and robustness to fabrication errors.

3.4 Conclusions

A novel RW to ML transition using an array of three overlapped patches has been
designed and validated at the whole LMDS and K-band, but it can be perfectly scaled
up in frequency up to the 76-81GHz band without many problems. Two designs were
designed and manufactured using the same principle for both TS and BS integration.
The TS B2B transition offers a measured 21.2% of FBW with a maximum single tran-
sition IL of up to 0.67dB. The BS B2B transition offers 23% of FBW with a maximum
single transition IL of up to 0.85dB. Both TS and BS transitions offers a similar input
reflection coefficient, but a higher radiation leakage is found for the BS (2.7dB more).

The transition is designed and validated at the whole LMDS and K-band but it can
be perfectly scaled up in frequency up to the 76-81GHz band, for the case of the TS
transition there is an optimized geometry for the RO4003 substrate of 0.305mm thick
at W-Band, for the dimensions see Table 3.4 and for the simulated results see Figure
3.6.
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Table 3.4: Dimensions in mm of each designed parameter for the top-side transition scaled up to
W-Band

Hsub 0.305 Wf 0.13 Wrw 1.46
dy 0.61 Wl 0.4 Lrw 3
Wp 0.68 Ll 0.67 Hrw 2
Lp 0.4 Lm 1 Hin 0.2
Y0 1.67 Wm 0.69 Win 0.5
rb 0.25 db 0.4

Figure 3.6: Simulated S-Parameters for the top-side transition at 77GHz

The transition can be used as a chip TE10 mode launcher for feeding RW/GW an-
tennas.
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Chapter 4

Plastic Printed Prototype

4.1 Introduction

A plastic Rectangular-Waveguide (RW) antenna prototype with a transition from RW
to Microstrip-Line (ML) is presented in this chapter to show the industrialization
viability of the studied technology. At this stage of the thesis, we just realized that
horn antennas have a much higher potential for automotive radar sensors, the aperture
can be just enlarged in the H-plane offering a similar radiation pattern as required
by commercial radar sensor antennas, the gain can be controlled by adjusting this
aperture dimension, it is not resonant so the manufacturing errors won’t affect the
S11 parameters making them a perfect robust candidate for mass production using
plastic technology.

With respect to other 3D printed horn antennas, in [44] a fully 3D printed complex
corporate feeding network with 256 horns was successfully manufactured. However,
it was done by using direct metal laser sintering DMLS technique, which is an ex-
pensive option. 3D printed horns with conventional copper electrodeposition as a
metallization method like in [45] is a well-known and cost-effective option. How-
ever, transitions from the horn RW to ML are usually required to provide an effective
connection with the RF chipset which is not yet reported in any research.

The TS transition from previous section is integrated in (and used to validate) a 3D
printed phased array (PA) of H-sectorial horns with reduced blind scanning and a
simple metallization procedure, making the PA ready to be integrated with any RF-
chipset. In this case, the design was performed at the LMDS and K bands because of
the working band of the used RF-chipset. The measured results prove the feasibility
of the 3D printing technology for manufacturing complex active antenna systems like
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PA’s, which is similar to a radar.

4.2 Phased Array Design

In Fig. 4.1 an exploded view of the whole microstrip fed 3D printed PA of four active
H-Sectorial horns is shown. The antenna was designed to be attached through four
2.4mm coaxial cables to the F5288 digital beamformer from RENESAS, achieving
four active channels.

Figure 4.1: Exploded View of the whole design

It is composed of five different layers, L0, L1, L2, L3 and L4. The first layer L0 con-
sists of four 2.4mm female connectors attached to the ML printed on the RO4003C
substrate, that are used to feed the ML-RW transition presented in section II. Layer
L1 is a horn coupler that attaches layer L0 to layer L2. In turn, L2 is a support for
six H-sectorial horns, implemented on layer L3, through two M2.5 screwed holes.
Although a direct chip to ML integration would be a more elegant option to reduce
design complexity, bulkiness as well as cable losses, it is not the main goal of this re-
search but to demonstrate the feasibility of 3D printing technology for manufacturing
complex antenna systems like PA’s.

Only four horns are active, being the two lateral ones dummies placed in both sides
of the phased array in order to symmetrize the radiation pattern. The top L4 layer
consists of an arrangement of periodical nails to reduce the mutual coupling (MC)
between each horn antenna. Thus the blind scanning issue is minimized, maintaining

30



a -10dB matching of all the four active horns for a wide range of scanning angles related
to a progressive phase ranging from 0◦ to 140◦. The support, L1, L2, L3 and L4
were fully 3D printed with the printer Objet Connex 1 from Stratasys using material
jetting technique. The used photosensitive resin ink was RGD525 High Temp with
an electrical permitivitty of Er = 2.95 and a loss tangent of 0.0175. All the printed
materials except L2 are metallized using copper electrodeposition.

Six H-sectorial horns were designed and 3D printed, with dimensions shown in Fig.
4.2. The horns have height Lh, width Wh and thickness Wy. The entrance of the
horn has width XW and height Xh which was optimized in order to maximize the
bandwidth of the joint horn and transition design. The inner side of the horn is empty
in order to reduce the transmission losses of the EM fields, the thickness of the walls
of each horn is constant of value Wwall.

Figure 4.2: Horn Antenna (all dimensions in mm)

Only the outer lateral parts of the horn were metallized, which is a much simpler way
to guarantee a complete surface deposition of the copper than metallizing both outer
and inner parts as it is usually done.

A layer of mutual coupling reduction L4 was designed in order to reduce the well
known blind scanning problem [46] of phased arrays. This layer consists in using pe-
riodic nails pycorr of trapezoidal shape with squared bottom shape WAnail x WAnail

and top WBnail x WBnail of height Hnail. The periodic nails, also known as high
impedance surfaces are a preferred option when compared to λg/4 slits because of its
intrinsic wide-band behaviour.
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Figure 4.3: L4 Layer showing the corrugations used for blind scanning reduction of a phased
array

(a) (b)

Figure 4.4: Simulated input reflection coefficients for each port (a) without nails (b) with nails.
There are 6 traces per port belonging to the progressive phase from 0◦ to 140◦ at
26.5GHz

In order to find the optimal parameters to reduce the blind scanning problem, the MC
between adjacent horns has to be reduced. By just selecting two horns, each one with
a simulation port, it is possible to optimize its dimensions by finding the minimum
coupling between them. In Fig.4.4 we can see the comparison of the input reflection
coefficients between (a) without the nails and (b) with nails. For each port of the horn
there are 6 traces belonging to the progressive phase from 0◦ to 140◦ at 26.5GHz. We
can clearly see that port 4 becomes mismatched when a progressive phase along the
arrays differs from 0, which will clearly reduce the gain of the beamformer.
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4.3 Main Results

Figure 4.5: Entire manufactured phased array connected with the beamformer and ready to be
measured in the anechoic chamber

This section shows the experimental results of the designed PA. Fig. 4.5 shows the
manufactured and mounted PA connected to the beamformer, Fig. 4.6 shows the
results of the input reflection coefficients, Fig. 4.7 the scanning pattern of the phased
array in dB. In Fig. 4.6, the input reflection coefficients corresponds to each single
port (when measuring one port the rest remain unexcited). Note that measuring the
input reflection coefficient of each port when exciting all ports and using the beam-
former for scanning in the E-plane, was not possible with the setup. The measured
input reflection coefficients are all slightly shifted up in frequency with a wider band-
width behaviour, with an unexpected resonance at 31.25GHz. Only the radiation pat-
tern in E-Plane was measured for each scanning angle using the digital beamformer
at four different frequencies ranging only from 26.5GHz to 29.5 GHz because this
beamformer chip is limited to operate only in the LMDS band. Each channel of the
beamformer was calibrated as each cable’s curvature introduce different phases.
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Figure 4.6: Input reflection coefficient (for measured - - and simulated -) for each port indepen-
dently

Figure 4.7: Radiation pattern in the E-plane (for measured - - and simulated -) for six different
progressive phases α ranging from 0◦ to 140 ◦ at 26.5GHz.

The gain of the phased array was referenced to the measurement of a 20.8dB gain
horn antenna connected to one channel of the beamformer. The maximum amount
of Sidelobe Level (SLL) was measured to be 12dB for a progressive phase of 140◦,
which can be reduced because a uniform distribution among the channels was used
along the array.

4.4 Conclusions

A 3D printed phased array of four H-sectorial horns with minimized blind scanning
problem and easier to be metallized procedure has been proposed as a possible solution

34



for automotive radars. The antenna is non-resonant, highly integrable into RF-chips
and can be manufactured using plastic technology.

A ML to RW transition has been designed for the integration of the phased array with
a commercial digital beamformer in order to validate its functionality. The 3D printed
phased array was used to scan from 0◦ to 140◦ at the central frequency 26.5GHz in
steps of 28◦, totalling an amount of 6 patterns. The measured gain of the array was
15.2dB for the case of the broadside direction and a measured FBW of 20.8% for
the case of single port measurement. The results proof the feasibility of 3D printing
technology for the manufacturing complex antenna systems like PA’s in this case in
high frequency bands and its easy integration with RF-chips. A future improvement
would be to integrate the antenna directly with the beamforming chip to avoid the
use of coaxial interconnections which introduce additional losses and scale it up to
W-band.
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Chapter 5

Radome Integration

5.1 Introduction

ADAS sensors have to be integrated in the aesthetics of a car, such as Long range radars
(LRR) (76GHz-77GHz), Short range radars (SRR) (77GHz-81GHz), ultrasonic sen-
sors, LiDARS and cameras to keep the car’s aesthetics without loosing sensing capa-
bilities.

Figure 5.1: Audi A8 implementing different types of sensors such as LRR radars, SRR radars, ultra-
sonic sensors, LiDARS and cameras installed in different parts of the vehicle to sense
all the surroundings of the vehicles.

As we are focused in radar sensors, it is important to note that LRR are usually in-
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tegrated behind the emblem and SRR behind a bumper in the corner of a car. As
studied in the first chapter, the importance of the manufacturing tolerances are crit-
ical for an antenna design, the same applies for the radomes of a car. A deformed
plastic cover may result in a bad target detection and an accident when seen by the
radar.

In this chapter, the effects of the plastic cover to a radar are studied by using a ray
tracing algorithm called rAIdome, which is much faster than CST (the simulation
time is reduced from days to minutes) and can be used to optimize the geometry of
a radome or to evaluate it. As the plastic covers are usually deformed with tolerances
of up to ± 0.1 mm due to the injection molding process (IMP), it may result in fatal
Direction of Arrival (DoA) processing errors and big attenuations, a new software
called rACoder was developed along the thesis in order to assemble N (∼1000) virtual
deformed radomes from a virtual injection molded process. As the simulation time
through rAIdome is really fast, we can pass these N virtual deformed radomes from the
rACoder module to the rAIdome module and evaluate the scrap. Potentially saving a
lot of money to the company as it can be used to prevent and reduce the number of
failed pieces of a certain radome design.

5.2 rAIdome Software

rAIdome is a fast and efficient software developed for the evaluation and optimization
of the geometry of a radome. The physics used in the software are based on Snell’s law
using transmission line theory, full derivation of the equations can be found in [47]
and summarized in a simple matrix system form in [48] for the case of a single layer:

[
A B
C D

]
=

[
cosϕ j Z

Z0 sinϕ

j Z0
Z sinϕ cosϕ

]
(5.1)

Where the electrical length is ϕ = 2πd
√
ϵ−sin 2θ
λ , d is the width of the material, ϵ is

the relative permittivity and θ is the angle of incidence of the electromagnetic wave.
Z
Z0 is the ratio of impedance in the medium to that in free space, and is

√
ϵ−sin 2θ
ϵ cos θ ,

cos θ√
ϵ−sin 2θ

for the case of parallel and perpendicular polarization respectively.

The transmission coefficient and reflection coefficient is then :
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T =
2

A+B + C +D
,R =

A+B − C −D

A+B + C +D
(5.2)

In the case of a multilayered structure, its derivation is simply the multiplication of
the ABCD matrices from each layer :

[
A B
C D

]
=

[
1
] [
2
]
...
[
n
]
layers (5.3)

Having the transmission and reflection coefficients, we can discretize the whole aes-
thetic surface by pieces of dielectric slabs with equivalent widths and normal vectors:

Figure 5.2: The left side of the figure is an example of a multilayered discretized surface by k
nodes of n layers. At the right side we have the vectors used for the analysis of the
transmittance and reflectance of a single node. The incident electric field is decom-
posed in a new base formed by the vectors K,D,G, being K the vector of propagation,
D the vector tangent to the surface and G the vector perpendicular to K and D.

MkDG = [ k ,D ,G ] (5.4)

D = nx k (5.5)
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G = D x k (5.6)

The transmitted field of the Ray after passing the node is simply :

E⃗t = MkDG

1 0 0
0 T⊥ 0
0 0 T∥

 MT
kDG E⃗i (5.7)

By tracing rays from each node and projecting them to the plane where the radar is
located, we can predict the DoA and attenuation.

Figure 5.3: This figure shows the projected attenuation and phase on the antenna plane for an
angle of incidence of azimuth = 45◦ . Red crosses are the location of TX antennas
and green crosses represents RX antennas

The signal received by each antenna is just the weighted sum of received rays around
its center location, a first approach considering a Gaussian distribution weighting
function was assumed, whose standard deviation was adjusted in order to match the
effective receiving area of each antenna.

Once we have the signals for each antenna, the two way attenuation is just :

Att(Azimuth, elevation) =
1

nRX

∑
|T (pRxi)|

1

nTX

∑
|T (pTxi)| (5.8)
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And the DoA error is, if using linear regression algorithm :

θ = sin−1

(
sin θ − λ

2π

δ∠T ′

δd

)
(5.9)

Other DoA processing algorithms can be used depending on the radar such as Music,
Esprit, Capon, Barlett or FFT among others.

Figure 5.4 shows the validations by comparing rAIdome with the CST for three types
of different radome designs with different curvatures.

Figure 5.4: Validations by comparing rAIdome (-) with the CST (- -) for three types of different
radome designs (A, B and C). (a) shows the gain in (dB) and (b) shows the DoA error.

As we can see, there is a good correlation of the tendency for both DoA error and
attenuation with respect to CST.
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5.3 Conclusions

A new and fast efficient ray-tracing algorithm called rAIdome for the estimation of
the main radar KPIs was fully developed and validated, with a very good correlation
with the simulations done using CST. This algorithm can also be used to optimize
the geometry of a radome. When combined with the used radar, one can achieve an
optimum integrated solution.
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Chapter 6

Conclusions and Future Work

The work conducted in this thesis has achieved the goals presented in the motivation
and objectives section from the beginning.

- TE10 mode transmission line structures (Rectangular Waveguides (RW)/Groove
Gap-Waveguides (GGW)) are much more robust to manufacturing errors than Q-
TEM mode transmission line structures (Microstrip-Line (ML)/Ridge Gap-Waveguide

(RGW)). A robust vertical-GGW (V-GGW) series fed slot antenna ([IZ-I]) work-
ing in the W-Band is designed and validated showing good radiation performance;
12.15dB of realized gain, -16.5dB of SLL and 9% of fractional bandwidth (FBW). This
antenna can be clearly mass produced supporting errors of up to±0.1mm. Although
the manufacturing process was not validated using plastic technology because of the
limitations of the lab, it is still remaining for the future.

- Two types of ultra-wideband (UWB) transitions were designed [IZ-II] for the in-
tegration of waveguide-based antennas into RF-chips. By using three quarter wave-
length length overlapped transversal patches, ML to RW transition is achieved show-
ing 21.2% and 23% of FBW for top-side and bottom-side designs respectively, which
is much greater than previous similar transitions.

- A W-band transition was also designed and validated [IZ-III], with a more complex
manufacturing process due to the requirement of having a short-circuiting quarter
wavelength box. This transition shows that the one from [IZ-II] can be scaled up to
W-band too without problems.

- A 3D-printed plastic phased array (PA) of H-sectorial horn antennas [IZ-IV] work-
ing in Ka-band and using the top-side transition from [IZ-II] was successfully de-
signed and validated using a commercial beamforming chip. Showing the potential
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of plastic manufacturing processes on creating complex antenna systems like PA, with
no doubts can be performed for radar sensors too as the horns are non resonant struc-
tures.

- A new ray tracing software was fully implemented for the design of optimum radomes
in front of a radar sensor.

In this regard, it can be concluded that all the different technologies to create a plastic
injected radar antenna are well explored and validated showing that plastic manufac-
turing technology as well as the additional processes required such as metal coatings
are good candidates for the manufacturing of high demanding automotive antennas
with a great potential for mass production as required by the actual market. The inte-
gration of a plastic radar antenna in the aesthetics of a car can be optimally performed
by optimizing the radome in front of a radar so the main KPIs can be estimated very
fast.

There are few works remaining for the future that is combining all the explored tech-
nologies to make a plastic radar antenna prototype at the W-band (76GHz-81GHz),
integrate it with the chip and evaluate the DoA and attenuation when placing it be-
hind a radome. There has been some work done in this thesis using a MIMO config-
uration and H-sectorial horn antennas as radiating and receiving elements, with RW
distribution lines and transition to ML so it is ready to be connected with the radar
chipset through the Texas Instruments evaluation module (EVM) 1642, see Figure 6.1.

(a) Manufactured radar prototype (b) Exploded view of the radar prototype

Figure 6.1: Metallic prototype manufactured using CNC technology

However, the connection of the ML to the EVM was not successful because of the
limitations of our resources. A cooperation with an external company that is special-
ized in integrating custom antennas to the radar chipsets can be a possible solution
to our limitations. After validating this prototype using CNC milling machine, the
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final step would be comparing the results with a plastic prototype and integrating it to
an optimized radome, so all the explored technologies for injection molded antennas
would be validated at the same time.

45





Chapter 7

Publications

7.1 [IZ-I]

47



Received September 9, 2021, accepted October 10, 2021, date of publication October 13, 2021, date of current version October 19, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3119748

Technology Assessment of Aperture Coupled Slot
Antenna Array in Groove Gapwaveguide for
5G Millimeter Wave Applications
IVAN ZHOU , LLUÍS JOFRE , (Life Fellow, IEEE), AND JORDI ROMEU , (Fellow, IEEE)
Department of Signal Theory, Universitat Politècnica de Catalunya (UPC), 08034 Barcelona, Spain

Corresponding author: Ivan Zhou (ivan.zhou@upc.edu)

This work was supported in part by the Agencia Estatal Investigación under Grant PID2019-107885GB-C31/AEI/10.13039; and in part by
the Catalan Research Group under Grant 2017SGR219, Grant MDM2016-O6OO, and Grant DI2020-043.

ABSTRACT A compact triple-layer series fed slot unit array using Groove Gap Waveguide (GGW)
technology for 5G millimeter-wave applications is presented in this paper. The design employed a two-
step coupling mechanism for the radiating slots. The aperture coupling design when combined with the
groove gapWaveguide (GGW) technology allows achieving three different goals: First, a reduction of the
array size in the transversal direction, so more unit arrays can be added without grating lobes. Secondly,
low insertion losses with high radiation efficiency. And third, a reduction of the manufacturing complexity
with good stability against fabrication tolerances of up to 0.1 mm, making the design feasible to be massively
deployed. The antenna was fabricated and measured showing good agreement with the numerical simulation
results, the antenna provides a peak realized gain of 12.15dB at the central frequency of operation and a
fractional bandwidth (FBW) of 9%.

INDEX TERMS Compact antenna, series fed slotted array, 5G millimeter wave antennas, robust antenna.

I. INTRODUCTION
The increasing demand for high data speed, such as 8K
video streaming and virtual augmented realities is expected
to fold-1000 the data traffic in the upcoming decade [1].
Exploring new less-congested spectrum bands of high fre-
quencies such as the millimeter-wave (mmWave) bands
(30 - 300 GHz) is a promising solution to increase net-
work capacity. However, new architectures with densifi-
cation of small-cell technologies are required to mitigate
propagation losses, reduce interference and increasing cover-
age [2]. Such densification requires the extensive deployment
of dense wireless networks such as backhaul, for aggre-
gating and sending data traffic from the radio access to
the (wired) backbone segment or the cost-effective 5G smart
repeaters to ensure a complete wireless coverage in difficult
urban spots, among many other requirements. In this regard,
high-gain antennas robust to manufacturing tolerances are
required for the massive distribution of wireless network
nodes. 5G mmWave band comprises the FR2 band, with
frequencies ranging from 24.25GHz to 48.2GHzwhere smart

The associate editor coordinating the review of this manuscript and

approving it for publication was Mohammad Tariqul Islam .

repeaters and many backhaul applications work on. However,
the FR2 band for the latter one is not sufficient to deliver
today’s capacity peaks [3], offloading to E-band (71-76GHz
and 81-86GHz) spectrum is taking place.

In addition, a minimum antenna gain of 43 dB at
E-Band is imposed by the FCC to 5G Backhaul cells, which
requires a large antenna size such as 1-foot parabolic anten-
nas, compared to 5G smart repeaters only 22 dB is required.
Companies such as Ericsson and Nokia, alongside Avit and
Comsearch pushed to decrease the antenna gain requirement
to 38 dB in order to support smaller antennas, so integration
in equipment at the street level such as light poles can be
easier [4]. There is a clear trend to reduce the antenna size,
so a more compact solutions can be adopted. It is obvious
that gain requirements fix the minimum antenna dimension
but a technology with higher efficiency and smaller thick-
ness requirements will be preferred. More integrated solu-
tions have been proposed such as horn arrays [5], transmit
arrays [6], and lens antennas [7] but the size is still too bulky
to be easily fitted on urban equipment.

In this context, compact low-thickness, high-efficiency,
high-gain antennas with good fabrication tolerance stability
are required for 5G mmWave network deployments. When
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referring to very compact solutions traditional arrays are an
attractive solution and can be mainly classified into corporate
feeding networks and series fed arrays. The first is more com-
monly used for fixed point-to-point communications while
with the latter technique, a phased array solution can be
implemented making it more preferable.

Conventional series-fed arrays in a microstrip line can be
found in [8] and [9]. However, the losses with dielectric and
its uncertainties on the actual value of permittivity make it
difficult to correlate the measured results with the simulations
at these high frequencies. Waveguides can solve these prob-
lems as the dielectric is avoided by using four sealed walls
to guide the electromagnetic wave through the air medium.
Similar arrays in rectangular waveguide (RW) can be found
in the literature by implementing slots, and they are mainly
classified into two categories, vertical rectangular waveguide
(V-RW) or narrow wall slots [10] and horizontal rectangu-
lar waveguide (H-RW) or broad wall slots [11]. Regarding
V-RW, they offer more compactness in the antenna plane so
beam steering capabilities using λ/2 separated unit arrays can
be achieved without many dimensional restrictions as well as
a considerable reduction in sidelobe level (SLL). However,
the slots must be excited using a tilt angle as currents are in
counter phase every λg/2 [12], [13], which is highly undesir-
able as cross polarization (CPol) appears. Many studies have
been conducted in order to make these elements radiate in
phase while maintaining low levels of CPol by using parasitic
elements inside the waveguide to modify the current distribu-
tion [14]; however, a very demanding manufacturing preci-
sion is required and they are bandwidth limited. In addition,
fast prototyping of waveguides needs to be manufactured on
separate pieces, requiring perfect sealing when unifying them
in order to avoid leakage [15].

In this context, gapWaveguide (GW) has attracted attention
during the last decade, and the invention by S. Kildal offers
a contactless full metal two parallel plates guiding structure
solution by using an artifitial magnetic conductor (AMC)
at both sides of the transmission line, so all the electro-
magnetic energy is confined by the parallel plates and the
AMC [16]. The AMC can be achieved by rows of periodic
nails, although other conformations can be adopted such as
mushrooms type [17], with the only condition that the space
between the AMC and the parallel plate is smaller than λg/4.
Clearly, in this configuration, there is no need for an electrical
connection between the top and bottom conductive planes
of the waveguide, leading to a low loss and relatively easy
manufacturing process.

In order to benefit from the advantages of the GW tech-
nology, different designs have been reported in the literature,
which can be classified into two main groups, ridge gap-
Waveguide (RGW) [18] which is the most popular design
owing to its analogy to the microstrip line but in an inverted
form and GGW [19] with a working principle similar to
that of RW. There are two subgroups of GGW technology:
named horizontal groove gapWaveguide (H-GGW) and ver-
tical groove gapWaveguide (V-GGW). Some designs have

been made on H-GGW [20] but the size is too long in the
transversal direction of the array similar to H-RW. Only a
few works have been published to solve the problems of slot
excitation usingV-GGW, in [21] parasitic dipole elements are
used in the upper layer bymeans of an extra layer of substrate;
however, it only shows 2% FBW.

TABLE 1. Comparison with other similar works. The minimum separation
parameter from the fifth column is the minimum inter-array separation
achievable of the design, η is the measured efficiency.

In comparison to the antennas presented in the literature
(see Table 1), we propose a new method for exciting nar-
row wall slots from V-GGW without added manufacturing
complexity and a good fabrication tolerance stability of up
to 0.1 mm (corresponding to the tolerances of a conventional
manufacturing technique). The antenna consists of a triple-
layer structure with a novel aperture coupling mechanism
offering a linearly polarized, high efficiency (92.2%) with
a high measured FBW (9%) while being compact in the
transversal direction, so the gain can be simply increased by
just adding more unit arrays along the transversal direction of
the array without having large SLL.

The paper is organized as follows, in the next section II
the antenna structure and working principle are described,
section III shows a study of the tolerance in different GW
technologies and a comparison with a conventional design
of series fed array in RGW is made at simulation level,
in section IV the results of the measured prototype and
simulated ones are correlated and concluded in section VI.
In section V the limitations of the work done in this study are
also introduced.

II. ANTENNA DESIGN
The challenge in the development of new highly integrable
antennas for urban 5G mmWave wireless nodes raises the
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demand for new compact solutions with low fabrication
precision requirements, high efficiency, and high gain with
beam-pointing requirements in some scenarios. Series fed
slots in V-GGW technology were chosen as a good candidate
because of three main reasons. First, with only one excitation
port, all the elements radiate in phase, reducing the com-
plexity of the feeding network when compared to corporate
feeding. Second, the antenna is compact in the transversal
direction of the array, so gain can be increased by simply
adding 0.5λ spaced arrays in that direction without losing
beam steering capabilities. Finally, it offers an easy assembly
process.

A. SLOT EXCITATION PROBLEM
The slot elements from a series fed design in the narrow wall
of vertically oriented waveguide-related technologies cannot
be directly excited as stated in the introduction.

FIGURE 1. (a) V-GGW transmission line structure showing the electric
currents over the surface of the top wall in orange, they are in phase
every λg (b) Solution to excite λg spaced longitudinal slots in V-GGW
(c) Solution to excite 0.5λg spaced slots in V-GGW.

The currents from the topwall of theV-GGWare in counter
phase every 0.5λg and oriented towards the transversal direc-
tion of the transmission line (see Fig. 1). Longitudinal slots
can be implemented (see Fig. 1) (a) with a spacing of λg in
order to radiate in phase; however, this will result in large
grating lobes. A conventional method to keep the elements
radiating every 0.5λg as shown in Fig. 1 (b) is performed
by using tilted slots, however this will result in high levels
of CPol. Many studies have been carried out using intru-
sion elements or an extra layer of substrate-based radiating
elements as stated in the introduction an antenna with no

grating lobes and low CPol level can be achieved at the
same time. However, they are either bandwidth-limited or
require a high manufacturing precision. An isometric and top
view of the proposed unit array antenna for this study with
0.5λg radiating slots in V-GGW technology can be seen in
Figs. 2 and 3 respectively.

FIGURE 2. Isometric view. Bottom layer L1, middle layer L2 and top
layer L3.

FIGURE 3. Top view of the three different layers. In yellow it is
highlighted the input excitation port to the antenna prototype and
rc1, rc2, rc3 represent the radius of curvature of the flagged edges.

B. PROPOSED ANTENNA
The V-GGW antenna is mainly composed of three layers:
the feeding layer (bottom) L1, coupling layer (middle) L2
and radiating layer (top) L3, whose dimensions are listed in
Tab. 5. In the bottom layer L1 there is a direct transition from
WR-10 to GGW which consists of a slot (WW × LW × HW )
with corners of rc1 radius of curvature. An H-Plane power
divider [24] is used to make a central feeding possible in
order to achieve symmetrical fields at the radiating elements.
The power divider is matched through a stepped transition
inserted just below the middle layer L2 with dimensions
(Wt1 × Lt1 ×Ht1) and (Wt2 × Lt2 ×Ht2) as shown in Fig. 4.
The groove line (Wgr × Lgr × Hgr ) has rounded ends

with rc1 radius of curvature. All the energy from the guiding
line propagates through four slots (WLslot × LLslot ) from the
middle layer L2 with corners of tye rc2 radius of curvature.
These slots are approximately spaced λg from each other so
they radiate in phase and each one of them, excites two of
the eight λg/2 spaced slots of (WUSlot × LUSlot ) from the top
layer L3 with a curvature radius of rc3. In this manner, all the
slots radiate in phase with no grating lobes or high CPol level
problems.
A symmetrical optimized distribution was considered for

the radiating slots, where the intensity of the coupled fields
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FIGURE 4. Electric Field distribution in linear scale in the x = dx plane cut.

was adjusted by Lgr and the offset of the radiating slots
dx in order to achieve the lowest SLL while maintaining a
high FBW. Lower SLL distributions such as Chebyshev and
Taylor can be implemented using a non-uniform offset dx of
radiating slots from the top layer L3 to adjust the coupled
energy.

FIGURE 5. (a) With air gap = 0.25λ and (b) direct contact, being the height
of the nails of 0.95 mm, width of 0.5 mm and periodicity of 1.6 mm.

The central elements from layers L1 and L2 are surrounded
by a bed of nails with direct contact with the upper layer
and a small spacing p1 with respect to the groove line.
It acts as an AMC that prevents leakage through the sides
of the transmission line. The dimensions of the bed of nails
must be designed to ensure a good AMC performance at the
frequencies of interest. A fast calculation of the modes of
propagation can be performed by defining the unit cell of the
bed of nails via the eigenmode solver from the CST simulator.
In Fig. 5 the stopband of the AMC structure ranges from
60 GHz to 100 GHz if an air gap of 0.25λ is left between
the upper layer and the nails, and 0-100GHz if they are
in direct contact. If the nails are in contact with the upper
layer, one single row of nails would be sufficient as will be
demonstrated in the experimental section IV, resulting in a
more compact unit array (0.57λ of minimum width x 1.91λ
height). Two calibrated metallic screws (CalH ) were used to

prevent misalignment between the layers and two metallic
screws (SH ) to fix the separation between the layers.

III. TOLERANCE ANALYSIS
The massive deployment of antennas requires an important
analysis of the manufacturing tolerances. In order to ensure a
good radiation performance for N antennas with fabrication
tolerances of up to 0.1mm ( which is a standard manufac-
turing tolerance for many industrial technologies) at high
frequencies like E-Band is one of the main challenges that
this paper has focused on. Gap waveguide technology was
selected mainly because of its low loss and easy assembly
properties.

A. DESIGN
A first test consisted of a comparison between the impedance
stability of the three types of GW, the H-GGW, V-GGW and
RGW when introducing dimensional errors of ±0.1mm in
order to check the impedance stability of each technology.

FIGURE 6. Front view of the three main structures in GW technology that
are used to analyze the characteristic impedance stability. The AMC
structure dimensions are the same for (a), (b) and (c) with a constant air
gap g of 0.25 mm between the nail and the top metallic layer.

TABLE 2. Tolerance analysis of the characteristic impedance for each GW
technology.
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As we can see in Tab. 2, H-GGW and V-GGW show
similar impedance stability where the only critical dimension
is the length of the narrow wall, introducing approximately
7.5 - 8 % of relative errors. For the case of RGW, up to
27.5% of the relative error was reached owing to the height
of the ridge Hr , making RGW-related designs much more
critical to fabrication tolerances. To compare the stability of
the radiation pattern and input reflection coefficient with the
design of this study, a conventional series fed array in RGW
was simulated, as shown in Fig 7.

FIGURE 7. Series fed slot array in RGW design.

TABLE 3. Nominal dimensions of the antenna in RGW in mm. Parameters
marked with at least one * are used for the tolerance analysis.

The antenna also has eight series fed slots with a spacing
of approximately 0.5λg. Note that only a single layer of
radiating slots is needed to directly excite the elements in
phase. Lend is approximately 0.25λ so all the remaining power
is reflected back and a standing wave is created over the
array axis. A uniform distribution of the delivered power was
used with elliptical slots for bandwidth improvement. All the
dimensions of each parameter are summarized at Tab. 3, for
a complete description of a similar antenna, see [23].

B. ITERATION OF ERRORS
There are 13 dimensional parameters for the case of RGW
design and 31 dimensional parameters for the case of
V-GGW, assuming a uniform error distribution with only
three discrete values of −0.1, 0 and +0.1 mm, see Tab. 4,
for every single parameter this would result in a total amount
of 1.59 million and over trillions of combined errors respec-
tively, which is obviously not feasible to simulate.

A first analysis of the critical dimensions was carried out
to reduce this space of combinations. Errors of ± 0.1 mm
were applied to each parameter separately for the RGW and
V-GGW, resulting in 26 and 54 input reflection coefficients,

TABLE 4. Linear sweep used for each dimensional parameter. Each point
represents the value that one parameter can get in the whole combined
sweep.

FIGURE 8. Simulated input reflection coefficients by adding
independently +0.1 mm and −0.1 mm of errors to each dimensional
parameter while keeping the rest ones in nominal dimension.

the parameters used in this first study are marked with at least
one * in Tab. 3 and Tab. 5 respectively. Some parameters
were not included in the tolerance analysis such as the cur-
vature radius (rc1, rc2, rc3) because it is related to the shape
rather than dimensional error and, the height of the feeding
port (HW ) because it does not affect the impedance of the
structure. Parameters from the Tabs. 3 and 5 marked with
a double * are the most critical ones in terms of reflection
coefficients seen at Fig. 8 (a) and (b) respectively, resulting
in a penalty of greater than 15% of FBW reduction if taking
into account that the only valid bands for both designs are
those marked by the input reflection coefficient when using
nominal dimensions. For V-GGW the critical parameters are
the length of the slots from each layer LLslot and LUSlot ,Wnail
and p1. For the case of RGW the results are much worse
(>50% of the FBW penalty) with any parameter. Only these
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parameters are selected for the final study using combined
errors and are plotted in Figs. 9 and 10.

FIGURE 9. Input reflection coefficients for the main combination of errors
in color, the black trace corresponds to the simulated antenna with
nominal dimensions.

For the case of the input reflection coefficients in this
V-GGW design, 89% of the combined errors guarantee a
frequency range from 74.25GHz to 80GHz, resulting in a
7.5% secured FBW. Clearly, V-GGW shows much better
tolerance stability than RGW, as predicted previously in the
Design subsection.

Only pattern stability for the design in V-GGW is rep-
resented in Fig. 10 because the results are well-matched,
showing good pointing stability as well as realized gain.
An increase of up to 7.5dB in SLL was due to the errors
related to the slot spacing dYup from the top layer L3.
Of course, if considering misalignment errors between each
layer, wewill have a worse response in terms of SLL although
it has almost no impact on the input reflection coefficients.

IV. EXPERIMENTAL RESULTS
The antenna was manufactured using two different methods.
L1 and L2 were fabricated using a standard CNC milling
machine from the UPC facilities.

FIGURE 10. V-GGW design radiation pattern cuts for the main
combination of errors in color, - corresponds to the simulated antenna
with nominal dimensions. The tolerance of the pattern for the design in
RGW was not included as the input reflection coefficients are very
mismatched.

FIGURE 11. Manufactured antenna at the head of the PNA N5222A
network analyzer.

TABLE 5. Summary of the main antenna dimensions and the deviations
in the fabricated one in mm. The errors for the case of the slots and nails
are the maximum errors. Parameters marked with at least one * are used
for the tolerance analysis from section III.

L3 was fabricated externally using laser cutting technol-
ogy as the width of the slots was too thin to be performed
at our facilities. Fabricated dimensional errors are listed in
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Tab. 5, which were measured using the Nikon Measurescope
MM-11 with a precision of 10um. Pictures showing the main
fabricated parts of the structure are shown in Fig. 12.

FIGURE 12. Manufactured antenna seen by the microscope, showing the
main parts of the structure.

The most deviated errors were caused by the displace-
ment of the L3 layer (DispX3 and DispY3), the connection
of the WR10 (WW ) to the waveguide structure, the width of
the slots WLslot of L2 and dimensions (height × length) of
the stepped matching element (Ht1 × Lt1) and (Ht2 × Lt2)
with a deviation up to 0.15 mm. The reason for the large
displacement off L3 was the positional error of the calibrated
and screwed holes. Measurements were performed in a 4 ×
4 × 3 m3 room from the UPC facilities, with a proper time
gating post-processing technique, the reflections inside the
room can be filtered out [25]. The measurements and sim-
ulations using CST Studio software included the reflection
coefficients and realized gain patterns, which were cut at
77 GHz, and are shown in figures 13,15 and 16.

FIGURE 13. Input reflection coefficients of the antenna. In black a double
row of nails for the AMC is used and in red color corresponds to the
simulated antenna by just using only one row of nails to show that it can
be compact in the transversal direction of the array. Discontinuous
lines (- -) are the measured results while continuous lines (-) are
simulated results.

There is a good correlation between the measured
input reflection coefficient (74.5GHz - 81.25GHz) and the
simulated one (74GHz - 81.5GHz). A portion of mismatched

FIGURE 14. Left vertical axis corresponds to the efficiency in black and
the right axis corresponds to the realized gain in blue color.
Discontinuous lines (- -) are the measured results while continuous
lines (-) are simulated results.

frequencies ranges from 79.25 to 80.75 GHz at only−9.1 dB.
The design was performed using a double row of nails with
direct contact with the upper layer, which would result in
large dimensions in the transverse direction of the array.
However one single row of nails is sufficient, resulting in a
more compact form (0.57λ width × 1.91λ height) without
altering the results (see Fig 13). The stability of the gain
versus frequency for the whole band is shown in blue in the
right axis of Fig. 14, with a maximum gain reduction down
to 11dB at 79GHz. In the same Fig. 14 we can also see the
efficiency of the antenna in black color which was measured
to be greater than 90% for the whole band ranging from
74GHz to 81GHz.

FIGURE 15. Radiation pattern cuts at E-plane, - corresponds to the
simulated antenna, and - - corresponds to the actual measured prototype.

A realized gain of 12.15 dB was measured which also
showed good agreement with the simulations for both planes
at 77GHz. A simulated SLL of −18.5dB in H-plane was
increased up to −16.5 dB at θ = −28 deg in the measure-
ments caused by the misalignment of the radiating layer l3
with respect to the other two ones, leading to a non-perfect
symmetrical field distribution among the radiating slots.

V. LIMITATIONS OF THE STUDY
In this paper we show a new method for exciting series fed
slot arrays in V-GGW, although the design is easy to be scaled
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FIGURE 16. Radiation pattern cuts at H-plane, - corresponds to the
simulated antenna, and - - corresponds to the actual measured prototype.

to a larger aperture antenna for 5G mmWave applications by
just adding more arrays, there are some remaining studies to
be done.

First, when scaling to N arrays spaced at 0.57λ (minimum
achievable inter-array space with this design), a compact
distribution network needs to be designed.

Second, only eight elements were used in the series-fed
array. For achieving high gain levels required by future 5G
mmWave applications, further studies have to be carried out
by using more array elements depending on the specific 5G
mmWave application and see its impact on the FBW and the
tolerances in order to simplify its scalability.

VI. CONCLUSION
A single compact series-fed array antenna using a novel aper-
ture coupling mechanism in V-GGW technology has been
proposed. The measured gain of the antenna was 12.15dB
by comparing it to a standard horn antenna of 23.5dB. The
efficiency at 77GHzwas measured to be 92.25% by assuming
a directivity similar to the simulated one (12.5 dB). The
antenna offers a simulated FBW of 10% which is reduced to
9% when measuring it.

The antenna shows good stability against fabrication errors
of up to 0.1 mm for both input reflection coefficients and
radiation pattern, which is much better than the design in
RGW. It provides a minimum realized gain of 12.1dB at
77GHz for theworst case of combined errors at the simulation
level and offer good tilting stability. The radiating aperture
of the antenna can be increased by adding more unit arrays
to increase the directivity and the frequency can be scaled
depending on the specific application of future 5G mmWave
wireless networks requiring massive deployments.
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Abstract: An ultrawideband rectangular waveguide to microstrip line transition operating at the
whole LMDS and Ka band is presented. The transition is based on exciting three overlapped
transversal patches that radiate into the narrow wall of the waveguide, making the design feasible to
be used in λg/2 spaced phased arrays. Both top-side and bottom-side versions were designed and
compared to show their differences. They were validated by means of a manufactured back-to-back
(B2B) configuration, with a measured fractional bandwidth of 21.2% (top-side) and 23% (bottom-
side). The maximum single transition measured insertion losses were 0.67 dB (top-side) and 0.85 dB
(bottom-side) in the whole band of operation.

Keywords: ultra-wideband; millimeter-wave; beamforming

1. Introduction

With the upcoming 5G millimeter-wave (mmWave) communication, a clear enhance-
ment of the data speed, latency, and network efficiency is expected [1]. Transmission losses
at these frequency bands are high [2,3], which requires the use of low loss transmission
lines and antennas such as rectangular waveguide (RW) and horns, for example [4]. In ad-
dition, packaging and integration of low loss antennas into the RF chipsets or connectors
often require microstrip-to-waveguide transitions, making the design more integrated and
compact [5,6].

There are three main type of transitions: inline [7,8], bottom-side (BS) [9–11], and
top-side (TS) [12–16]. For the case of inline transitions, the direction of propagation of the
fields for both microstrip line (ML) and RW are the same, whereas for the TS and BS, their
directions are perpendicular. In the case of TS, the ML and the RW are on the same face of
the substrate, whereas for the BS the ML and the RW are on opposite faces, which may be
necessary depending on the design requirements.

Inline transitions have the advantage of offering huge bandwidth with low insertion
losses (IL). In [8], a tapered ridge along the axis of the RW was proposed, covering the whole
Ka-band, but it requires the RW to be fabricated in two separate pieces and the substrate to
be suspended in the air; in order to guarantee a good performance, a solid substrate must be
implemented. In [10], a BS transition was proposed via proximity coupling through a patch
antenna, although it offers 18% of fractional bandwidth (FBW), it requires perpendicular
input/output ports from the large wall of the RW, which makes the design bulkier. In [11],
this FBW is highly increased to 33.3% by means of an E-plane probe, but side feeding is
needed, which also shows the same disadvantages as inline transitions. In [14], this large
wall is avoided with a narrow-wall design consisting of a V-shaped aperture coupled patch;
however, only 7.5% of FBW is achieved. TS RW to ML transitions are also explored as
in [15], where the RW is excited through a transversal patch antenna coming from the
narrow wall; however, intrusion elements inside the RW have to be carefully inserted in
order to enhance the FBW from 11% to 15%, which increases the fabrication complexity.

Sensors 2022, 22, 2964. https://doi.org/10.3390/s22082964 https://www.mdpi.com/journal/sensors
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This intrusion element is avoided in [16] through a patch fed by a coupled ML, but only
11% of FBW is achieved.

In comparison with the transitions presented in this paper, a narrow-wall ML-RW
transition is designed and validated using a manufactured back-to-back (B2B) configuration
that can work for both TS and BS at the same time without increased manufacturing
complexity. The transition consists of an ML that feeds an array of three overlapped
transversal patches from the narrow wall of the RW, offering a much higher bandwidth
when compared to similar presented work. The design shows a FBW of 21.2% for the TS
design and 23% for the BS design.

2. Transition Design

The focus of this first section consists of the conversion of the Q-TEM mode of a
50 Ω ML [17] to the TE01 mode of a WR-34 (Wrw × Lrw) [18]; a detailed description of the
working principle will be given in Section 2.1 for the case of the TS transition where the RW
is located on the same side of the substrate as the ML. In Section 2.2, a BS transition using
the same working principle will be presented by just adding a metallic bias to connect the
TS ML with the BS ML. Both TS and BS transitions will be compared in Section 3 to show
the advantages and disadvantages of each type of transition, as depending on each design
requirement, TS or BS will be needed.

2.1. Top-Side Transition

Figure 1a shows the isometric view of the transition, and Figure 1b shows its top and
bottom view. The transition is designed using a 0.81 mm thick RO4003 substrate with a
dielectric constant of Er = 3.55 and a loss tangent of 0.002.

Figure 1. Artist view of the Top-Side transition for (a) isometric view and (b) top and bottom view.

A full-wave electromagnetic simulation tool, CST Microwave Studio, is used for its
optimization. In order to excite the TE01 mode from the waveguide, excitation of transversal
currents in the x̂ direction is needed. A simple and direct ML-RW mode conversion can
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be found in [15]. By using a single transversal patch with an approximated length of 1
2 λg,

radiation with the proper polarization is achieved to excite the TE01 mode from the RW.
However, it is bandwidth limited. As a way to enhance this bandwidth, an array of three
overlapped transversal patches is proposed in this paper, the length Lp of the patches,
the width Wp, inter-element distance dy and array position with respect to the entrance
of the RW y0 are jointly optimized to provide maximum bandwidth. The overlapping of
these 0.2λg length patches is crucial for the excitation of transversal Jx̂ currents. In Figure 2
we show a sketch of the current distribution at the central frequency of 26.5GHz along the
patches (a) without the middle patch (no overlapping) and (b) with the middle patch (with
overlapping). As we can see in Figure 2a, which is the transition with the parameters from
Table 1 but without overlapping, the Jx̂ transversal currents are not excited by the patches
at the central frequency f0, because the effective length of the patches is not close to 1

2 λg.

Table 1. Dimensions in millimeters of each designed parameter for the top-side transition.

Hsub 0.81 W f 0.47 Wrw 4.5

dy 1.625 Wl 1.1 Lrw 8.8

Wp 2.67 Ll 1.35 Hrw 2

Lp 1.35 Lm 2.5 Hin 0.5

Y0 4.3 Wm 2.55 Win 1.2

rb 0.25 db 1.17

With the introduction of a central patch element that overlaps with the other two
from Figure 2a (see Figure 2b), the path of the currents along the transversal x̂ direction is
effectively enlarged, from 0.2λg to 0.4λg, exciting in phase Jx̂ currents at lower frequencies,
so the Q-TEM mode from the ML is directly converted to the TE01 mode for the RW as a
result of the radiation of the array into the RW. Note that the currents are diagonal, so the
path that the currents are taking to travel is slightly larger than 0.4λg. In Figure 3 we can
see the resonance frequencies for both cases with the presence of the RW.

Figure 2. Top view of the current distribution at f0 = 26.5 GHz of (a) the transition without overlap-
ping, (b) the transition with overlapping.

The overlapped patches offer an intrinsic higher bandwidth behaviour when compared
to a single patch element. The array is fed by a ML of width W f , and it is matched to a
50 Ω circuit with a stepped section of Wt × Lt. The entrance to the RW has dimensions
(Win × Hin), it should ideally be as little as possible to avoid leakage from the RW but
not short-circuiting with the ML; however, a considerable dimension was chosen to be
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manufacturable. There are via holes of radius rb and periodicity db surrounding the aperture
of the RW that connects the RW to the ground plane of the substrate; by reducing this
periodicity, the insertion losses are not reduced.

Figure 3. Input reflection coefficients without overlapping (black) and with overlapping (red).

2.2. Bottom-Side Transition

The working principle of the BS transition is the same as the TS transition. The pa-
rameters are not exactly the same, as they were slightly re-optimized for this BS case, see
Table 2. Figure 4 shows the top view, bottom view, and isometric view of this transition.
The entrance of the ML along the bottom side is achieved by leaving a U-slot of width c
around the ground. By adding a bias of radius rb at the edge of this ML, we can connect
and feed the overlapped patches from the other side, the TS. The ground plane has an
extension of Ex with respect to the narrow wall RW. The via holes also have to be extended
to the end of this ground plane, otherwise leakage through x̂ direction will appear due to
the currents excited by the U-slot.

Figure 4. Artist view of the Bottom-Side transition for (a) isometric view and (b) top and bottom view.
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Table 2. Dimensions in millimeters of each designed parameter for the bottom-side transition.

Hsub 0.81 W f 0.44 Wm 2.55 Y0 4.4

dy 1.73 Wl 1.45 Lm 2.5 rb 0.25

Wp 2.77 Ll 1.2 Hrw 2 Wrw 4.5

Lp 1.33 db 1.17 C 0.15 Lrw 8.8

Ex 1.58

This type of BS transition has an advantage with respect to the TS transitions involving
interference reduction, as the RF-chipset may be located at the contrary face from the
radiating elements. However, it comes with many disadvantages, as will be seen in the
next section.

3. Simulated Results

Simulations involving a parametric study were carried out for both TS transition (see
Figure 5) and BS transition (see Figure 6) to show a better understanding of the sensitivity
of each parameter.

Figure 5. Top-side parametric study of S-parameters (a) input reflection coefficient (b) insertion losses.

Figure 6. Bottom-side parametric study of S-parameters (a) input reflection coefficient (b) inser-
tion losses.

We can see that the input reflection coefficient for both designs are very similar, ranging
approximately from 23.75 GHz to 30 GHz. However, the maximum insertion losses (IL) for
the BS are slightly worse (−0.65 dB) than for the TS (−0.4 dB) along the frequency band of
operation. For the case of TS transition, we can clearly see two main resonant frequencies
at 24.8 GHz and 29 GHz. The lower resonance frequency is controlled by the patch’s length
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Lp, whereas the upper resonance frequency is controlled by the patch’s width Wp. Both
resonant frequencies can be simultaneously shifted by adjusting the dy. For the case of BS
transition, Lp also controls the lower resonance frequency, Wp controls both resonances as
well as dy. We can also see that the sensitivity of the insertion losses against these parameter
changes are much higher for the BS case; we see a maximum penalty of up to 0.4 dB for the
dy − 0.1 mm trace, and only 0.2 dB for the Lp + 0.03 mm trace from the TS case.

In Figure 7 we plot the leaked radiation for both TS and BS transitions. This simulation
consists of placing both ML and RW ports and plotting the far-field when exciting the ML
port. The leakage for the TS is −10.28 dB, whereas that for the BS is higher, peaking at
−7.6 dB. In order to reduce this, the slot’s width c from this ground should be as small as
possible; however, it would not be viable to be manufactured. Another way to reduce this
leakage is by inserting a quarter wavelength metallic box to enclose this slot [19].

Figure 7. Simulated radiation leakage for the nominal case for both (a) TS and (b) BS transitions.

The TS transition shows better input reflection coefficients, insertion losses, and
radiation leakage performance.

4. Assembly and Measurements

A B2B transition was designed and manufactured at the UPC facilities for both TS
and BS designs. The PCB was fabricated using the standard photolithography technique,
and the RW assembly connection was manufactured using a CNC milling machine (see
Figures 8 and 9). The two designs were measured with the vector network analyzer ZNB-40
from Rohde-Schwarz.

In Figures 10 and 11, the 73 mm long B2B input reflection coefficient and IL from both
simulations and measurements are shown for TS and BS designs, respectively. There is a
good correlation between the simulations and measurements; for the case of TS transition
the design offers a measured −10 dB bandwidth ranging from 24.25 GHz to 30 GHz (FBW
of 21.2%) with a little portion of mismatched band ranging from 26.35 GHz to 26.65 GHz at
just −9.5 dB and a maximum B2B IL of 1.35 dB, which is 0.67 dB (half) for a single transition.
Note that the IL does not take into account the propagation losses (1.3 dB for the 73 mm
long ML), as it was already taken away from both simulation and measurement plots. This
portion of slightly mismatched frequencies is due to a positional error of the holes that are
used to attach the WR-34 to the transition; obviously, the results would be much better if,
instead of a B2B transition, a direct single ML-RW transition was used to be measured.
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Figure 8. Top view and bottom view of the B2B manufactured TS transition.

Figure 9. Top view and bottom view of the B2B manufactured BS transition.

For the case of BS transition, the design offers a measured −10 dB bandwidth ranging
from 24.6 GHz to 31 GHz (FBW of 23%) and a maximum IL of 1.7 dB, which is 0.85 dB for a
single transition. This IL is worse than the simulated one because of slight manufacturing
errors, as seen in the previous section, BS is less robust than TS.

Clearly, the TS offers much better and stable IL along the frequency band of operation.
Although for both cases there is a small portion of slightly mismatched frequencies around
the central frequency point, the TS design is a preferred option in terms of IL, simpler
manufacturing process, and robustness to fabrication errors.
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Figure 10. Top-side back-to-back S11 reflection coefficients (left y-axis) in black and insertion losses
S12 (right y-axis) in blue for the measurements and simulations.

Figure 11. Bottom-side back-to-back S11 reflection coefficients (left y-axis) in black and insertion
losses S12 (right y-axis) in blue for the measurements and simulations.

5. Comparison with Other Work

Table 3 shows the comparison with other related work. There are mainly three types of
transitions as described in the introduction: inline, BS and TS. The wall column refers to the
feeding of the ML through the RW, whereas the back-short column refers to whether a back-
shorting cavity is needed. Inline transitions [8] provide much higher FBW (33.3%) with low
IL (0.6 dB) with the cost of having to manufacture the RW in two separate pieces as the ML
is inserted along the axis of the RW, so it remains floating inside the RW, which requires
solid substrates. Although it has brilliant performance, the direction of propagation of the
fields along the RW is aligned with the one in the ML, which may not be useful depending
on the design requirement.
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Table 3. Similar work that can be found showing the comparison of B2B parameters like minimum
IL, maximum IL, FBW, and the operating band.

Work Type Wall Max IL FBW Band Backshort

[8] Inline Aligned 0.6 dB 33.3% Ka Yes

[10] BS Broad NA 18% W No

[14] BS Narrow 0.7 dB 7.5% W No

This Work BS BS Narrow 0.85 dB 23% LMDS, Ka No

[15] (A) TS Narrow 1 dB 15% W No

[15] (B) TS Narrow 1.1 dB 11% W No

[16] TS Narrow NA 11% W No

This Work TS TS Narrow 0.67 dB 21.2% LMDS, Ka No

Perpendicularity between the direction of propagation of the fields in the ML and
the RW are often required, making the designs easier to manufacture, for example, horn
antennas that are usually placed above the PCB. That is why TS and BS transitions may
be preferred. In [10], a broad wall BS transition was designed with an FBW of 18%, but it
is bulky in the transversal direction of the ML, which may be inconvenient for many
applications related to phased arrays, for example. TS or BS narrow wall transitions are
mainly limited by the bandwidth. The highest one found in the literature reaches only
up to 15% of FBW for the TS and only 7.5% for the BS. In both designs of our work, we
achieved a much higher FBW, 21.2% and 23%, respectively. Although for the BS case, the IL
is just 0.15 dB worse, the TS case is greater for both IL and FBW.

6. Conclusions

A novel waveguide to microstrip transition using an array of three overlapped patches
has been designed for its integration with the RF chipset. Two designs were designed
and manufactured using the same principle for both TS and BS integration. The TS B2B
transition offers a measured 21.2% of FBW with a maximum single transition IL of up to
0.67 dB. The BS B2B transition offers 23% of FBW with a maximum single transition IL of
up to 0.85 dB. Both TS and BS transitions offers a similar input reflection coefficient, but a
higher radiation leakage is found for the BS (2.7 dB more).

The transition is suitable to be used for the whole LMDS and K-band for 5G millimeter-
wave applications requiring low cost and high bandwidth for the integration of cir-
cuits/antennas requiring RW interfaces, or RW-antennas requiring feeding from ML, such
as horn antennas.
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Abstract—In this paper, an ultrawideband microstrip to 
narrow wall waveguide transition operating at the E-Band is 

presented. The transition is based on exciting a microstrip 
folded dipole which radiates into the waveguide. The back-to-
back transition provides a fractional bandwidth (FBW) of 20% 

and measured insertion losses (IL) ranging from 0.65dB to 
1.35dB in the whole band of operation.  

Index Terms—antennas, transitions, 5G millimeter wave. 

I.  INTRODUCTION  

The fifth generation (5G) millimeter-wave (mmWave) 

communication is a promising solution to provide high data 

speed, low latency, and network efficiency. However, 

although a higher frequency allocation comes with inherent 

greater bandwidth to face the demand on network capacity, 

the propagation losses will also increase limiting the 

coverage area of 5G wireless networks. New architectures 

involving densification of small-cell are required to face the 

above-mentioned problems such as backhaul systems, 

responsible for sending data traffic from the radio access to 

the backbone segment.  5G mmWave band comprises the 

FR2 band, with frequencies ranging from 24.25GHz to 48.2 

GHz. However, the FR2 band for the latter one is not 

sufficient to deliver today’s capacity peaks [3], offloading to 

E-band (71-76GHz and 81- 86GHz) spectrum is taking place. 

 

In this regard, high gain and wideband antennas are required 

to face the 5G mmWave demands. Microstrip antennas are an 

attractive solution owing to its compactness, increasing the 

demand for waveguide-to-microstrip transitions to provide an 

effective connection between microstrip devices and the 

antenna feeds which are commonly designed in waveguide 

structures. 

 

In this context, [1] proposed a backshort-less microstrip to 

waveguide transition via proximity coupling through a patch 

antenna, although it offers good fractional bandwidth (FBW) 

of 18.2%, it is fed from the broad-wall of the waveguide 

which may be an inconvenient if a feeding of more than two 

�/2 spaced arrays is required. Narrow wall waveguides to 

microstrip transitions are advantageous due to the 

compactness in the transversal direction of the excitation port 

and can be classified into top-side or bottom-side depending 

on the location of the transition element. For the case of top 

side  narrow wall transitions, in [2] the waveguide is excited 

through a transversal patch antenna; however, intrusion 

elements inside the waveguide have to be inserted in order to 

enhance the bandwidth from 11% to 15%. This intrusion 

element is avoided in [3] by using a patch fed through a 

coupled microstrip line.  

 

When regarding bottom-side transitions, all the RF 

components can be placed below the substrate, with a high 

reduction of the interference. In [4] a V-shaped transition is 

shown, although it avoids the implementation of a 

backshorting cavity, only 4.1% of FBW is achieved. By using 

a magnetic coupling semiring the FBW can be enhanced up 

to 35%; however, insertion losses up to 1.94dB are achieved.  

 

In comparison with the transitions presented in this paper, a 

bottom side narrow wall microstrip to waveguide transition 

is designed by using a folded dipole antenna, offering lower 

insertion losses (peak of 1.35 dB) and huge FBW (20%) 

covering the whole 72.75 GHz - 89.5 GHz for 5G mmWave 

backhaul applications.  

 

A. Transition Design 

 

The transition was designed on a 0.25mm thick RO3003C 

substrate, with the standard rectangular waveguide WR-10 

(1.55 mm x 3.1 mm) as an excitation port. The other port  

Fig 1. Isometric view 

 

consists in a microstrip line of Wm width, with a quarter 

wavelength matching step of Wl x Ll. The entrance of the 

microstrip line is done by a rectangular hole of dimensions 

Wwr x Hin. A quarter wavelength backshorting metallic box 
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was designed to prevent leakage from the transition. There is 

a T-shaped dipole antenna with folded arms of Lt x Win and 

Ydip x Win, as a half-wavelength dipole antenna would be 

 

Fig 2. (a) Top and (b) Bottom view of the transition. 

Discontinuous lines are showing the out of sight parts of the 

structure. 

 

too large along the narrow wall of the waveguide. A balun 

consisting of a tapering in the ground plane is used to 

symmetrize the currents on both arms. The tapering was 

optimized by adjusting the curvature radius R and the center 

of this curvature Yr. 

B. Antenna 

A series fed transversal polarized patch array was also added 

to the microstrip transition to fully validate its functionality. 

 

Fig 3. Series fed array design with the transition 

The array consists in eight ��/2 (0.92 mm) spaced patch 

antennas, with total length of Lp and symmetrical width 

distribution (W1,W2,W3 and W4). The widths and length 

were optimized to provide the maximum bandwidth while 

offering a decent realized gain. 

II. RESULTS 

 

A back-to-back assembly consisting of a transmission line of 

160 mm long was manufactured using standard techniques to 

check the insertion losses of the transition.  

Fig 4. Manufactured back-to-back transition. (a) with the 

backshorting and (b) without backshorting. 

 

As we can see in fig 5, there is a good correlation between the 

simulated results and the measured results. The losses due to 

the transmission line are excluded from both simulated and 

measured results. Even that, the measured insertion losses are 

worse than the simulated ones due to the losses on the copper 

,the limited manufacturing precision and the insertion losses 

of the WR-10. 

Fig 5. Comparison between the measured (--) and simulated 

(-) S-Parameters 

      
(a)                                      (b) 

 

  

 
 

                                                  (a) 

 

 
 

                                                  (b) 
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The transition is well matched in the whole 72.75 GHz – 89.5 

GHz providing a measured FBW of 20%. The series fed 

antenna including the transition to WR-10 was also 

manufactured at the UPC facilities, its radiation pattern was 

measured in a 3x3x3 �� room where a frequency gating  

Fig 6. Manufactured antenna mounted over the transition. (a) 

with backshorting and (b) without backshorting. 

postprocessing algorithm was applied to retrieve the radiation 

pattern without the interference of the reflections inside the 

room. The antenna was designed to work in the 76.5 GHz – 

87 GHz band with a realized gain of 11dB. There is a good 

correlation between the simulated and measured input 

reflection coefficient. However, there are few bands that are 

mismatched (above -10dB) caused by the precision of the 

manufacturing process.  

 

Fig 7. Input Reflection coefficient of the antenna including 

the transition 

 

The measured radiation patterns for both H-plane and E-

plane show less realized gain due to the insertion losses of the 

transition. Up to 0.8dB of gain penalty were achieved. 

 

Fig 8. E-plane radiation pattern cut 

 

Fig 9. H-plane radiation pattern cut 

 

III. CONCLUSIONS 

A simple compact ultrawideband microstrip to waveguide 

transition was designed and validated in the lab. The transition 

works in the whole 72.75 GHz – 89.5 GHz band offering a 

FBW of 20%, with an insertion loss peak of 1.35dB and 

minimum of 0.65dB at the central frequency of operation 

(81.12 GHz). The transition was further validated using a 

microstrip antenna and a gain penalty of up to 0.8dB was 

noticed in the measurements.  

 

This transition is a promising solution for the next E-Band 

backhaul systems as high-powered devices are supported 

mainly by waveguide connectors. 
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Abstract: A 3D-printed phased array consisting of four H-Sectorial horn antennas of 200 g weight
with an ultra-wideband rectangular-waveguide-to-microstrip-line transition operating over the
whole LMDS and K bands (24.25–29.5 GHz) is presented. The transition is based on exciting three
overlapped transversal patches that radiate into the waveguide. The transition provides very low
insertion losses, ranging from 0.30 dB to 0.67 dB over the whole band of operation (23.5–30.4 GHz).
The measured fractional bandwidth of the phased array including the transition was 20.8% (24.75–
30.3 GHz). The antenna was measured for six different scanning angles corresponding to six different
progressive phases α, ranging from 0◦ to 140◦ at the central frequency band of operation of 26.5 GHz.
The maximum gain was found in the broadside direction α = 0◦, with 15.2 dB and efficiency η = 78.5%,
while the minimum was found for α = 140◦, with 13.7 dB and η = 91.2%.

Keywords: printed antennas; 3D antennas; horns; low-loss antennas; 5G millimeter-wave antennas

1. Introduction

Fifth generation (5G) millimeter-wave (mmWave) communication is a promising
solution to the problem of the demand on network capacity, providing low latency and
high data speed. However, higher propagation losses will also be introduced, requiring
beamforming capabilities [1] for the transmitters in order to mitigate these effects [2].

The availability of chip beamformers [3] at these frequencies makes microstrip line
(ML)-based circuitry the optimum solution for the implementation of RF electronics. This
is not the best choice for antenna design, due to the propagation losses inside the substrate
of an ML. Investigations in [4,5] revealed that the ML is more suitable for feeding arrays of
a small or medium size, because the existence of the inevitable dielectric loss in substrates
limits the antenna gain. It is therefore necessary to have an alternative technology for
designing high-gain antennas that can easily be integrated into beamforming chips.

In this regard, horn antennas are proposed, where the gain can be increased by
enlarging the radiating aperture and the costs and weights can be reduced by using
additive manufacturing techniques such as 3D printing [6]. There are multiple printing
methods, such as selective laser sintering (SLS) [7], where a laser selectively sinters the
particles of a polymer powder, fusing them together and building a part layer by layer;
fused deposition modeling (FDM) [8], where molten plastic is extruded from a computer-
controlled hot-end and cooled to form a part; stereolithography (SLA) [9], where a light
source is used to selectively harden photo-activated resins; material jetting (MJ) [10], where
the printheads are used to deposit a liquid photoreactive material onto a build platform
layer upon layer; and direct metal laser sintering (DMLS) [11], similar to FDM but with
a metallic powder. In [12], a fully 3D-printed complex corporate feeding network with
256 horns was successfully manufactured using DMLS, but the cost was high. Many cost-
effective horn antenna designs have been produced using FDM [13–15], but although they
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represent a large variety of applications and a successful manufacturing process, transitions
from the horn to the ML (equivalent to RW–ML transitions) are usually required to provide
an effective connection with the RF chipset, and this has not yet been reported in any
research.

In this context, a backshort-less ML-to-RW transition via proximity coupling through
a patch antenna was proposed [16,17]. Although it offers a good fractional bandwidth
(FBW) of 18% by controlling the via holes, it is fed from the broad wall of the RW, which is
not convenient because compact λg/2-spaced arrays cannot be implemented. Transitions
from the narrow wall of the RW to the ML are advantageous, due to the compactness in
this transversal direction with respect to the excitation port. In [18], the RW is excited
through a transversal patch antenna. However, intrusion elements inside the RW must be
inserted in order to enhance the bandwidth from 11% to 15%, increasing the fabrication
complexity. The need for intrusion elements is avoided in [19] by using a V-shaped aperture-
coupled patch. Although this avoids the implementation of a back-shorting cavity, only a
7.5% FBW is achieved. In [20], the FBW is increased up to 11% through a patch fed by a
coupled ML. In comparison with the transitions presented in this paper [16,18–20], a top–
side narrow-wall ML-to-RW transition is designed by using three overlapped transversal
patches, offering very low insertion loss (IL) (maximum peak of 0.67 dB) and a very wide
FBW (22.5%), covering the whole 23.5–30.4 GHz range for 5G mmWave LMDS and K bands.
The presented transition is integrated into (and used to validate) a 3D-printed phased array
(PA) using the MJ technique of H-sectorial horn antennas, with a novel corrugated layer that
reduces the blind scanning problem and a simple metallization procedure consisting of only
covering the outside part of the horns, making the PA ready to be integrated with any RF
chipset. This has not been reported in any previous research. The measured results prove
the feasibility of the 3D-printing technology for manufacturing complex active antenna
systems such as PAs.

2. Transition Design

The focus of this first section is on the conversion of the Q-TEM mode of a 50 Ω ML to
the TE10 mode of a WR-34 (with dimensions Wrw × Lrw) located on the same side of the
substrate as the ML, so that it can later be used to feed an array of four λg/2-spaced H-
sectorial horn antennas using an ML. Figure 1 shows the top view of the transition, Figure 2
shows its isometric view and Table 1 shows the dimensions of the transition. The transition
is designed using a 0.81 mm thick RO4003 substrate of Er = 3.55 and tan δ = 0.0027. A full-
wave electromagnetic simulation tool, CST Microwave Studio, was used for its optimization.
In order to excite the TE10 mode from the RW, the excitation of transversal currents in the x̂
direction is required. An array of three overlapped transversal patches, as proposed in [21],
was used. The length Lp of the patches, the width Wp, the inter-element distance dy and the
array position with respect to the entrance of the RW y0 were jointly optimized to provide

Figure 1. Top view of the transition.
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Figure 2. Isometric view of the transition.

Table 1. Dimensions in mm of each designed parameter.

Hsub 0.81 W f 0.47 Wrw 4.2 rb 0.25

dy 1.5 Wl 1.1 Lrw 8.8 db 1.17

Wp 2.75 Ll 1.35 Hb 1 Hin 0.5

Lp 1.3 Lm 2.5 Ha 2 Win 1.2

Y0 4.48 Wm 2.55 Wb 4.5

maximum bandwidth while maintaining minimum IL. Re-optimization of the transi-
tion was carried out when integrating it with the 3D-printed PA shown in the next section.
The overlapping of these patches of length 0.2λg is crucial for the excitation of transversal
Jx̂ currents. The array is fed by an ML of width W f and is matched to a 50 Ω circuit with a
stepped section of dimensions Wt × Lt. The input to the RW has dimensions Win x Hin,
and ideally these should be as small as possible to avoid leakage from the RW, while also
preventing short-circuiting with the ML. The final dimension was chosen considering the
manufacturing feasibility.

The narrow wall of the RW is stepped (see Figure 2) from dimensions Wb × Lrw ×
Ha to Wrw × Lrw × Hb, so that the dimensions of the H-sectorial horn antenna along the
x̂ direction can be reduced for the integration of a mutual coupling reduction (MCR) layer,
which is introduced in Section 3. In Figure 3, we show the simulated S-parameters of the
ML–RW transition. We can observe a good −10 dB input reflection coefficient ranging from
23.5 GHz to 30.4 GHz. Note that this transition was optimized jointly with the 3D-printed
PA above it.

Figure 3. S-parameters of the single transition.

3. Phased Array Design

In Figure 4, an exploded view of the whole microstrip-fed 3D-printed PA of four
active H-Sectorial horns is shown. The antenna was designed to be attached through four
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2.4 mm coaxial cables to the F5288 digital beamformer from RENESAS, achieving four
active channels. It is composed of five different layers, L0, L1, L2, L3 and L4. The first layer
L0 consists of four 2.4 mm female connectors attached to the ML printed on the RO4003C
substrate, which are used to feed the ML–RW transition presented in Section 2. The distance
between the connectors and the transition is 25 mm. Layer L1 is a horn coupler that attaches
layer L0 to layer L2. In turn, L2 is a support for six H-sectorial horns, implemented on layer
L3 through two M2.5 screwed holes. Although a direct chip-to-ML integration would be a
more elegant option to reduce design complexity and bulkiness, as well as cable losses, this
was not the main goal of this research. The main goal was to demonstrate the feasibility of
3D-printing technology for manufacturing complex antenna systems such as PAs.

Figure 4. Exploded view of the whole design.

Only four horns are active, with two lateral dummies placed on the sides of the phased
array in order to symmetrize the radiation pattern. The top L4 layer consists of a periodic
arrangement of nails to reduce the mutual coupling (MC) between each horn antenna.
Thus, the blind scanning issue is minimized, maintaining a −10 dB matching of all the four
active horns for a wide range of scanning angles related to a progressive phase, ranging
from 0◦ to 140◦. The support, L1, L2, L3 and L4 were fully 3D-printed with an Objet Connex
1 printer from Stratasys, using the material jetting technique, with a tolerance of ±0.05 mm
on the Z axis and ±0.1 mm on the X and Y axes. The photosensitive resin ink was High
Temperature RGD525, with an electrical permittivity of Er = 2.95 and a loss tangent of
0.0175. All the printed materials except L2 were metallized using copper electrodeposition.

3.1. Horn Antenna

Six H-sectorial horns were designed and 3D-printed, with dimensions as shown in
Figure 5. The horns had height Lh, width Wh and thickness Wy. The entrance of the horn
had width XW and height Xh, which was optimized in order to maximize the bandwidth
of the joint horn and transition design. The inner side of the horn was empty in order to
reduce the transmission losses of the EM fields, and the thickness of the walls of each horn
was a constant of value Wwall .
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Figure 5. Horn antenna (all dimensions in mm).

Only the outer lateral parts of the horn were metallized using the conventional elec-
trodeposition technique, rather than metallizing both outer and inner parts as is usually
the case, increasing the reliability of a complete surface copper deposition process. An
optimum metallization setup would be a plastic part whose surfaces are almost parallel
to the fields created by the electrodes, so that the particles of copper travel directly to the
surfaces and attach to them. This is the case when metallizing the outer part of the horn.
However, when metallizing the inner parts of the horn (which was avoided in our case),
the deposition of the copper is complicated by the presence of surfaces perpendicular to
these fields.

3.2. Mutual Coupling Reduction

A mutual coupling reduction layer L4 was designed in order to reduce the well-known
blind scanning problem [22] of phased arrays. This layer used periodic nails pycorr of a
trapezoidal shape with a squared bottom shape WAnail × WAnail , top shape WBnail × WBnail
and height Hnail , see Figure 6. The periodic nails, also known as high-impedance surfaces,
are a preferred option compared to λg/4 slits, due to the intrinsic wide-band behaviour.

Figure 6. L4 layer showing the corrugations used for blind scanning reduction of a phased array.

In order to find the optimal parameters to reduce the blind scanning problem, the
MC between adjacent horns must be reduced. By selecting only two horns, each one with
a simulation port, it is possible to optimize their dimensions by finding the minimum
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coupling between them. In Figure 7, we can see a comparison of the input reflection
coefficients (a) without the nails and (b) with nails. For each port of the horn, there are
six traces relating to the progressive phase from 0◦ to 140◦ at 26.5 GHz. The reason for
showing both plots in this compact way is to show that all the ports from the PA are well
matched for every scanning angle when using the mutual coupling reduction layer. We
can clearly see that port 4 becomes mismatched when a progressive phase along the arrays
differs from 0, which will clearly reduce the gain of the beamformer.

(a) (b)

Figure 7. Simulated input reflection coefficients for each port: (a) without nails; (b) with nails. There
are 6 traces per port relating to the progressive phase from 0◦ to 140◦ at 26.5 GHz.

4. Results

This section discusses the experimental results for the designed phased array. Figure 8
shows the manufactured and mounted PA connected to the beamformer, Figure 9 shows
the results of the input reflection coefficients, Figure 10 shows the scanning pattern only
in the azimuthal plane of the PA in dB and Figure 11 shows the phased array gain with
respect to the frequency for three different progressive phases. In Figure 9, the input
reflection coefficients correspond to each individual port (when measuring one port the
rest remain unexcited). Note that measuring the input reflection coefficient of each port
when exciting all ports and using the beamformer for scanning in the E-plane was not
possible with this setup. The measured input reflection coefficients are all slightly shifted
to higher frequency, with a wider bandwidth behaviour and an unexpected resonance at
31.25 GHz. The antenna is wideband in nature as the horn is a non-resonant structure,
offering a measured FBW of 20.8%.

Figure 8. Entire manufactured phased array connected with the beamformer and ready to be
measured in the anechoic chamber.
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Only the radiation pattern in the E-plane was measured for each scanning angle,
using the digital beamformer at four different frequencies ranging only from 26.5 GHz to
29.5 GHz, since the beamformer chip was limited to operating only in the LMDS band.
Each channel of the beamformer was calibrated as each cable’s curvature introduced
different phases.

Figure 9. Input reflection coefficient (for measured - - and simulated -) for each port independently.

Figure 10. Radiation pattern in the E-plane (for measured - - and simulated -) for six different
progressive phases α ranging from 0◦ to 56◦ (a) and from 84◦ to 140 ◦ (b), at 26.5 GHz.

The gain of the phased array was referenced to the measurement of a horn antenna
with a 20.8 dB gain connected to one channel of the beamformer. Table 2 shows the
measured gain, the simulated directivity and the efficiency of the antenna at the central
frequency of 26.5 GHz. The antenna offers a maximum realized gain of 15.2 dB in the
broadside direction and a minimum at the maximum α = 140◦. However, the efficiency is
much higher in the latter case, peaking up to 91.2%.

Table 2. Measured realized gain, simulated directivity in dB and efficiency η in % for the six different
progressive phases α ranging from 0◦ to 140◦.

α 0◦ 28◦ 56◦ 84◦ 112◦ 140◦

Gain (dB) 15.2 15.15 15.04 15.05 13.75 13.7

Directivity
(dB) 16.25 15.8 15.8 15.74 15.33 14.2

η (%) 78.5 86 83.9 85.3 69.5 91.2
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Figure 10 shows the realized gain in the azimuth plane at the central frequency of
26.5 GHz, showing an average value of 1dB less gain than in the simulated case, due to
the manufacturing process. The maximum amount of sidelobe level (SLL) was measured
to be 12 dB for a progressive phase of 140◦, which can be reduced because a uniform
distribution among the channels was used along the array. We can see from Figure 11 that
there is also a good correlation of the gains with respect to frequency. Only three different
progressive phases corresponding to α = 0◦, 56◦ and 140◦ were plotted in order to keep the
figure clearer.

Figure 11. Realized gain over frequency for three different progressive phases, α = 0◦, 56◦ and 140◦.
Values were measured only from 26.5 GHz to 29.5 GHz due to the limitations of the beamformer.

5. Comparison with Other Work

Table 3 shows a comparison with other studies using 3D-printing technology for
horn antennas. There are mainly two types of printing technology, classified as metal or
plastic printing. In [12], a 16 × 16 horn array printed using DMLS is considered. Although
the complexity is high, it uses metal printing, which increases the fabrication costs. The
manufacturing cost and the weight can be considerably reduced by using plastic printing
technologies such as the popular FDM. In [13–15], the authors all use the same FDM
technique, with copper electrodeposition for the metallization of the whole of the inner and
outer plastic parts. However, as the frequency increases and the manufacturing complexity
increases, there will be tiny parts that can be very difficult to metallize. In this study, a
much simpler metallization procedure was used, so that only the outer part of the horn
needed to be metallized, as stated in Section 3.1.

Table 3. Comparison with other studies using 3D printing technology for horn antennas.

Ref. Gain (dB) Aperture Size
(λ)

Elements Printing
Technique

Bandwidth
(GHz)

Chip
Integration

[12] 33.8 13 × 13 256 DMLS 28.2–35.8 No

[13] 13.51 1.15 × 1.15 1 FDM 3.5–11.4 No

[14] 18.7 4 × 4 1 FDM 8.2–12.4 No

[15] 20 2.7 × 3.68 1 FDM 25–40 No

This work 15.2 2 × 3.9 4 MJ 24.75–30.3 Yes

In addition, for many upcoming future 5G applications, interconnection between the
radiating elements and RF chipsets is required for effective integration with the antenna
system. This aspect is reported in this work but not provided in any other 3D-printed horn
antenna studies. The gain of the horn antenna is lower than in most of the comparison
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studies because the effective aperture is much smaller and the array consisted of only four
active H-sectorial horn elements, but it could be increased by adding more active elements
or by enlarging the aperture in the H-plane.

6. Conclusions

A 3D-printed phased array of four H-sectorial horns that minimized the blind scanning
problem and provided an easier metallization solution was proposed. A microstrip-line-
to-rectangular-waveguide transition was designed for the integration of the phased array
with a commercial digital beamformer. The transition offered a simulated FBW of 22.5%,
with a maximum single-transition IL of up to 0.67 dB and a minimum IL of 0.3 dB. The
3D-printed phased array was used to scan from 0◦ to 140◦ at the central frequency of
26.5 GHz in steps of 28◦, giving a total of six patterns. The measured gain of the array
was 15.2 dB for the case of the broadside direction, with a measured FBW of 20.8% for
the case of a single-port measurement. The results proved the feasibility of 3D-printing
technology for the manufacturing of phased arrays in high-frequency bands and their
easy integration with digital beamformers. A future improvement would be to integrate
the antenna directly with beamforming chips to avoid the use of coaxial interconnections,
which introduce additional losses.

The antenna is suitable for the whole LMDS and K-band for 5G millimeter-wave
applications requiring low cost, high gain and integrated solutions.
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