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Resumo

Existem varios servigos associados a comunicacgdes satélite e 5G que utilizam as bandas de
frequéncia K e Ka. As redes de formacao de feixes sao componentes cruciais para alcancar a
flexibilidade e agilidade necessarias nestes sistemas. Recorremos a antena classica de lente de
Rotman, como uma solugéo rentavel para ultrapassar as principais limitac6es de outros tipos de
redes formadoras de feixes, nomeadamente largura de banda, complexidade e tamanho.

A principal motivagdo para esta escolha é a ampla largura de banda, compativel com as bandas
de frequéncia K/Ka de comunicacdes de satélite, e a utilizacdo de meio de propagacéo ar/vacuo
na seccao de guia de onda de placa paralela para evitar perdas dielétricas associadas as
implementacdes de microstrip.

Desenvolvemos uma transi¢cdo entre um double ridged waveguide e um parallel plate
waveguide, capaz de realizar uma operacdo de banda ultra larga (16-40 GHz). Ap6s uma
avaliacdo inicial, montdmos uma lente de Rotman totalmente operavel utilizando uma crista
dupla padrdo K/Ka (WRD180). O desenho apresentado consiste numa lente de Rotman 13x7,
com um alcance de varrimento de +50°, operando entre 16 e 40 GHz, validada através de
simulacdes de onda completa.

Apresentamos um desenho capaz de explorar totalmente a largura de banda do guia de onda de

crista dupla, com varrimento de feixe largo, superando trabalhos anteriores.

Palavras Chave

5G, Satellite on the move, Beam forming networks, Rotman Lens, Double Ridge Waveguide,
K/Ka Band






Abstract

Several services associated with satellite on the move and 5G applications are populating the K
and K, frequency bands. Beam forming networks are crucial components for achieving the
necessary beam flexibility and agility of these systems. We resort to the classical antenna
Rotman Lens, as a cost-effective solution for overcoming the main limitations of other types of
beam forming networks, namely bandwidth, complexity, and size.

The main motivation for this choice is the wide bandwidth, compatible with the K/K, satcom
frequency bands, and the use of air/vacuum propagation medium in the parallel plate waveguide
section to avoid dielectric losses associated with microstrip implementations.

We developed a transition between the double ridge waveguide and the parallel plate
waveguide, capable of performing a ultrawide band operation (16-40 GHz). After an initial
assessment, we assembled a fully operable Rotman Lens antenna using a standard K/K, double
ridge (WRD180). The presented design consists of a 13x7 Rotman Lens, with a scanning range
of £50°, operating between 16 and 40 GHz, validated through full-wave simulations.

We present a design capable of fully exploiting the ridge waveguide bandwidth with wide beam

scanning, outperforming previous works.

Keywords

5G, Satellite on the move, Beam forming networks, Rotman Lens, Double Ridge Waveguide,
K/Ka Band
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Design of All-Metal Antennas for 5G and Satellite Applications

CHAPTER ONE
Introduction

1.1.  Motivation

With the advent of a new generation of mobile communications, 5G, a new interoperability
between different technologies and networks arises. In particular, satellite communications,
traditionally thought as a standalone system, become part of this global network. The goal of
this endeavour is to provide a seamless wireless experience across the entire globe, connecting
everyone, everything and everywhere [1]. 5G will need uninterruptable coverage that terrestrial
networks on its own cannot guarantee. Satellite systems bring solutions that enhance 5G
communications, ending low coverage areas and signal blocking by buildings or terrain.
Satellite missions are increasingly being carried out as they become more cost-effective. In fact,
a new space race is taking place among tech companies, that started deploying Low/Medium
Earth orbit (LEO/MEQ) satellite constellations to deliver high-speed data rates services. It is
expected, in the next few years, for thousands of satellites to be further launched, forming mega-
constellations. This high demand requires new low-cost broadband antenna solutions that can
foment the massification of this technology.

In the past few years, there has been several developments on array antennas for small-
space platforms targeting LEO/MEO communication satellite constellations. The trend is for
the increase of the operation frequency for achieving the necessary capacity, however, this
impacts the antenna complexity and cost [2]. The challenge is to find cost-effective solutions
for broadband antennas capable of performing multibeam and/or wide beam scanning.

This study intends to contribute to this development by optimizing and improving existing
promising technologies. More specifically, this work revisits the design of Rotman Lens (RL)
antennas for the new generation of satellite communications at K/Ka band using double ridge
waveguide (WRD) technology. The general idea is to benefit from the wide bandwidth of ridge
waveguides and aim for an all-metal design, suitable to survive the harsh environment of space.
The Rotman Lens antenna is one of the most popular types of constrained lens. It offers a
combination of broadband operation, compactness and wide-angle beam steering, as a solution
for a wide range of applications related with 5G and satellite communications [3]. In fact, the
Rotman Lens design is currently being investigated as viable solution for the emergent mega-
constellations in low and medium Earth orbit (LEO/MEO) [4].
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1.2. State of the art

Rotman Lens is a classical constrained lens [5]-[7], that is still being widely researched for
continuous improvements and adaptations to current technological developments [4], [8]-[10].
Constrained lenses are a special group of multibeam antenna arrays or beamforming networks.
The name constrained comes from the fact that a wave incident on one face of the array does
not necessarily obey Snell’s law when passing through the lens, although Snell’s law can be
applied to optimize the lens performance [11]. This antenna uses free-space wavelength signal
injected into a geometrically configured system. As a beam forming network (BFN), the
radiation of each antenna input port is channelled to multiple output beam ports that collectively
form the beam. The direction of the beam shifts as different input ports are used. There exist
multiple simultaneous beams when an array of N elements is connected to a beamformer with
M beam ports, where N and M may be different. In general, with a lens BFN, since geometric
optics is applied, the ray paths have the same lengths. This means, in theory, that the angles of
each beam tilt remain the same, independent of frequency. Although the angles are fixed, the
beamwidths, and consequently the crossover levels, change with frequency [12].

For the input ports we call them beam ports (BPs), for the output ports we call them array
ports (APs). The connection between the input and output ports is done through a parallel plate
waveguide (PPW) in the TEM regime, which explains the intrinsic broadband behaviour of the
lens. The positions of the input and output ports are obtained from Geometric Optics (GO)
analysis. This lens can be designed with up to four degrees of freedom [13]. In this work, the
common three degrees are chosen [7].

Some main advantages of using the Rotman Lens design are [3]:

e The direction of the antenna’s beam can be adjusted easily to the desired angle just by
switching the input port. It distinguishes itself from continuous beam-steering
techniques using components such as thermal phase shifters, which are slow and highly
sensitive to environment temperature.

e They produce multiple beams, which can be steered without changing the orientation of
the antenna.

e Microwave lenses are the ones who support low-phase error, wideband, and wide-angle-
scanning.

e They are a true time delay (TTD) device producing frequency independent beam

steering.
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The main drawbacks of this antenna is that the size of the beamformer is linked to the size
of the array aperture [10].

1.2.1. Design of the Rotman Lens

The development of the Rotman Lens was pushed forward with the work presented by W.
Rotman and Turner, in the 1960s [7]. The lens achieved a two-dimensional scanning and TTD
architecture by using a parallel plate transmission with cavities fed by rectangular waveguides.
It was designed with three focal points and enhanced previous designs, such as Ruze Lens.
Rotman and Turner’s work also improved coma aberrations and off-axis phase distortions, by
the use of general lens design principles developed by Gent [7].

-

Inner lens Outer lens
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Figure 1: Geometry and design parameters of the Rotman Lens [3].

Figure 1 depicts the geometry and design of a Rotman Lens. As W. Rotman explained, the
contour Y}, is defined by two coordinates (X, Y) that are specified relative to a point 0, on the
central axis of the lens. Elements on the straight contour Y, are similarly determined by the
single coordinate N, measured relative to the point 0,. O;and O, lie on the contours };and Y,
respectively, and are connected by a transmission line (TL) [7]. Finally, the BPs are placed
along the focal arc represented above. The result of this procedure is a lens with three perfect
focal points, corresponding to angles of +a and 0°. This design was simple and effective in
comparison with more complicated designs that tried to reproduce a symmetrical lens, with

respect to the beam and inner lens contours [14].
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Other major optimizations were made by different authors, in the 1980s. It was shown that
the lens port width could impact the reflection coefficient of the port. This results in degradation
of the lens amplitude and phase distributions [15]. One solution, at the time, was the application
of an isolated power combiner at the lens port [3]. Based on the concept of RL design, an author
named Katagi proposed an improved design in 1983. This innovative design helped reducing
the size on the lens, by applying a refocus method that also lowered the phase errors of the
original design [16]. Another important group of authors named, Musa and Smith, in the 80s,
worked together to design solutions for the side wall reflections, by introducing side wall
absorption methods [17]. They also developed a theoretical model to predict the primary
amplitude distribution across the APs of the lens [18].

The design was further explored by Hansen, in the 90s, who did a major breakthrough in
his work presented as Design Trades [19]. Some of his other projects were also important,
defining the Rules of Thumb for the RL design and bringing this antenna to the mm-
wavelengths [20]. Hansen defined six basic parameters to design the lens and explained the
effect of each parameter in detail, plus another one that was derived from two basic parameters.
His design, like ours, assumed to be air filled and the beams were scanned into free space.

In the early XXI century, there is still a lot that can be optimized, not only the beam ports
and array ports, but also the side walls [21]. Several studies were made in this time period that
tried to optimize the design, from modifying the lens contour to a more elliptical shape [16] to
beam pointing techniques [22]. There are still recent studies that enhance the lens performance,
mostly applied to the GO analysis [23], [24], [25]. In 2004, the first reported GUI specially
designed for the Rotman Lens antenna was developed, by Peter Simon [26].

Although there is more literature about optimization along the history of the model, it was
only chosen literature suitable to be applied in a full all-metal approach.

The next subsections will demonstrate the innovative designs developed in the scope of this

thesis.

1.2.2. Feeding Network

The design of the waveguides is just as important as the lens design. They bring energy to our
system and they should be meticulously designed in order to bring the lowest losses possible,
and spill over. They should have a good matching when embedded in our system. Another
aspect to be taken into consideration is the fact that there are several ports next to each other,
therefore the relationship between them must be studied. Our approach will be more inclined

to ridged gap waveguides. This choice was made because high order waveguides, e.g. single
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[27] or double ridged waveguides [8], [9], allow for the propagation of TEM waves and thus

incorporate a larger bandwidth. Nevertheless, the symmetric nature of the TEM and the

presence of ridge complicate the integration in the lens [8].

A ridged waveguide is a simple rectangular or circular waveguide with a ridged protruding

into the centre of the waveguide from the top wall or bottom wall, or even both walls like our

design. The ridges are parallel to the wall of the waveguide. They can offer a set of interesting

characteristics with advantages and disadvantages [28].

Advantages:

Impedance Matching: The ridges decrease the waveguide characteristic impedance,
which can be useful for impedance matching.

Lower cut-off frequency: The right implementation of ridges to a simple waveguide will
result in a low cut-off frequency of its fundamental mode. This will result in having a
small cross section of the ridge waveguide, which presents an opportunity for compact
designs.

Compactness: In the context of Rotman Lenses, where microstrip lines are more
commonly used, ridged waveguides can offer a compact solution where planar
transmission lines are not able to handle some power levels. Although power handling
of ridged waveguides is not as good as of rectangular waveguides, it is better than
microstrip lines.

Bandwidth: Ridged waveguides also offer higher bandwidth in comparison to the

conventional waveguides.

Disadvantages:

Ohmic Loss: The ohmic losses are greater in ridged waveguides than rectangular
waveguides, although they can be optimized.

Power Handling: Because of the ridges, the power handling is lower than of the
rectangular waveguide. Although some trade-offs can be made, we will focus more on
the insertion design of the feed in the parallel plate waveguide, and we aim to use a

commercialized version of a ridged waveguide.

According to P. Knott et. al [8], the bandwidth of rectangular waveguides can be limited to

approximately one octave due to the propagation of higher order modes at higher frequencies.

To increase the frequency range, a ridged design allows the propagation of a quasi-TEM mode

and may be used for feeding a lens over a large frequency range.
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In addition, an important note from K. V. Hoel et. al [9], says that the PPW should have a
spacing of less than half of the guided wavelength in order to stimulate only a TEM propagation
mode within the cavity.

To clarify, other adaptations can be made in order to improve the response of the feeds, like
adding a back-cavity and rounding the end of the ridges or even increasing the diameter of the
inner conductor of the coax [29]. However, this is not the focus of this work.

In this section, we present three cases of WRD feeds, some already implemented in a RL.
The main difference between them is how the flares are designed, one has straight flares (Figure

2), another curved flares (Figure 3) and the last one has mixed flares (Figure 4).

19mm
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Figure 2: Straight flares, feed design from [9].

Figure 3: Curved flares, feed design from [8]. Top View (a) and Cross Section (b) of the Lens Feed Network.
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Figure 4: Mixed flares, feed design from [4], [10].
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1.2.3. Feeding Rotman Lens with Power divider
This model incorporates a non-TEM parallel-plate mode of propagation, which limits the
bandwidth. It incorporates rectangular waveguide feeds around the lens periphery, as well as

power dividers [30], as shown in Figure 5.

Lens Cavity

Figure 5: Cross Section of a waveguide Rotman lens geometry [30].

The design uses a folded “magic tee” incorporated in each feed line to provide a 3dB power
divider, which splits the feeds into two smaller in-phase apertures. This design was later
implemented to support a Rotman Lens antenna array operating at 94 GHz [31], and another

antenna that operates at frequencies between 33GHz and 37GHz [32].

1.2.4. Continuous Parallel plate waveguide delay lens

This next model is based on GO and analyses a continuous PPW [33]-[35]. This beamformer
transforms the cylindrical wave launched by one of the primary feeds, propagating inside the
PPW section, into a nearly plane wave radiated in free space by the radiating horn, and vice
versa (Figure 6). These lenses use a polynomial shaped delay to demonstrate low phase

aberrations and performance.

7|Page



Design of All-Metal Antennas for 5G and Satellite Applications

Ridge height profile, h.

Radiating horn

: \ PPW lens

Parallel plate waveguide | 1
Primary feeds Radiating horn Parallel plate waveguide

(@) (b)

Figure 6: Design of a continuous parallel plate waveguide lens-like beamformer at Ka-band. (a) 3D
PPW beamformer design and (b) PPW lens close-up view [35].

This antenna reduces the size of a common Rotman Lens by, instead of having array ports
and transmission lines, it has a delay lens at the end.

1.2.5. Circularly Polarized Rotman Lens

This work describes a way to induce a circular polarization in a PPW. It uses a septum polarizer
based on a stepped profile. It was also designed to operate at Ke-Band (27.5 — 30.0 GHz),
making it an appealing approach for future work to be based on. Generally, circular polarization
(CP) is required for SatCom applications in Ka-Band [36]. As depicted in Figure 7, the paper
presents a continuous PPW quasi-optical beamformer (QOBF) with an array of septum

polarizers to generate circular polarization.

Figure 7: Side view of the QOBF connected to the septum array [36].
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1.3. Objective

This work intends to explore the main advantages of the Rotman Lens for developing a
compact, low cost, wide beam scanning antenna solution for new generation of satellite systems
capable of operating in the entire K/K, band (16-40 GHz). A fundamental part of this design
is the transition between the input and output ports of the antenna and the parallel plate
waveguide (PPW) that compose the body of the lens, which should be capable of operating in
the intended bandwidth. We already found in the literature some examples that achieve good
results in close bands, like Ky, Q, V and W found in [4], [9], [10] and [31]. However, larger
bandwidth, wider scanning angles and higher number of input and output ports will be
considered in this work, further exploring the potential of ridge waveguide based Rotman
lenses. One should stress that there are few studies considering ridged waveguides for the
implementation of the Rotman lens concept [8], [9].

The general objective of this work is supported by specific goals that will guide the layout
of this document, namely:

e Create a systematic tool for generating and analysing a complete Rotman Lens. This
framework is fundamental for allowing an iterative optimization process using
geometric optics and full-wave results.

e Design of a transition between PPW and WRD capable of operating in the entire K/Ka
satellite band (17.3 GHz-31GHz) [37].

e Prove the viability of the designed transition for an initial Rotman lens configuration
with a low number of input and output ports.

e Optimize a RL design for reducing reflections and phase errors considering wide beam
scanning and extending the operation frequency to the entire K/K, bands (16-40 GHz).

1.4.  Work highlights

Our methodology starts by selecting the papers from the current state of the art that suits our
application, full metallic solution with wide bandwidth. It is important to note that this type of
antenna is commonly used in a microstrip setup. Most of those setups were discarded unless
they had something adaptable to our antenna. The second step was the design of an automatic
process of designing Rotman lens from basic principles (GO analysis) until a complete full-
wave model of the lens, that includes the transmission lines (which is usually omitted in

available studies on the literature).

9|Page



Design of All-Metal Antennas for 5G and Satellite Applications

There are several GO analyses studies around the Rotman Lens. Therefore, we had to
choose the theory that best suits this work, having chosen Hansen’s work as a starting point
[19].

To assess the viability of our work, we confirmed our calculations with the tool given to us
by Peter Simon [26], his own simulation tool designed in MATLAB. His application is one of
the first reported GUI specially designed for Rotman Lens antennas. His lens design software
is verified by comparing its results with numerical analysis of Rotman Lens.

Afterwards, we replicated a model from a study that is close to the approach we were going
to take [9]. Being familiar with the construction of a RL antenna, we shifted our attention to
make it work on the desired K/Ka Band. Most of the effort has been put into building our
solution and optimizing it. We evaluated our solution by doing a full wave analysis, resorting

to the software CST — Microwave Studio.

This work started with the revision of the literature related with Rotman Lens, which was
used to establish an initial design to work on [38]. This design was thus improved to match our
operating bandwidth. There are some potential topics of research when working with this
antenna:

e Lens Design — Geometrical Optics (GO) Analysis;

e Feeding Network Design;

e Sidewalls Design;

e Radiating elements.

This thesis is organized as follows. In Chapter One, an introduction to the thesis is given
and the state of the art is presented, as well as our objectives for this work. In Chapter Two, the
basic concepts and physical principles of the lens are explained, as well as how the antenna is
synthesized. In Chapter Three, an initial assessment is made in order to develop a transition
from the WRD to the PPW that can work on the desired K/Ka Band. In Chapter Four, we present
our complete design of the RL, capable of operating in the entire K/Ka Band (16-40 GHz).

Finally, in Chapter Five, the conclusions are drawn, and future work is summarized.
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CHAPTER TWO
Physical principles and Synthesis

2.1. Introduction

In this chapter, the basics of this work are described from the theoretical formulation to the
synthesis of the antenna. The Rotman Lens antenna is one of the most popular types of
constrained lens. The combination of the broadband operation, compactness and wide-angle
beam steering makes this type of antenna an appealing solution for a wide range of applications
related with 5G and satellite communications. This classical antenna [7] is still being widely
researched for continuous improvements and adaptations to current technological developments
[4], [8], [9].

As a BFN, the radiation of each antenna input port is channelled to multiple output beam
ports that collectively form the collimated beam. The direction of the beam shifts, as different
input ports are used. The connection between the input and output ports is done through a PPW
in the TEM regime, which explains the intrinsic broadband behaviour of the lens. Moreover,
the radiating elements of the antenna are connected to the array ports by TL with specific
lengths (as depicted in Figure 8). The positions of the input and output ports are readily obtained
from GO analysis. However, a careful design is required for the feeding network, which will
limit the lens performance.

The first design aspect is related with the number of input and output ports of the lens,
which depends on the intended application. There is a trade-off between the feed spacing and
port isolation. On the one hand, closer feeding ports correspond to a higher beam density. On
the other hand, closer feeding ports will increase the coupling between adjacent ports.
Moreover, the physical aperture of the feeding elements will further constrain the array spacing.

Another crucial step for this design is the bandwidth of the TLs and the transition to the
PPW. In the context of satellite communications, RL are particularly appealing for the space
segments, being currently investigated as a viable solution for the emergent mega-constellations
in LEO/MEO [4]. In this case, an all-metal design is best suitable to survive the harsh
environment of space. In this chapter, we will focus on the design of this type of antenna, aiming
for a broadband behavior starting in the satellite Rx K band (min. 17.3 GHz) until the Tx Kj
band (max. 31 GHz) [37]. Ridge wave technology emerges as a natural option for achieving
such a wideband using only metal. In fact, several recent works have explored this configuration
[4], [9], however, not in this bandwidth.
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The synthesis of the Rotman Lens is divided into several parts, as told in the research
methodology. To explain the synthesis of this antenna, the several parts are split one by one, to

clarify which points have to be considered, their problems and how those were solved.

2.2. Rotman Lens concepts and formulas
As already mentioned throughout the thesis, the Rotman Lens is a constrained lens, based on
GO. In this section we will talk about how it is elaborated in a more mathematical way. In the
figure below (Figure 8) it is presented a simplified schematic of this lens. One can also further
interpret Figure 1 to follow the analysis, being this the initial schematic for W. Rotman's design.

This constrained lens has its paths' lengths and elements' positions previously calculated
from the Beam Ports (BPs), through the Array Ports (APs) and Transmission Lines (TLs),
ending at the Radiation Elements (RESs). The character w represents the length of the TLs. The
lens is composed of two “arcs”, on the left arc the BPs are placed side by side, as well as for
the APs on the right arc that is called the “Inner Lens Contour”. The RESs are placed along the
Array Axis (linear plane x = f;). Since this was the first time we worked with this type of
antenna design, we decided to choose a linear plane to position the REs, as it simplifies the
design and assembly. Other setups will be explored in the future.

Ad represents the distance between each RE. It is represented in W. Rotman’s work as N
[7], as explained in section 1.2.1. and observed in Figure 1. In Hansen’s studies, it is represented

as y5 [19]. In our work, we used Ad for the analysis to be more intuitive for the reader.

y Array Axis
BPs
Bp, -}-—- FL
/
/
/
/
/
/
Fo g« x
\
\
\
\
\
AN
AN
BB, -1-—- F, &.
x=20 x=f

Figure 8: Ray Geometry of the Rotman Lens.
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In this part, the mathematical demonstration is done according to GO. The foundation of
the formulas is based on Hansen studies [19]. The equations presented by Hansen are
generalized. For this reason, it is still necessary to manipulate them in order to obtain the final
equations that give us the focal position of each port.

The following is a brief description of how the focal points equations are obtained. These
points are calculated and confirmed in the documentation presented by SPACE
SYSTEMS/LORAL [39], which was provided to us by Peter Simon. This document is part of

the documentation of his application and also presents a summary of formulas used.

2.2.1. Beam Ports

The calculation of the BPs is defined by the 3 focal points. An important variable for the
calculation of the position of each BPs if 8. This variable is equal to que ratio between f, and
f1, decreasing its value implies that £, gets smaller compared to f;, for example. This creates a
visual effect for the reader, so that the focal arc appears to assume a more elliptical or circular
shape. For calculations, we assume that the lens is always circular, by having a different centre
point from f;. Thus, we represent the centre point of the focal arc as Rgps (Radius of BPs, see
Figure 9). The value of £ is important because we normalized all the equations to f;. For the
position of the BPs, we refer to the point whose coordinates are (xp, ¥3).

y Array Axis

x=0 X=f

Figure 9: Geometry for determining the BPs coordinates.

One way to address this mathematical problem is to find a way to express the value of the radius

of the focal arc, Rgps. For that, we apply the Law of Cosines:
Rips = f7 + (fi = Rp)* = 2f,(fi — Ry)C (2.1)
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Expanding the square and normalizing the expression with f; as we do in most of our work,

whereby p = Rgps/f1, We get:

_q_ _1-p?
p=1 2(1-BC) (2.2)

Applying the Law of Sines to determine ¢, we have:

¢ =sin! (1_7'0 sin a) (2.3)

The angles can be manipulated to get §:
S=n—-n=n—-[r—(a+P)l=a+¢ (2.4)

Finally, we obtain the points:

Xp _ Rp—Rp cosé

X, =
b= g f1

p(1—coséd) =p[1l —cos(a+ ¢)] (2.5a)

Y, = 3% = %n(é‘) = psin(d) = psin(a + ¢) (2.5b)
1 1

2.2.2. Array Ports

In this section we calculate the position of each AP. The following explanation can be followed
visualizing Figure 8. The APs are the ports that receive the energy from the BPs to subsequently
be emitted by the REs. For ease of understanding, we will call the focal point where the APs
are positioned P(x,, y,). The calculation for the position of the APs requires a more laborious
and extensive work. We follow the traditional design rules starting with three focal points. Two
of them are symmetric, F; and F,, with the respective coordinates of (f; — f,C, f,S) and (f; —
f>2C,—£,S), where S and C are simplifications presented in equation 2.7.

Now, we can apply geometric optics to generate the equations that correspond to the optical
path-length equality between a general ray and the ray through the origin:

IFLP|| + w + Ad siny = f, (2.6a)
IFP|| +w — Ad siny = f, (2.6b)
IFoPll +w = f; (2.6c)

Now that we have the ray paths defined, we can define the path lengths of each focal point to
point P. For a simplified presentation, let us assume that:
C = cos(a); S =sin(a) 2.7
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The length of the ray paths is expressed in terms of coordinates of points, obtaining:

IFLPII? = (fi = f2€ — x2)* + (25 — ya)? (2.8a)
IEPII? = (fi = 2€ — xa)* + (25 + ¥a)? (2.8b)
IFoPll = xZ + y& (2.8c)

Equalizing the equations and substituting siny = y sina = yS, just as Hansen defined these

parameters [19],we get:

(fi = /26 = x)* + (oS —y2)* = (b —w —Ad y S)* (2.93)
(fi— o€ —x)* + (oS —y2)* = (f, —w + Ad y §)? (2.9b)
xG +yé = (fy —w)? (2.9¢)

Finally, we normalize all the parameters to f;, as we do in all this thesis:

_fh. sy, Wy _Xa, y _Ya
B=ri $=7 W=gi Xa=75 Ya=7 (2.10)

We are left with the final point position of:
(B-DW-3¢252+(1-BC) 2252+ (1-p)W
Xa = :—ﬁc =1-5 1-BC (2.11a)
_ —{SW-B{S W

Y, = =8 = Z(1 ﬁ) (2.11b)

2.2.3. Transmission Lines
The TLs are a vital part of this antenna, their lengths are calculated in a way where the optical
path-length equality, demonstrated in the set of equations 2.6 (a-c), is assured. This equality is
what makes the antenna frequency independent. If an extra length is added to one of the TLs, it
has to be added to all of the TLs so the equality preserved. The path length of each TL,
represented as w, can be given by a quadratic equation, which can be solved by exploring
equation 2.9c. Expanding the square of equation 2.9¢ and normalizing it for f; we have:
X2+Y2=1-2W+W? (2.12)

The quadratic expression can be solved with the resort of the expressions achieved in
2.11(a-b). The results are:

aW? + bW +¢c=0 (2.13)
_ 4 a-p* &
a=1 g B (2.13a)
_ 5 _28* 201-B) ¢*SP(1-B)
b=—2- "+ 2 (2.13b)
2¢2 4 c4
c=-—q2 -3 ¢S (2.13c)

(1-BC)  4(1-BC)?
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These equations total seven parameters, which their effects are explained in a series of charts
in [19].

2.3.  Synthesis and analysis (MATLAB Application)

Assembling the lens can be quite laborious. There are several components with specific
positions, so there are several calculations to be done to reach our final goal, which is to build
the lens. To simplify this process, a tool was developed that allows to make the calculations and
show a preview of the lens performance and structure. This application was developed during
this project and is illustrated in Figure 10. Part of this application was inspired by the application
made by Peter Simon, who shared his published work [26].

The manual for this application is found in the Attachments section at the end of this thesis.

4 MATLAE App - u] X
Roiman Lens Transmission Lines
Rotman Lens Parameters Otimization Analysis and Options
Zeta () 0 0
Frequency (GHz) 2415 Zeta Max. (Z max)
Focal length (f1) 1 Beam angle to 0
ray angle ratio {y)
R R 097 Array Element
Fud
Focal angle (a) 27 Spacing (F1 Based)
(O GEe T o Opt. Focal Angle (B) 0
angle (y)
Array Element
Spacing (d/A_0) 062
Number of 3 Analysis Plot Options Some considerations
Beam Ports (Nb!
(Nb) +| Plot Arc Array Factor B=1_2_1
Number of 7 -
Array Poris (Na) Phase Error Analyze ¥3 = (11 Nayd-(Na=1)di2
The spacing can also be
giving by
d = (2*n_max*f_1)(Na-1)
CS3T Microvave - Export n_max -= 0.5 for optimal
‘t |Scbe results
For this select the check box
. Save Data Export data for Macro h

Figure 10: MATLAB Application — Rotman Lens.

The application is divided into two tabs. The first is concerning the GO of the lens. The
second tab is relative to the construction of the TLs, although not being fully integrated into the

application.
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The first tab allows a preview of the overall system from all the ports to the REs, as shown
in Figure 11 (a). Additionally, it can export all these values into a .txt file (Figure 11 (b)) so that
they can be processed in a macro in CST - Microwave Studio, which will be explained in this
subsection. Other applications that are included are the calculation of the Phase Error, according
to GO, and the Array Factor, as illustrated in Figure 11 (c) and Figure 11 (d). Nevertheless,
these two are not yet fully optimized and integrated. It is hoped to further integrate and prepare

these tools for as many scenarios as possible.

6
Xb Yo angleb
° 1.49296038691012 -4.84407863222096
3418 ~4.07613690255669
4 . .
—_ _. .
E [ ®  Beam Ports ~— i BSOS -
2 2l ‘ ® Ay Ports ;\\ ~ O. O‘.‘isqs“ 912 -0.831652038996936 2
<] ®  Focal Points ] s I N e
. - 0.040282564522791¢ 0.8316520389963936
c L4 Beam Port Arc — o o IR,
= | Lens Cont 0.161495976000233  1.65930235189225
%’ 0 L] nner en§ nlour —a 0.364772484005834  2.47885347851159
g ® Transmission Lines - 0.65212337 3.28601050601004
° 4 Antennas 14 e | 1.02665869693418 4.07613690255669
; 2| L1 - A 1.49296038691012 4.84407863222096
= L] - ~
- \ - Xa Ya anglea
. 10.2530851925835 -3.04934218244338
4 L] 10. 6683186489426 -2.06615604076629
. 10.9171199762502 ~1.04290879749€89
11 0 o
6 . . . . . . ) . 10.9171199762502 1.04290879749639
0 P 4 6 8 10 12 14 10.6683136489426 2.06615604076629
) 10.2530851925835 3.04934218244338
x (wavelength in vacuum)
- 3
[ BP 1
0 L ! - BP 2
§ — T — BP3
”en 7 N\ BP 4
Br 7 N BP5
Beam Port 1 g 1 BP &
—~ 57 Beam Port 2 = 10F BP7 N
Qo Beam Port 3 = BP8
5 Beam Port 4 g BP9
° Beam Port 5 ® 15 / BP 10
& Beam Port 6 2 / BP 11
) Beam Port 7 = BP 12
E o -20F BP 13|
10 F | _—
{ |
| | -25
| ‘V | | |
)‘ 1 1y \ 30
-15 - -35 -
-100 -50 0 50 100 1 2 3 4 5 6 7
Psi (degree) Radiating Element

(© (d)

Figure 11: (a) Component Position Preview; (b) Exporting port position; (c) Normalized Array Factor; (d) Phase
Error Preview.
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The second tab is exclusive for the construction of the TLs. Although it is not fully
integrated in the application, it was elaborated separately to obtain better optimization. This
function is based on Bézier curves, which allows us to have greater control over the curves.
These curves work by having several control points and it is based on these points that these
curves are formed. It is possible to calculate the size of these curves by applying an integral to
the Bézier functions, which becomes quite important when constructing the TLs for the RLs.
We can also have a dynamic point (D,,), that is, a point whose value is a variable where we let
MATLAB's solver find the value, so that we get the desired line length, as illustrated in Figure
12.

TL-1 TL-2 TL-3 TL-4 TL-5 TL-6 TL-7 TL-8
X1 YL | X2 ] Y2 | X3 | Y3 | X4 | Y4 | XS5 | VY5 |X6 | Y6 | X7 ] Y7 | X8| Y8
0059 |00|52)]00)44]00)|35|(00| 25|00 (17| 00])08])00]00
20 | 59 [ 25 52 | 25|44 |25 |35 |25 |25 (25 (17|25 )08 ] 25| 0.0
23 | Di | 35| D2 | 30 | Ds | 34 | Ds | 35| Ds | 35 | Des | 3.2 | D7 | 40 | Ds
50 | 7.7 [ 50 [ 6.0 | 45 | 55| 5044 | 50|33 (50|22 (|50]11)50]00
55 | 7.7 | 55| 66 | 55 | 55 | 55 | 44 [ 55| 33 [ 55| 22 |55 |11 (55 ] 00
60 | 7.7 | 60 | 66 | 60 | 55 | 6.0 | 44 [ 60 | 33 [ 60 | 22 | 6.0 | 11 [ 6.0 | 0.0

{j f(x,y) ds = line length} Solve for D,, (MATLAB)
c

Figure 12: Transmission line data.

Another important point is the fact that we can visualize how these TLs will look, so that
they do not get on top of each other. Therefore, to predict these cases a plot of the lines side by
side is made, as shown in Figure 13. The Lower/Upper Bounds represent the feed’s width. The
curves represent each individual TL with a different colour associated. Each TL has circles

associated to them, which represent the control points for each TL.
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Figure 13: Transmission Lines
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2.4,

Model Assemble

2.4.1. CST - Microwave Studio macro

The constant modelling of these systems becomes a very time-consuming process, So we resort

to the CST — Microwave Studio macro system to automate this whole process. For the macro

to assemble a lens, independent of the feed model, the macro imports a model whose phase

centre is in the position P(x,y, z) = (0,0,0), as shown in Figure 14. This way, the macro has

to import the data given by the MATLAB application, presented in Figure 11 (b), and the feed

(Figure 14), as demonstrated in Figure 15.

This macro is found in the Attachments section at the end of this thesis.

Figure 14: Feed Model.

' Rotman Lens

Public Const £f1 = & 'Rotman Lens fl1 walue

Puklic Const wl = 15.7 "Wavelength

Public Const height = 3.4036 'Height of the Lens

Public Const thick = 2 'Metal Thickness

Public Const Nb = 9 '"NHurber of Beam Porta

Puklic Ceonst Na = 7 "Nurkber of Array Ports

"Public Const CPwg = 11 'Center Point of the Wawveguide

'"Port positions and angles:
Public Const arraypoints = "D:\Fébio Cardoso‘\Macro\arraypoints.txt”
Public Conat beampoints = "D:\Fébio Cardoso\Macro\beampoints.txt”

Public Const waveguidemndel = "D:\Fabio Cardoso‘\Macro\waveguidemodelext.sab"

Optien Explicit

Sub Main ()

Figure 15: Macro (Imports) CST — Microwave Studio.
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2.4.2. Full model assembly

This automated process allows us to do quick tests, and in this way evaluate various models.
The basic concept is simple and is illustrated in the Figure 16. We start by defining the set of
equations in GO that will be applied to the model. After that, the model is implemented into the
MATLAB application. From this point, a cycle is formed where we create several models until

we are satisfied with the results and discussion of them.

Select Design
GO - Rotman Lens Parameters Export Data
(MATLAB)

Run Data
(Macro-CST)

Does the design

Save Results need an
optimization?

FDTD Solver
(CST)

Figure 16: Flowchart of the automated system developed
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CHAPTER THREE
Initial Assessment

3.1. Introduction

This chapter is dedicated to the study of a simple Rotman Lens model. Before moving on to a
more complex system, an initial evaluation of a simple model is made to test its viability in an
attempt to create a starting point for the further development of a more complete model.

The lens presented in this chapter is composed by 5 input and 5 output ports, with a
maximum beam scanning of 20°. The connection between the input and output ports is done
through a PPW in the TEM regime. This simple configuration allows to have an initial
assessment of the antenna port isolation and return losses, for the designed ridge to PPW
transitions. This preliminary work shows promising results, which pave the way for future

improvements in terms of bandwidth and scanning performance.

This chapter is organized as follows. In Section 3.2., the design of the RL based on GO is
shown. In Section 3.3., a full-wave analysis of the ridge waveguide to PPW transition is
presented. In Section 3.4., the numerical results for the complete RL are shown. Finally, the

conclusions are drawn in Section 3.5..

3.2. Rotman Lens Design

The position of the input and output ports, as well as the size of the TLs, follows the traditional
design rule of the lens in [19]. For the design frequency, we have chosen 24.15 GHz, as it
represents the centre of the band in study (17.3-31 GHz). The adopted numerical values of the
lens are given in Table 1. We used our tool to calculate the position of the input and output
ports, and to confirm our calculations we used the software developed by Simon, P. S. [26],
resulting in the beam and array contour plotted in Figure 17. As mentioned previously, this is a
preliminary test to assess if the adopted ridged waveguide ports and transitions can operate in
the intended bandwidth with good port isolation and insertion losses, when placed along the

focal arc and inner lens contour.
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Table 1. Design parameters for the Rotman Lens

Number of input ports 5
Number of output ports 5
Focal angle, a +35°
Focal ratio, 8 1
Maximum beam angle, g +20°
Focal length, f; 6l
Array element spacing, Ad 1.51
ar + Beam Ports | A
% Array Ports
Focal Points
oL
—_ +
£
3 1r w
g
&
[il]
= . .
2 r
ar
S0 4 2 3 4 s e 7

x (wavelength in vacuum)

Figure 17: Beam and array contour phase centres [MATLAB], adapted from Simon, P.S. [26]

3.3. Feeding Network

The performance of the antenna will depend on the type of TLs that will connect to the input
and output ports, as well as the corresponding transitions. In this chapter, the design used is
inspired by the design presented in [8] and adapted to operate in the bandwidth between 17.3
and 31 GHz. Although the feed reported in [8] shows smooth transitions on the lateral, upper
and bottom flares, in this chapter we follow an approach resembling [4]. The upper and bottom
flares or transitions into the lens have a straight profile. For the lateral flares, the equations used
are the same as in [4]. These equations can round off or straighten the lateral flares.

To conclude, the feed design is a scaled-up design, to access the viability of this type of

feed in this bandwidth. The feed design is presented in Figure 18.
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Table 2. Feed design values

Variable | Value (in mm)
a 6.8
3.25
L 7
l, 5
m 1.23
n 1
£l 4
7y 7
b, 1.4
4 N
I
— |
Metal Jr ‘\p\e‘ia“ i, Ib
1 f r
z "
l_;( I = | 4 Zﬁx
¥ I r |
! 1
a

Figure 18: Single Feeding Port (adapted from [4])

Figure 19 and Figure 20 present some tests and results obtained during the creation of this

feed. All full wave analyses were made using CST Microwave Studio.

I

Figure 19: Simulated E-Fields of a single feed at 24.15 GHz
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S-Parameters [Magnitude in dB]

17.3 18 20 22 24 26 28 30 31
Frequency / GHz

Figure 20: Simulated S11 for a single feed port

As Figure 20 depicts, from 17.3 to 31 GHz, we obtained results below -10 dB. Furthermore,
in order to replicate the reflections of a closed surface, that is, a closed beam port contour, we

extended the side walls of the feed.

i

Figure 21: Simulated E-Fields of a single feed with extended side walls at 24.15 GHz

SParameters [Magnibude in dB]

1723 18 H 22 24 26 28 n £h
Frequency | GHz

Figure 22: Simulated S11 for a single feed port with extended side walls at 24.15 GHz

Figure 22 shows promising results. It demonstrates that, even with reflections possibly

brought by a closed contour, the S11 results still remain below -10 dB.

24|Page



Design of All-Metal Antennas for 5G and Satellite Applications

To evaluate the coupling between adjacent ports, and the transmission of these ports, from
BPs to APs, we reproduced a simple model with 3 ports side by side with the lateral sides open.
In order to have a more realistic approach, we added 3 feeds inside the PPW distanced by f;, to

simulate some of the reflections the APs could have on the BPs (Figure 23).

Figure 23: Model to evaluate mutual coupling between adjacent ports. Beam port 1 (left), beam port 2 (middle),
and port 3 (right).

In Figure 24, we verify that the isolation between ports is relatively good, since in most of
the bandwidth, the S parameters stay below -10 dB. The worst results came from the S11, S22
and S33, at the beginning of the bandwidth with lower frequency values (17.3 to 18GHz).
Further improvements can be made to ensure that isolation is below -10 dB from 17.3 GHz to
18 GHz.

S-Parameters [Magnitude in dB]

— sti,1
— 52,1
— 53,1
—— 51,2
— 52,2
—— 53,2
—— 51,3
— 52,3
— 53,3

dB

17.3 18 20 22 24 26 28 30 31
Frequency / GHz

Figure 24: Simulated S parameters of the 3 adjacent feeds
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3.4. Rotman Lens Full-Wave Simulation

In this section, we reveal a final design of the lens, with the feeds embedded and rightly
positioned. This prototype is a 5x5 lens, as displayed in Figure 25. The final RL design was
simulated from 17.3 to 31 GHz and promising results were obtained. The E-Field for 3 beam
ports at 17.3, 24.15 and 31 GHz are shown in Figure 25, Figure 26 and Figure 27, respectively.
The corresponding S-parameters are shown in Figure 28, Figure 29 and Figure 30, for each

beam port.

BP1 BP2 BP3 BP4 BP5

Figure 25: Simulated E-Fields at 17.3 GHz for beam port 1 (left), beam port 2 (middle), and port 3 (right)
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Figure 27: Simulated E-Fields at 31 GHz for beam port 1 (left), beam port 2 (middle), and port 3 (right)
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As expected, the end ports, that are the ports from the extremities, present the worst
performances (see S11 and S51 in Figure 28). This preliminary study shows that the S-
parameters can be below -10 dB in a wide frequency range. However, further optimization must
be done to reach the goal of a ultrawideband from 17.3 GHz to 31 GHz. Furthermore, as Figure
22 and Figure 24 suggest, as the feeds are placed closer and in an enclosed system, the coupling

between adjacent ports can degrade this response.
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S-Parameters [Magnitude in dB]
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Figure 28: S-parameters from 17.3 to 31 GHz, for Beam Port 1
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Figure 29: S-parameters from 17.3 to 31 GHz, for Beam Port 2
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Figure 30: S-parameters from 17.3 to 31 GHz, for Beam Port 3

3.5. Conclusions

This chapter presents a RL lens design based on ridge waveguide technology to operate in the
Rx and Tx K/Kj, bands of satellite communications. The preliminary design shows promising
results. However, further optimization will be required to achieve the entire operating band.
The TLs were not added in this part because this was just a test to assess the viability of the
transitions between the feed and PPW.
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In the following chapter, a standardised double ridge waveguide solution will be explored
(WRD 180), in order to take advantage of its bandwidth. The TLs will also be added to complete
the design. Since the initial assessment was successful and viable, we will now focus on
achieving the next goals of this thesis:

e Create a complete RL;

e Incorporate a larger bandwidth;

e Reduce reflections and phase errors.
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CHAPTER FOUR
Rotman Lens Operating in the Full K/K, Band

4.1. Introduction

In this section, the final model of this work is presented. As concluded in the previous chapter,
there are promising results that can be further explored and improved. Throughout these
months, several attempts were made to build a complete lens, resulting in this final design that
Is now presented. It consists of a 13x7 RL with a scanning range of £50° operating between an
ultra-wide band of 16 to 40 GHz, using standard double ridge waveguides (WRD180) with a
bandwidth of 18 to 40 GHz as APs and BPs. The results were validated through full-wave

simulations.

This Chapter is organized as follows. In Section 4.2., the general design of the RL is shown,
as well as the transition design, and some considerations and optimizations are carried out. In
Section 4.3. the final assembly of the antenna is presented. In Section 4.4, the numerical results
are presented and discussed.

4.2. RL Design

4.2.1. Geometry

The general design rules of a RL are well established throughout this thesis. GO is applied for
the definition of the paths from the BPs, through the APs and ending at the REs (Figure 8).
However, the initial values need to be adjusted considering the real structure of the BPs and
APs (in this case, the standard ridges WRD180) and corresponding transitions to the PPW. The
design parameters are shown in Table 3. These values followed from an iterative optimization
using preliminary full-wave tests, as it will be discussed in section 4.2.3. We limited the number
of ports to keep the associated computational effort manageable, which is required for full-wave
optimizations. A practical design may be adapted in size to meet given requirements. The focal
length f; was kept as low as possible, ensuring low reflections and good illuminations of the
APs, according to full-wave results. The value of 3, that controls the shape of the focal arc, was
adjusted to minimize the coupling between adjacent ports. The profile of the focal arc and inner

lens contour are shown in Figure 31.
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Table 3 — Design parameter of the Rotman Lens

Variable Value
Number of input ports 13
Number of output ports 7
Focal angle, a +27°
Focal ratio, B = f,/f1 0.97
Maximum beam angle, Y4« +50°
Focal length, f; (mm) 137
Array element spacing, Ad (mm) 9.7
6
o
d ==
[ ] ® Focal Points
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Figure 31: Profile of the designed Rotman Lens.

4.2.2. Double Ridge Waveguide to PPW Transition

In the previous chapter, we used a personalized feed, whilst in the present chapter it is used a
standard waveguide (WRD180). A proper design of a transition is required to ensure a
wideband behaviour of the lens. The design proposed in [4] was adapted and optimized to
operate between 16 and 40 GHz. The final dimensions are shown in Figure 32, which also
contains a representation of the positioning of these transitions along the focal arc, illustrating
a cavity introduced between adjacent ports (Figure 32 (b)).
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Figure 32: (a) Geometry of the design Ridge to PPW transitions with a = 7 mm, b = 6.8 mm, ¢ = 3.4 mm,
d = 14.9 mm . (b) Transitions in the Rotman lens.

4.2.3. Considerations and optimizations
During the elaboration of this model, there have been several modifications that affected the
antenna's performance. Here, some of these changes are demonstrated, justifying some of the
decisions made in the lens design.

One of the initial designs was filled with absorbent in between each port, as shown in Figure
33. One of our studies showed that there exists a trade-off by removing and adding this
absorbent. With the absorbent we improve the return losses and coupling but we lose power in
process. Nevertheless, we chose to remove the absorbent, since it simplifies the design and

assembly, and the return losses were still below the -10 dB mark.
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Figure 33: RL with absorbent filled, in between each port.

Another adjustment was the value of . By having a value of 8 = 1, the BPs were equally
spaced in a circular setup with the centre in f;, so none of them was coming more to the front
than the others. This did not happen to the APs, so by having them in a more elliptical setup,
some were more to the front than others. This had the effect of decreasing the S-Parameters of
the APs. To solve this problem, we had to adjust the value of £ and bring it to the value of § =
0.97. By doing this, the BPs had a more elliptical shape and the APs a more circular shape.
From that, a new trade-off occurs. By adjusting the value of S, we improve the S-Parameters
of the APs, but also decrease the performance of the BPs, as illustrated in Figure 34 and Figure
35.

S-Parameters [Magnitude in dB]

B

17.3 138 20

Figure 34: S-Parameters of the APs with 8 = 1
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S-Parameters [Magnitude in dB]
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25

-30 '
17.3 18 20 22

Figure 35: S-Parameters of the APs with g = 0.97

4.3. Assembling of the Rotman Lens

After positioning all the lens components in the previously calculated locations, the lens is
closed. The PPW takes a rectangular shape filled with absorbing material (ECCOSORB NA
77) on the sides, so that reflections due to spill over are minimized. The absorbing material on
the sides of the cavity can be removed, by adding new ports (including dummy ports) which
would allow achieving an all-metal design. Finally, the TLs, designed using Bézier curves, are

added, completing the RL beamformer. Figure 36 shows the final design of the lens.

413.2 mm

I | YFEFE EEE———

193.4 mm
(a)

204.1 mm

251.2 mm
187.5 mm
wur g’ L9

(b)

Figure 36: 3D Model representation [CST]: (a) side view; (b) top view
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4.4. Numerical results and discussion

This section shows the full-wave simulation results of the model presented in Figure 36. The
model was simulated from 16 to 40 GHz using the FDTD solver of CST Microwave Studio. In
Figure 39 it is shown that all the scattering parameters between the BPs are well below -10 dB

over the entire analysed band, as well as the APs (Figure 40).

Figure 37: Amplitude (a) and phase (b) field distribution inside RL for 30 GHz for three different beam port
excitations.

From Figure 37 we can see that not all the APs receive the same amount of energy. This
results in a different field magnitude for each AP, which decreases the performance of the array
factor. From Figure 38, we can see that in lower frequencies we achieve a better harmonization
of the Field magnitude across all APs. This harmonization is worse in higher frequencies, like
40 GHz.
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Figure 38: Field magnitude distribution. Top row represents BP1 and lower row BP7 (Centre)

S-Parameters [Magnitude in dB]

dB

Frequency / GHz

Figure 39: S-parameters between all beam ports 16 to 40 GHz.
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Figure 40: S-parameters between all array ports 16 to 40 GHz.
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The field amplitude and phase representation inside the lens, for different beam ports at 30
GHez, is shown in Figure 37. This representation highlights the role of the cavities between the
APs on reducing reflections back to the BPs. As expected, due to the small size of the inner lens
contour, a significant spill over is observed. This may be mitigated by adding more APs.
However, this would increase the numerical complexity of the analysis. The presented design
is sufficient for showing the broadband potential of this approach.

Figure 41 shows the phase variation at the output of the TLs for two beam positions, the
central one and the most scanned one, confirming the stable design of the complete beamformer
over the analysed frequency range. In Table 4, the beam direction and corresponding phase
errors are also presented. The corresponding array factors for port 1, 3 and 7 for 18 and 30 GHz
are represented in Figure 42. A good agreement of the full-wave results with the reference case
of ideal linear phase variation and constant amplitude is obtained. We have chosen only three
ports because in some cases the secondary lobe emerges, and since we have a good number of
ports this can result in a confusing analysis for the reader. With that being said, we have chosen

the port with the highest beam tilt (Port 1), the centre port (Port 7) and one in between (Port 3).

Table 4 - Beam direction and average phase error for sequential beam port excitation (see Figure 32 (b)), at 18
GHz, 30 GHz, 40 GHz.

BP () ) 18 GHzZ . 30 GHzZ . 40 GHzZ
P (°) Average Error (°) P () Average Error (°) P () Average Error (°)
1 50.6 7.1 48.9 12.0 49.0 19.9
2 40.2 9.8 39.9 10.0 39.1 19.7
3 30.8 5.6 30.7 11.2 30.1 13.6
4 23.0 95 22,6 15.0 22.0 19.7
5 149 9.8 14.0 12.7 14.3 28.0
6 7.7 9.3 7.5 15.7 7.0 20.8
7 0.0 10.2 0.0 7.0 0.0 18.5
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Figure 41: Phase at the output ports of the TLs (each dot corresponds to a different TL) considering multiple
frequencies for the central port (a) and most scanned one (b).
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Figure 42: Array factors for ports 1,3 and 7 at 18 GHz and 30 GHz. Comparison of the full-wave simulations
(solid lines) with the case of ideal linear phase variations and constant amplitude (dashed lines).
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Finally, we decided to evaluate the antenna’s power efficiency. We have chosen BP1 and
BP7, as they represent the BPs with the worst and best performance, respectively. As Figure 43
illustrates, there are some frequencies where the antenna’s efficiency decreases. This is
notorious in the central BP (BP7), where around 19GHz this effect occurs. For the BP1, the
efficiency is stable but is still in need of improvement for future work.
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Figure 43: Antenna power efficiency. Green line represents Beam Port 1(Extremity), and the red line represents
Beam Port 7 (Centre)
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CHAPTER FIVE
Conclusions

5.1. Main achievements

In this Thesis, a novel transition design of a double ridged waveguide in a parallel plate
waveguide, in the context of a Rotman Lens antenna, is proposed. We achieved an ultrawide
band operation (16-40 GHz), exploiting the bandwidth potential of the WRD180.

The challenge was to find cost-effective solutions for broadband antennas, capable of
performing multibeam and/or wide beam scanning. The qualities of the Rotman Lens were
explored to the uttermost, to face this major challenge. Nevertheless, this classical antenna
presents a complex assembly, with several independently designed parts. All these components
had to be carefully positioned in previously calculated points, always paying attention to
overlapping situations. For this, we relied in automated processes, like macros (CST —
Microwave Studio), and applications (MATLAB).

In this work, we not only assessed the viability of this type of feed (Double Ridged
Waveguide) in the K/Ka Bands, but also have reached all of the listed objectives in Chapter
One. Our initial objective was to operate in the entire K/K, satellite Band (17.3 GHz-31GHz)
[37], but we were able to extend it further to 16-40 GHz. Good performance indicators of our
lens were shown in Chapter Four. Not only the scattering parameters between the beam ports
and array ports were well below — 10 dB, but the phase was frequency independent, with larger
errors in higher frequencies. This demonstrated that the Rotman Lens designed was indeed
functioning well. The field distribution along the APs is one of the topics to improve, as well
as the secondary sidelobes levels and the antenna’s power efficiency.

We also concluded that, in building this structure (RL), there exists several trade-offs to
consider for future work:

1. A cavity is implemented between each feeding ports, which has a positive impact on the
return loss and port-to-port coupling at the expense of a moderate increase in the
distance between adjacent ports.

2. The value of B can be adjusted to improve the S-Parameters of the APs, at the expense
of decreasing the performance of the BPs’ S-Parameters.

3. Adding absorbent material in between ports causes the system to lose power, but
removing it increases the oscillations of the transmission coefficients, increasing the

return losses and coupling.
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Finally, in Table 5, the presented design is compared with other published broadband RL
designs in terms of lens size, TL technology, scanning range, frequency range and 10 dB return

loss bandwidth. This comparison clearly highlights the benefits of the presented design.

Table 5 - Comparing different broadband Rotman lens designs.

. 10dB
Size Tech. Scan Freq. (GHz) Bandwidth
[4] 13x11 Ridge +15° 37-43 15%
[9] 5%5 Ridge +30° 6-18 100%
Microstrip +30° RL 0
[40] 18x16 FPMU  460°RL+PMU 20720 23%
This work 13x7 Ridge +50° 16-40 86%

At the end, our all-metal approach had to have the addition of an absorbent material,
because of the reflections in an enclosed system. Ultimately, we are happy to pave the way for

future work on this classical antenna, Rotman Lens.

5.2. Future work

There is still a lot of room for improvement in this project. Future works will include
investigation on the design of the proposed cavities, ways to remove the absorbent material and
create a fully metalized structure, and the creation of radiating elements able to operate in all
the band we achieved in the proposed design (16-40 GHz). There are still micro-optimizations
to be done, namely the spacing between the feeds, lens size and some other approaches to be
implemented, stated in the state of the art, as well as experimental validation.

It would be interesting to also explore the addition of extra components, like phase management
units [40] or even polarizers [36], and modify the feed structure to work with power dividers
[30].
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Attachments

A.  Manual MATLAB Application
Installation

The installation is pretty simple when using MATLAB applications. The developer shares the

package, and the other person needs to follow these rules:

1. Create a Paste for the MATLAB APP to run and save files

~

Marme Status Date modified Type Size

@ Rotman Lens - ISCTE&IT = A 25/10/2021 1648 MATLAE App Inst... 259 KB

2. Double click the package and click “Install”

A\ Install Pt

Install inte My Apps?

Cancel

3. Inyour APPS Tab you should have the program ready to run.

B 06868 0|88 & b B8 @B &

Design GetMore |Install Package Rotman Lens - | |Classification Regression Distribution  Antenna Array Antenna Raspberry Fi
App Apps App App ISCTE&IT Learner Learner Fitter Designer Designer Resource M...

FILE APPS

4. Have fun!
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GUI

In order to organize the several sections of the GUI, we numbered each section to ease the

comprehension of the application (Figure Al).

4. MATLAB App — O x
Rotman Lens Transmission Lines
Rotman Lens Parameters Optimization Analysis and Options ; o
Zeta(Q) 0 0
Frequency (GHz) 2415 Zeta Max. (£ max)
BR
Focal length (1) 11 r:ye:%lingzot?v)
Focal Ratio (B) 0.97 Array Element
Focal angle (a) 27 Spacing (F1 Based) Fy
Maximum beam = Opt. Focal Angle (B) ]
angle () 2
Array Element =1
Spacing (d/A_0) 062 :
Number of 1 Analysis Plot Options Some considerations
Beam Ports (Nb) | Plot Arc Array Factor B=f 2/ 1
Number of 7 -
Array Ports (Na) FPhase Error Analyze ¥3 = (1:1:Na)yd-(Na+1y:di2
The spacing can also be
1. 3. giving by:
———— d = (2*n_max*_1{Na-1)
CST Microvave - Export n_max -= 0.5 for optimal
‘t |SCbe results
For this select the check box
. Save Data Export data for Macro
4, B

Figure Al: GUI — MATLAB Application

Section 1:

In this Section, we have a set of parameters to design the Rotman Lens antenna.

Section 2:
In this Section, we have some design parameters that can be used to further optimizations by

checking the charts obtained from Hansen studies.

Section 3:
In this Section, we have an analysis plot area that enables us to plot the several studies in

display.
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Figure A2: (a) Plot Arc; (b) Array Factor; (c) Phase Error.
Section 4:

In this Section, we have the export area that enables the program to export the results of the
analysed design. The “Save Data” button allows the user to save the structure of the previous
calculated/analysed Rotman Lens. The “Export data for Macro” button allows the data to be
exported and saved in .txt files, as shown in Figure A3 and Figure A4. These files can later on

be imported by the CST Macro system (Figure A5).

Current Folder [

Marne
|=] arraypoints.bct
|=| beampoints it
] lens.mat
@ Retman Lens - ISCTE&IT.mlappinstall
|=| transmissionlines.bet

Figure A3: Exporting port positions into the .txt files
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Xb Yo angleb

1.49296038691012 -4.84407863222096  -27
1.02665869693418 -4.07613650255669  -22.229993603725
0.652123873158525  -3.2860105060100¢ -17.617459181453
0.364772484005884 -2.47885447851159 -13.1202338257239
0.161495976000233  -1.65930235189225  -5.70401952255623
0.0402825645227914 -0.831652038996936 -—4.33943736027042
o o0 o

0.040282564522791¢ 0.831652038996936  4.33943736027042
0.161495976000233  1.65930235189225 8.70401952259628
0.364772484005384  2.47885447851159 13.120233825723%
0.652123873158525  3.28601050601004 17.617459181453
1.02665869693418 4.076136902556€9 22.229993608725
1.49256038691012 4.34407863222096 27

Xa Ya anglea

10.2530851925835 -3.04934218244338  -16.5628457602302
10.668313648942¢ -2.066156040766259  -10.9608966560158
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1 0 o

10.591711959762502 1.04290879749689 5.45688704168193
10.6683136489426 2.06615604076629 10.9608966560158
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Figure A4: Exporting port position in MATLAB console

I
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Clipboard Macros User Interface Start Macro

' Rotman Lens

Public Const £f1 = & 'Rotman Lens fl1 walue

Public Const wl = 15.7 'Wavelength

Puklic Const height = 3.4036 'Height of the Lens

Public Const thick = 2 'Metal Thickness

Public Const Nb = 8 'Number of Beam Ports

Public Const Na = 7 "Wurber of Array Ports

"Public Conat CPwg = 11 "Center Point of the Waveguide

"Port positions and angles:

Public Const arraypoints = "D:\Fabio Cardoso\Macro‘arraypoints.txt™

Public Const beampoints = "D:\Fébio Cardosc\Macro\beampoints.txt™

Public Conat waveguidemodel = "D:\Fibio Cardosc'\Macro\waveguidemodelext.sab"

Option Explicit

Sub Main ()

Figure A5: Running the CST macro and importing the generated.txt files

Section 5:
In this Section, we have a visual guide for the user, so he can understand with ease where each

parameter is located.

Section 6:
In this Section, some considerations to take into account while using the application, mostly

suggestions from other works.
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B. Macro CST

In this attachment it is shown the macro developed for this work. The language used is
VBA, and the macro can executed in CST — MICROWAVE STUDIOS.

' Rotman Lens

Public Const f1 =6 '‘Rotman Lens f1 value

Public Const wl = 15.7 'Wavelength

Public Const height = 3.4036 'Height of the Lens

Public Const thick = 2 ‘Metal Thickness

Public Const Nb =9 'Number of Beam Ports

Public Const Na=7 '‘Number of Array Ports

'Public Const CPwg = 11 ‘Center Point of the Waveguide

'Port positions and angles:

Public Const arraypoints = "N:\Fabio Cardoso\Macro\arraypoints.txt"

Public Const beampoints = "N:\Fabio Cardoso\Macro\beampoints.txt"

Public Const waveguidemodel = "N:\Fabio Cardoso\Macro\waveguidemodelext-
short.sab"Option ExplicitSub Main ()

BeginHide

BuildLens()

Component.New "Beam Waveguides"
BuildBeamWaveguides()
Component.Delete “component1"
Component.New "Array Waveguides"
BuildArrayWaveguides()
Component.Delete “component1"
EndHideEnd Sub

Sub BuildLens()

With Cylinder
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.Reset
.Name "Upper Lens"
.Component "Rotman Lens"
.Material "PEC"
.OuterRadius f1*wl/2
.InnerRadius "0.0"
Axis "z"
.Zrange height/2, height/2+thick
Xcenter f1*wl/2
.Ycenter "0"
.Segments "0"
.Create

End With

With Cylinder
.Reset
.Name "Bottom Lens"
.Component "Rotman Lens"
.Material "PEC"
.OuterRadius f1*wl/2
.InnerRadius "0.0"
AXis "z
.Zrange -height/2-thick, -height/2
Xcenter f1*wl/2
.Ycenter "0"
.Segments "0"
.Create

End With

With Transform

.Reset

.Name "Rotman Lens"
.Origin "Free"

.Center "0", "0", "0"
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.ScaleFactor "1.2", "2", "1"
.MultipleObjects "False"
.GroupObjects "False"
.Repetitions "1"
.MultipleSelection "False"
.Transform "Shape", "Scale"

End WithWith Transform
.Reset
.Name "Rotman Lens"
.Vector -wl/2, 0", "0"
.UsePickedPoints "False"
InvertPickedPoints "False"
.MultipleObjects "False"
.GroupObjects "False"
.Repetitions "1"
.MultipleSelection "False"
.Transform "Shape", "Translate"

End With

End Sub

Sub BuildBeamWaveguides()

Dim textline As String
Dim Text As Variant
Dim Dx As Double
Dim Dy As Double
Dim angle As Double
Dim i As Double

Dim Name As String

Open beampoints For Input As #1
i=1
Do Until EOF(1)
Line Input #1, textline
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Text = Split(textline, " ")
Name = "BeamPort-" & i
Dx = Cdbl(Text(0))*wl
Dy = Cdbl(Text(1))*wl
angle = Cdbl(Text(2))
PlaceBeamWaveguide(Dx, Dy, angle, Name)
i+=1
Loop
Close #1

End Sub

Sub PlaceBeamWaveguide(Dx As Double, Dy As Double, angle As Double, Name As
String)With SAT
.Reset
.FileName waveguidemodel
dd "1t
.Version "9.0"
.ScaleToUnit "0"
.ImportToActiveCoordinateSystem "True"
.Curves "True"
.Read
End With

Pick.PickPointFromCoordinates Dx, Dy, "0"
Pick.PickPointFromCoordinates "0", "0", "0"

With Transform
.Reset
.Name "component1"
.Vector Dx, Dy, 0
.UsePickedPoints "True"
.InvertPickedPoints "True"
.MultipleObjects "False"
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.GroupObijects "False"

.Repetitions "1"

.MultipleSelection "False"

.Transform "Shape", "Translate"
End WithWith Transform

.Reset

.Name "component1"

.Origin "Free"

.Center Dx, Dy, "0"

Angle "0", "0", -angle

.MultipleObijects "False"

.GroupObjects "False"

.Repetitions "1"

.MultipleSelection "False"

.Transform "Shape", "Rotate"
End With

Solid.ChangeComponent “componentl:Waveguide", "Beam Waveguides"

Solid.Rename "Beam Waveguides:Waveguide", Name

End SubSub BuildArrayWaveguides()

Dim textline As String
Dim Text As Variant
Dim Dx As Double
Dim Dy As Double
Dim angle As Double
Dim i As Double

Dim Name As String

Open arraypoints For Input As #1
=1
Do Until EOF(1)
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Line Input #1, textline
Text = Split(textline, " ")
Name ="Array-" & i
Dx = Cdbl(Text(0))*wl
Dy = Cdbl(Text(1))*wl
angle = Cdbl(Text(2))
PlaceArrayWaveguide(Dx, Dy, angle, Name)
i+=1
Loop
Close #1

End SubSub PlaceArrayWaveguide(Dx As Double, Dy As Double, angle As Double, Name As
String)With SAT
.Reset
.FileName waveguidemodel
dd 1"
.Version "9.0"
.ScaleToUnit "0"
.ImportToActiveCoordinateSystem "True"
.Curves "True"
.Read
End WithWith Transform
.Reset
.Name "component1"
.Origin "Free"
.Center "0", "0", "0"
Angle "0", "0", angle+180
.MultipleObjects "False"
.GroupObijects "False"
.Repetitions "1"
.MultipleSelection "False"
.Transform "Shape", "Rotate"
End With
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Pick.PickPointFromCoordinates "0", "0", "0"

Pick.PickPointFromCoordinates Dx, Dy, "0"With Transform
.Reset
.Name "component1"
.Vector Dx, Dy, "0"
.UsePickedPoints "True"
InvertPickedPoints "False™
.MultipleObjects "False"
.GroupObjects "False"
.Repetitions "1"
.MultipleSelection "False"
.Transform "Shape", "Translate"
End WithSolid.ChangeComponent “componentl:Waveguide", "Array Waveguides"

Solid.Rename "Array Waveguides:Waveguide", Name

End Sub
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Abstract— Several services associated with satellite on the
move and 5G applications are populating the K and Ka
frequency bands. Beam forming networks are crucial
components for achieving the necessary beam flexibility and
agility of these systems. The Rotman lens is being widely
investigate as a cost-effective solution for overcoming the main
limitations of other types of beam forming networks, namely
bandwidth, complexity, and size. One of the main design
challenges is obtaining broadband transitions for the array and
beam ports. In this work, we used a standard K/Ka double ridge
(WRD180) for interfacing with the Rotman Lens. The main
motivation for this choice is the wide bandwidth, compatible
with the K/Ka. satcom frequency bands, and the use of
air/vacuum propagation medium in the parallel plate waveguide
section to avoid dielectric losses associated with microstrip
implementations. We present a design capable of fully exploiting
the ridge waveguide bandwidth with wide beam scanning,
outperforming previous works. The presented design consists of
a 13x7 Rotman Lens with a scanning range of +50 degrees
operating between 16 and 40 GHz, validated through full-wave
simulations.

Index Terms—35G, Satellite on the move, Beam forming
networks, Rotman Lens, Double Ridge Waveguide, K/K. Band

L INTRODUCTION

The demand for ubiquitous broadband internet access is
pushing forward the development of new mobile terrestrial
and space communication infrastructures. K and K, frequency
bands are expected to become a common place in a near future
of 5G and satellite communications [1]. There is an intense
research effort on the development of broadband (multi)beam
antennas [2], [3]. The design of the corresponding beam
forming networks (BFNs) is particularly challenging for
millimetre-waves, as they become more inefficient and
complex with the increase of the operation frequency and
aperture size relative to the wavelength in order to compensate
for higher propagation losses. For these reasons, quasi-optical
beamforming solutions are considered well suited for higher
frequencies [4]. In particular, the Rotman lens (RL) [5], as a
true time delay BFN, offers a combination of broadband
operation with low-cost, compactness and wide-angle beam
steering. Continuous improvements and variation on this
classic topic are still being put forward [6]-[10]. This work

presents a Rotman Lens design with wide-angle (+50°) and
ultra-wide band (1640 GHz) using standard double
ridgewaveguides (WRD180) as array and beam ports. In fact,
the combination of the large operation bandwidth of ridge
waveguides and of the Rotman lens has been previously
reported [6], [9]-[11]. Specifically, an exhaustive comparison
between different feeding port designs was provided in [10],
which confirmed the superior performance of ridged
waveguide designs. In [6], ultrawideband was achieved but
only for a limited scanning range and small number of array
and beam ports (5x5). The impact on the operating bandwidth
of the transitions between the array and beam ports to the
central parallel plate waveguide (PPW) was investigated in
[11], indicating a careful design is required to achieve an
ultrawideband response with waveguide ports, even when
ridged waveguides are implemented.

In this paper, a novel transition design is proposed which
demonstrates superior performance compared to previously
reported ones. Specifically, the sidewalls of the ridged
waveguides are not connected as in previously reported
designs. Instead, a longitudinal corrugation is implemented
between each feeding ports, which has a positive impact on
the return loss and port-to-port coupling at the expense of a
moderate increase in the distance between adjacent ports. A
standard WRD180 double ridge waveguide (1840 GHz) is
used as the input and output ports of a 13x7 Rotman lens with
a scanning range of +50 degrees. Bézier curves is applied in
the design of the Rotman lens transmission lines (TLs). This
method provides smooth curvature, which is particularly
important when aiming for ultrawideband operation, as is the
case in this work. The results were validated by full-wave
simulations using CST microwave studio [12]. The return
losses of the presented design are better than 10 dB even
beyond the K/K, bands of interest for satcom applications
(16-40 GHz). The proposed design outperforms previous
works when comparing return loss, wide angle scanning and
bandwidth. The work paves the way for a future experimental
validation that is being planned.
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II. ROTMAN LENSES DESIGN

A. Geometry

The general design rules of a RL are well establish [13], which
are based on Geometrical Optics for the definition of the paths
from the Beam Ports (BPs), through the Array Ports (APs) and
ending at the Radiating Elements (RE) (Figure 1). However,
these initial values need to be adjusted considering the real
structure of the beam and array ports (in our case standard
ridges WRD180) and corresponding transitions to the PPW.
The design parameters are shown in Table 1. These values
followed from an iterative optimization using preliminary
full-wave tests. We adopt a 13x7 configuration with a 50
degrees scanning range, which is a representative example of
a RL design for 5G and satellite-on-the-move (SOTM)
applications. We limit the number of ports to keep the
associated computational effort manageable, which is
required for full-wave optimizations. A practical design may
be adapted in size to meet given requirements. The focal
length f; was kept as low as possible ensuring low reflections
and good illuminations of the array ports according to full-
wave results. The value of j, that controls the shape of the
focal arc, was adjusted to minimize the coupling between
adjacent ports. The profile of the focal arc and inner lens
contour are shown in Figure 2.
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Figure 1. Rotman lens schematics [13].
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Figure 2. Profile of the designed Rotman lens .

Table 1 — Design parameter of the Rotman Lens.

Varnable Value
Number of input ports 13
Number of output ports 7
Focal angle, +27°
Focal ratio, 8 = f>/fi 0.97
Maximum beam angle, Yz 150°
Focal length, f; (mm) 137
Array element spacing, Ad (mm) 9.7

B. Double Ridge to PPW Transition

A proper design of a transition is required to ensure a
wideband behaviour of the lens. The design proposed in [10]
was adapted and optimized to operate between 16 and
40 GHz. The final dimensions are shown in Figure 3, which
also contains a representation of the positioning of these
transitions along the focal arc, illustrating the longitudinal
corrugation introduced between adjacent ports (Figure 2b).
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(b)

Figure 3. (a) Geometry of the design Ridge to PPW transitions with a =
7mm,b =68mm, c =3.4mm, d= 14.9 mm . (b) Transitions in the
Rotman lens.

C. Assembling the Rotman lens

After positioning all the lens components in the previously
calculated locations, the lens is closed. The PPW takes a
rectangular shape filled with absorbing material
(ECCOSORB NA 77) on the sides so that reflections due to
spillover are minimized. In fact, absorbing material was also
included originally between each feeding ports within the
rectangular cavity. It was found that removing them would
not affect notably the performance, thus simplifying the
design and assembly. This also introduces new design
parameters with the length of these longitudinal corrugations,
which may be further investigated in the future. The
remaining absorbing material on the sides of the cavity can
be removed as well, by adding new ports (including dummy
ports) which would allow achieving an all-metal design.
Finally, the TLs, designed using Bézier curves, are added,
completing the RL beamformer. Figure 4 shows the final
design of the lens.

413.2mm

51.2 mm

e

(b)

Figure 4. 3D Model representation [CST]: (a) side view; (b) top view.

III. NUMERICAL RESULTS AND DISCUSSION

This section shows the full-wave simulation results of the
model presented in Figure 4. The model was simulated from

16 to 40 GHz using the FDTD solver of CST Microwave
Studio. In Figure 5 it is shown that all the scattering
parameters between the beam ports are well below -10 dB
over the entire analysed band.

S-Parameters [Magntude n dB]

Frequency / GHz

Figure 5. S-parameters between all beam ports 16 to 40 GHz.

The field amplitude and phase representation inside the lens
is shown in Figure 6 for different beam ports at 30 GHz. This
representation highlights the role of the cavities between the
arrays ports on reducing reflections back to the beam ports.
As expected, a significant spill over is observed due to the
small size of the array contour. This may be mitigated adding
more array ports; however, it would increase the numerical
complexity of the analysis. The presented design is sufficient
for showing the broadband potential of this approach.

() (b)
Figure 6. Amplitude (a) and phase (b) field distribution inside RL for 30
GHz for three different beam port excitations.

Figure 7 shows the phase variation at the output of the TLs
for two beam positions, the central one and the most scanned
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one, confirming the stable design of the complete 18 Ghz
beamformer over the analysed frequency range. In Table 2 .

the beam direction and corresponding phase errors are also
presented. The corresponding array factors for port 1, 3 and
7 for 18 and 30 GHz are represented in Figure 8. A good
agreement of the full-wave results with the reference case of
ideal linear phase variation and constant amplitude is
obtained. Finally, in Table 3 the presented design is compared
with other broadband RL designs in terms of lens size, TL
technology, scanning range, frequency range and 10 dB
return loss bandwidth. This comparison clearly highlights the T T T e eeny
benefits of presented design.

AF (dB)

30 GHz

boresight beam

- 18 GHz
o e S + 20 GHz g
24 GHz =
ey -+ 30 GHz
=} - 40 GHz
20 0 20 40 d i
y (mm) <90 -40 10 60
Theta (de.g)
(@)
Figure 8. Array factors for ports 1,3 and 7 at 18 GHz and 30 GHz.
50 degree beam Comparison of the full-wave simulations (solid lines) with the case of ideal
2500 linear phase variations and constant amplitude (dashed lines).
= 2000 B --18 GHz
B . “ Table 3 — Comparing different broadband Rotman lens designs.
z 1500 24 GHz
21000 : Fre 10dB
= ~-30 GHz i -
3 500 Stze  Tech Sean  (GHz) _ Bandwidth
; g +-40 GHz [6] 5%5 Ridge +30° 6-18 100%
B | Microstrip +30°RL
500 40 -20 0 20 40 [8] 18x16 +PMU +60° RL+PMU  20-25 23%
y (mm) [10] 13x11 Ridge +15° 3743 15%
This :
=+ o 0,
() o 13x7 Ridge 50 1640 86%

Figure 7. Phase at the output ports of the TLs (each dot corresponds to a
different TL) considering multiple frequencies for the central port (a) and IV. CONCLUSION
most scanned one (b).
This work presented a Rotman lens design with ultrawide

band operation and wide angular scanning range. The

Table 2 -Beam direction and average phase error for sequential beam port bandwidth potential of WRD180 double ridge waveguides
sxcitation (secFigure:3b), at 18.GHz, 30 GHz, 40 GHz. was fully exploited thanks to a novel design of transitions
T YT T bet\‘lieen n?le beimlarray P&[)rtsf a.x:ld the PPV\/tdsecmLx;i lThxs
BP () _ Average _ Average i Avseigs ;vor cl? irms the potential of ridge waveguide technology
Exror(®) Error(®) Error(®) for millimeter wave applications. Future works will include
1 506 71 289 120 90 00 investigations on the demgn_ of the pr(_)pos_ed longitudinal
5 S 58 00 Too T o7 corrugations, as well as experimental validation.
3 308 56 30.7 112 30.1 136
4 230 9.5 226 15.0 220 197 ACKNOWLEDGMENT
Z 1: '79 z:: 17450 ii; 1,:63 iz;g Th}s _work was part_ially supported by fmdacﬁo para a
Z 55 T T =5 55 T Ciéncia e Tecnologia (FCT) under projects PTDC/EEI-
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