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Résumeé

Les constellations de satellites en orbite basse (LEO) et intermédiaire (MEO)
devraient étendre la connectivité dans les zones difficiles d'acces. La néces-
sité d'avoir un large secteur angulaire (environ £20° pour les satellites MEO et
jusqu'a plus de £60° pour les satellites LEO), ainsi que la possibilité d'utiliser
des plus larges bandes de fréquence en bande Ka a créé de nouveaux défis dans
la conception d'antennes. De plus, des solutions a bas colt sont nécessaires, en
particulier pour les constellations LEO pour lesquelles le nombre d'antennes
nécessaires dans le segment spatial et sol est important. Pour atteindre des
débits élevés et des communications stables, les antennes satellite doivent pou-
voir générer des faisceaux étroits, orientables, et a gain élevé. En l'absence
de liens inter-satellites, plusieurs antennes de poursuite avec une précision de
pointage élevée sont également nécessaires pour les stations sols.

Les réseaux de formateurs de faisceaux passifs offrent de bonnes performances
en balayage et des faisceaux multiples a faible cotGt. Cependant, les pertes et la
complexité du réseau augmentent rapidement avec le nombre de faisceaux et
la taille de I'ouverture rayonnante. Des formateurs de faisceaux quasi-optiques
ont été développés pour diverses applications afin de surmonter ce probleme.
Dans le domaine des communications par satellite a large bande, ces dispositifs
ont recu une attention croissante en raison de leur caractéristique de retard en
temps réel. De plus, les progres en fabrication antenne ont ouvert de nouvelles
voies pour des implémentations efficaces a faible cotit aux longueurs d'onde
millimétriques. Le concept proposé précédemment de lentilles continues en
guide d'ondes a plans paralleles semble particulierement prometteur pour les
applications spatiales. Le principe de fonctionnement est similaire a celui d'une
lentille contrainte bidimensionnelle, sauf que la compensation du trajet optique
est obtenue a l'aide d'une cavité verticale de guide d'ondes a plans paralléles.
Ses principaux avantages sont la réduction des pertes de dépointage par rapport
aux systemes pillbox a réflecteur parabolique, la facilité de fabrication par rap-
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port aux lentilles contraintes exclusivement constituées en métal, et enfin leur
intégrabilité par rapport aux lentilles géodésiques. La principale limitation des
précédentes solutions est le secteur angulaire d'environ £30°. De plus, les appli-
cations LEO nécessitent des systemes d'alimentation compacts qui fournissent
une reconfigurabilité des faisceaux. Ces deux aspects sont traités dans cette these,
et ont conduit au développement de deux nouvelles architectures d'antenne,
d'outils numériques permettant la caractérisation et la synthese efficace des
réseaux de sources, ainsi que d'une nouvelle solution pour l'implémentation en

PCB des lentilles continues en guide d'ondes a plans paralleles.

Plan de la These

Dans le chapitre 1, les exigences spécifiques sur les antennes pour les systémes
de communications par satellites LEO/MEO sont identifiées, tout en soulignant
la nécessité des dispositifs quasi-optiques. Les principes de conception et un

état de l'art sur les réalisations technologiques sont présentés.

Le chapitre 2 traite des limites théoriques des antennes multifaisceaux. Des solu-
tions pratiques au probleme de non-orthogonalité de faisceaux dans les systemes
quasi-optiques sont passées en revue. L'accent est mis sur deux approches qui
ont été suivies dans cette these: le balayage mécanique du faisceau et l'excitation
par des clusters superposés.

Dans ce qui suit, les travaux de recherche effectués au cours de cette these

et ses contributions principales sont résumés.

Sujet 1: Balayage mécanique du faisceau sur une large couverture angulaire

Dans le chapitre 3, un nouveau systéme d'alimentation mécanique basé sur la
caractéristique sans contact des guides d'ondes en technologie gap waveguide
est présenté. Les principaux avantages du concept d'alimentation proposé par
rapport aux solutions conventionnelles basées sur des cables coaxiaux flexibles
et des joints tournants sont une bande passante plus large, un profil réduit et
une grande robustesse mécanique. La structure peut étre réalisé pour effectuer
un mouvement linéaire ou circulaire rapide. De plus, le systeme de balayage
est efficace pour divers solutions de formateurs de faisceaux en guide d'ondes a

plans paralleles.
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La procédure de conception d'un systeme d'alimentation fonctionnant en bande
Ka (liaison montante) est présentée. De plus, des modeles analytiques approx-
imatifs facilitant ce processus sont expliqués. Une simple lentille en guide
d'ondes a plans paralléles compatible avec le systeme d'alimentation développé
est proposée. Une routine d'optimisation basée sur une procédure de tracé de
rayons proposée précédemment est utilisée pour controler 'amplitude et la
distribution de phase sur l'ouverture rayonnante en faconnant les différents con-
tours de la lentille. Les résultats calculés démontrent la couverture d'un secteur
angulaire de £35°. Ensuite, un systéeme compact a deux lentilles est introduit,
permettant de dépointer sur un secteur angulaire plus large. La structure finale
de I'antenne, composée du dispositif quasi-optique et du systeme d'alimentation
mécanique, est détaillée. Le processus de fabrication et la caractérisation ex-
périmentale d'un prototype exclusivement constitué de métal sont décrits. Les
résultats de mesure démontrent de bonnes performances de balayage sur un

secteur angulaire d'environ £50°.

Sujet 2: Méthodes numériques pour I'analyse des formateurs de faisceaux
en guide d'ondes a plans paralleles

Dans le chapitre 4, des modeles asymptotiques pour 1'analyse des formateurs
de faisceaux en guide d'ondes a plans paralléles en réception sont présentés.
Une combinaison d'optique géométrique et optique physique est utilisée pour
déterminer la distribution du champ dans la région focale des lentilles continues
en guide d'ondes a plans paralleles. Les méthodes sont validées par comparaison
avec un solveur électromagnétique classique. En appliquant la réciprocité, les
modeles décrits permettent une caractérisation rapide et rigoureuse des réseaux
de sources primaires. Un avantage de cette approche se traduit par le fait que
le couplage entre le systeme quasi-optique et les sources peut étre entierement
décrit au moyen d'une quantité scalaire, appelée efficacité de transfert.

La procédure proposée est ensuite utilisée pour déterminer les contours de gain
maximum des réflecteurs paraboliques cylindriques et pour évaluer leurs limites
sur les performances de balayage. De plus, la dérivation d'un arc focal amélioré
est démontrée pour un modele simplifié d'une lentille contrainte.

Une extension de la formulation permettant la syntheése de cluster de sources est
décrite. Un exemple de conception est présenté pour démontrer 1'utilité de cette
approche. Les limitations de sa validité pour des sources électriquement petites

sont mises en évidence.
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Sujet 3: Lentille en guide d'ondes a plans paralléles alimentés par des

clusters superposés en PCB

Dans le chapitre 5, une lentille multifaisceaux utilisant des clusters de sources
superposés est proposée. Une nouvelle caractéristique de cette conception est
sa réalisation en technologie PCB multicouches. Le concept de double lentilles
présenté au chapitre 3 est appliqué pour obtenir les propriétés de focalisation
souhaitées et un profil réduit. La méthode présentée dans le chapitre 4 est
utilisée pour optimiser 1'arc focal et pour déterminer les pondérations complexes
de l'excitation des clusters. La conception d'une transition de sortie permettant
l'utilisation de la lentille comme dispositif a rayonnement direct est présentée.
Les résultats de simulations d'une antenne fonctionnant en bande Ka (liaison
descendante) démontrent des bonnes performances en dépointage sur un large
secteur angulaire d'environ +60°.

Le profil réduit, la légereté et la réduction du colit de fabrication font de ce for-
mateur de faisceaux un candidat tres attractif pour des architectures d'antennes

actives soumises a des exigences strictes de couverture et d'encombrement.



Abstract

Reconfigurable Quasi-Optical Beamformers for Next-Generation
Satellite Applications: Electromagnetic Modeling and Design

by

Thomas Strober

Emerging satellite constellations at low- and medium earth orbits are expected
to revolutionize the expansion of broadband connectivity into rural areas. The
requirements of wide field of view and the availability of larger bandwidths in
the Ka-band have opened new challenges in antenna design. At the same time,
highly cost-effective solutions are needed. The main objective of this thesis is to
investigate and develop quasi-optical millimeter-wave antennas with enhanced
beam scanning and beam reconfiguration capabilities that answer these needs.

High-frequency models are developed for the analysis of different parallel-plate
beamformers in reception. It is shown that these models can be used efficiently
for the design of feed systems with stringent requirements on scanning range.

Two novel lens beamformers, operating in the uplink and downlink Ka-band,
respectively, are presented. The first is a shaped parallel-plate lens combined
with a mechanical scanning feed based on gap waveguide technology. Equiv-
alent circuit models that aid in the design of the feed structure are addressed.
The resulting design and experimental results from an all-metal demonstrator
are presented. The second corresponds to a lens beamformer implemented in
multilayer PCB technology. The developed numerical procedure is applied to
the synthesis of overlapping feed clusters. Both designs represent significant

advances in terms of scanning performance and low-cost implementation.

Keywords: gap waveguide technology, high-frequency techniques, multiple-

beam antennas, parallel-plate optics, quasi-optical systems
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CHAPTER 1

Introduction

1.1 Background

A recent report by the World Economic Forum, cooperating with the Interna-
tional Telecommunication Union (ITU), states that as of 2016, about 53% of the
world's population is without access to the Internet [1]. While some may not
see personal benefits in being connected, the main reason for limited internet
penetration is the fact that many live in hard-to-reach or remote areas which
often lack of access to transport and energy infrastructure. Major technological
advancements in optical communications over the past two decades have driven
the deployment of fiber optic backbones, which is steadily moving forward also
in developing countries. Nevertheless, the expansion of fiber optic networks
into rural areas often involves prohibitive costs, such that these services are
mainly limited to urban agglomerations. At the same time, cellular networks
providing last-mile broadband access continue to expand. However, despite
the existing network footprint, savings in backhaul infrastructure in sparsely
populated areas limit the capacity per user [2]. The next-generation cellular
technology, 5G, promises significantly increased data rates, but current studies
are focused on high-density scenarios and early deployments are therefore likely
to impact mainly urban areas. The technology that is expected to revolution-
ize the expansion of broadband access into difficult-to-reach areas is satellite
communication or, more specifically, satellite constellations operating at low
(LEO) and medium earth orbits (MEO). Given the advantages of ubiquitous
coverage and low latency in such networks, operators are committed to entirely
close the digital divide by 2027. As in any modern wireless application, the
ever-growing demand for reliable data communications implies increasingly

stricter performance requirements and at the same time, inexpensive solutions
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are needed to facilitate the development of infrastructure in all parts of the
world. The trend towards smaller satellites has enabled dramatically reduced
costs for manufacturing and launch costs; however, also user terminals and
installations for the control segment need to be cost-effective to provide world-
wide affordable services. In each segment, the antenna system is of particular
importance as it largely determines the overall capacity and costs. The complex
dynamics of LEO/MEO satellites, due to the relative motion with respect to the
ground station, and the availability of larger bandwidths in the Ka-band have
opened new design challenges. Hence, further research on the electromagnetic
analysis and the design of broadband antennas with enhanced multibeam and
scanning capabilities is essential to meet the demands of this rapidly evolving
technology.

1.2 The Need for Quasi-Optical Beamformers

Due to the availability of higher bandwidths and the possibility to use smaller
apertures on board the spacecraft and for user terminals, Ka-band satellite com-
munications have become well established over the past decade. In the vast
majority of scenarios, these advantages outweigh the drawback of increased
susceptibility to atmospheric interference compared with lower bands in the
microwave spectrum.

According to the ITU radio regulations, the frequency bands from 17.7 to
20.2GHz and from 27.5 to 30.0 GHz are allocated to the downlink and up-
link, respectively, of commercial fixed-satellite services. In addition, the bands
from 20.2 to 21.2 GHz and from 30.0 to 31.0 GHz are assigned for military use.
Considering the reduction in size, mass and cost, antenna systems capable of
operating in both the uplink and downlink band are of great interest. However,
this requires antenna designs with a fractional bandwidth of more than 50% and
adequate external circuitry.

In low earth orbit (at an altitude of about 500 to 2000 km) satellites move fast
with respect to ground terminals. To reduce the number of satellites in a con-
stellation, antennas with a large field of view of up to £60° are required. For
example, at an altitude of 1450 km, satellite antennas must cover an angular
range of about £50° for a minimum elevation angle of 20° to the user termi-
nal [3, p.40]. Fan beams produced by such antennas result in highly elliptical
footprints on earth, which often provide sufficient flexibility to cover the ser-
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vice zone. Moreover, moderate antenna gains (20...30 dB) are needed to meet
the requirements on G/T (gain-to-noise temperature ratio) and EIRP (effective
isotropic radiated power) of receive and transmit systems, respectively. Directive
antennas with wide-angle performance are therefore essential for future satellite
communications.

Direct radiating arrays offer the advantage of rapid electronic beam scanning
and shaping. Traditional phased array solutions provide high functionality but
they require complex and costly corporate feed networks. In most cases, each
array element is connected to an amplifier stage. The distributed amplification
offers high reliability, since a single-point failure in the array results in grace-
ful degradation of antenna performance. Due their lower manufacturing costs
and power consumption, passive beamforming networks such as Blass [4] or
Butler [5] matrices are an attractive alternative. However, the complexity and
insertion loss of such networks also increases rapidly as the number of beams
or array elements is increased. Moreover, the beams produced by matrix-fed
arrays squint with frequency, with the result that the field of view decreases
as frequency increases. While the feed network itself may operate only over a
certain frequency band, the bandwidth of a matrix beamformer is also limited
by the onset of grating lobes.

In recent years, quasi-optical beamforming architectures have received increas-
ing attention in the field of space applications. Besides the more compact
construction, the major advantage of quasi-optical systems over multiple-beam
matrices is their true time delay, which removes bandwidth limitations. Since the
operating principle is based on electrical path length compensation, the beam
pointing angle remains stationary as frequency changes. In fact, the concept
of beam-scanning reflector and lens antennas has been subject of continuous
research since the 1940s. Early development efforts focused on mechanically
steerable antennas for radar applications. Furthermore, quasi-optical multibeam
designs providing discrete beam scanning or multiple simultaneous beams were
introduced. The latter solution is nowadays widely used for antenna systems
on board geostationary satellites providing fixed spot beam coverage over a
limited angular range (less than +10°). In contrast, LEO/MEO satellite appli-
cations call for multiple-beam antennas with wide field of view in the space
segment and highly maneuverable antennas in the ground segment, capable of
steering narrow beams continuously to provide near-constant communication

links. Considering this set of requirements, there is a great need for innovative
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quasi-optical beamforming solutions and accurate numerical models that aid in
the analysis and design of such.

The following section provides an overview of the state of the art of quasi-optical
beamformers. Their operating principle will be briefly described and examples
of practical implementations are given. Emphasis is placed on the potentials
and shortcomings of existing solutions with regard to the design requirements
discussed in this section.

1.3 Overview of Existing Solutions

The following overview focuses on integrated quasi-optical beamformers which
provide fan-beam scanning in one plane. Three-dimensional (3D) reflector
and lens antennas (e.g. formed by a body of revolution) are widely used for
pencil beam scanning; especially the former is the standard solution in antenna
systems for geostationary satellites with spot beam coverage. The involved
scan mechanisms are readily apparent from the two-dimensional (2D) designs
discussed in the following. Moreover, from an integration point of view, a stack
of such low-profile beamformers appears to be more attractive than single 3D
designs if steering in the azimuth and elevation plane is desired.

1.3.1 Pillbox Systems

Pillbox antennas, typically formed by a reflector system integrated into a parallel-
plate waveguide (PPW), can be seen as the most basic type of quasi-optical
beamformer. Scanning is achieved by displacement [6] or rotation [7] of a single
feed or by using multiple feeds placed in the focal region of the reflector (8, 9].
Due to the symmetrical geometry, circular reflectors are free of off-axis phase
aberrations and therefore lend themselves to mechanical wide-angle scanning.
However, such configurations suffer from spherical aberrations, meaning that a
cylindrical wave emanating from the paraxial focus is not converted into a plane
wave. This effect may be overcome, for example, by placing a correcting lens
in the object or image space of the reflector or by shaping the reflector contour.
As indicated in Fig. 1.1(a), the feed contour is concentric with respect to the
reflector and the maximum scan range is limited by spillover and shadowing
effects. The designs presented in [7] demonstrate scan ranges up to +55° but

their overall performance is limited by relatively high mismatch losses due to
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coupling slots

Figure 1.1: Double-layer pillbox system with (a) circular reflector, (b) parabolic
reflector.

internal reflections.

Parabolic reflectors, on the other hand, exhibit one perfect focus and have been
widely used in more recent pillbox designs [6, 8, 9]. The lateral feed displace-
ment required for scanning the beam leads to the following conflict: feed offset
angle and beam pointing direction are closely related and therefore reflectors
with small F/D (focal-length-to-diameter ratio), subtending a larger angle, are
preferable to minimize spillover loss at wide scan angles. On the other hand, a
larger F/D value is needed to mitigate the degradation of the far-field pattern
with the number of beamwidths scanned. As a consequence, a compromise
needs to be found taking into account size limitations and the requirements on
radiation performance. To avoid aperture blockage by the feed, multilayer struc-
tures have been widely adopted. In this case, the fields reflected by the mirror
are coupled to a layer above where they are guided to the radiating part of the
beamformer. Different low-profile radiating systems, including leaky-wave slot
arrays [8], resonant slotted waveguides [6] and continuous transverse stub arrays
[9] have been proposed in conjunction with pillbox couplers. Nevertheless, the
useful scan range of parabolic reflectors is typically limited to several numbers
of beamwidth (< 10) due to the emergence of high coma lobes.

1.3.2 Constrained Lenses

In contrast to dielectric lenses (regardless of whether homogeneous or inhomoge-
neous), where propagation is governed by Snell's law of refraction, constrained
lenses refer to focusing devices in which waves are confined to discrete paths

which may have different propagation properties. The geometry and length of
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focal arc wave front

Figure 1.2: Schematic view of a metal-plate lens with straight front face.

the guiding structures are designed such that the desired amplitude and phase
distribution is generated along the aperture of the lens for various feed positions.
Metal-plate optics, as described in [10] and [11], can be seen as the origin of
constrained lenses. In the conventional metal-lens design, waves are confined
between conducting plates oriented parallel to the electric field vector, i.e., the
delay mechanism is based on the dispersion characteristic of the first transverse
electric (TE;) mode of a parallel-plate waveguide. Such a lens obeys Snell's law
and the focusing behavior is comparable to that of its dielectric counterparts. In
constrained metal lenses, by contrast, electromagnetic waves are guided by the
plates but their direction is not affected by the refractive index. Since Snell's law
does not need to be satisfied at the boundaries, other conditions along with path
length constraints can be specified. This yields additional degrees of freedom
in the design, and consequently a number of unique features can be obtained
with constrained lenses. The design discussed in [11] allows to impose three
independent conditions, which results in lenses with two symmetrical off-axis
focal points and different mechanical layouts. Scanning of a one-degree beam
over an angular range of 100 beamwidths has been demonstrated with such a
lens having F/D = 1.5. The phase error analysis of different designs shows that
highest scan performance can be achieved with lenses having a straight front face
and proper refocusing of the focal arc. Metal-plate lenses are uniquely defined
by three independent variables: the shape of the inner lens profile, the variation
of the refractive index and the thickness of the lens. Due to the parallel plate
arrangement, the aperture of the lens is confined along the y axis according to
the inner lens contour. Using flexibly routable transmission lines, such as coaxial
cables, an extra degree of freedom is obtained, namely the relative positions of

outer lens contour points with respect to their counterparts on the inner contour.
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Figure 1.3: Schematic view of a Rotman lens.

This corresponds to the basic design principle of bootlace lenses as introduced

by Gent [12]. Two of the most popular designs will be discussed in the following.

1.3.2.1 Rotman Lens

The design proposed by Rotman [13] is by far the most commonly implemented
bootlace lens. In this case, the available degrees of freedom are used to specify
one on-axis and two symmetrical off-axis focal points. Moreover, following
the conclusions in [11], a straight front face is imposed. As shown in Fig. 1.3,
the points on the outer contour are equidistant such that the lens can be used
for phasing a linear array. One particularity of the original Rotman lens with
respect to the more general class of trifocal lenses is the fact that feeds at angular
positions between the focal points lie on a circular arc passing through these.
The optimum configuration, i.e., the ratio of on- to off-axis focal distance (G/F)
ensuring a minimum of phase errors over a wide range of feed positions is found
using the refocusing condition established in [11]. Several modifications to the
original Rotman lens concept have been proposed. The method described in [14]
allows a significant reduction of phase errors for lenses with suboptimal G/F.
The improved feed arc is determined through numerical integration. Moreover,
the ratio of beam pointing angle to feed position angle is used as an additional
design parameter. More recently, another design method for reducing the phase
error of suboptimal Rotman lenses has been proposed [15]. The described ap-
proach allows enhanced scan ranges while maintaining a convenient focal-curve
shape with respect to the inner lens contour. A reduction in scan loss by 2dB for
a scanning range of £50° (about +£16 beamwidths) has been demonstrated with a
phase-only model.

The original design proposed by Rotman [13] is based on a parallel-plate struc-
ture with a separation of less than a half wavelength and flexible coaxial cables,
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used to connect the probes on the inner lens contour with the array elements.
The lens relies therefore entirely on transverse electromagnetic (TEM) propa-
gation and offers wideband performance. The use of coaxial transmission lines
allows fine discretization but involves complex manufacturing and assembly pro-
cesses. Implementations based on planar transmission lines such as microstrip
or stripline allow a significant reduction in size and cost while maintaining
bandwidths as large as 3:1. As with probes, a half-wavelength port spacing can
be readily achieved. The efficiency of the lens is subject to common printed
circuit board (PCB) design conflicts: the miniaturization of circuitry calls for
thin high-permittivity substrates which ensure tightly bound fields. However,
due to the greater resistance in narrow strips, conductor losses increase rapidly
in such designs. In addition, significant bandwidth limitations may arise if
the radiating elements are to be integrated on the same substrate. For reduced
losses at millimeter-wave frequencies, Rotman lenses may be implemented using
rectangular waveguide feeds and delay lines. Two different concepts, based on
TEM [16] and TE propagation [17] inside the parallel-plate guide, have been
proposed. In the first case, feeds and parallel-plate cavity are identical to the
design presented by Rotman, i.e., vertically polarized horns are used to excite the
fundamental PPW mode. The rectangular waveguides forming the delay paths
are oriented with their broad wall horizontal. To ensure that the waveguides
operate well above cutoff, an array port spacing larger than a half wavelength
is required; this affects the placement of feeds and array elements [16]. Waveg-
uides oriented with their broad wall vertical may be used to overcome this
complication. In this case, the electric field inside the parallel-plate region is
polarized horizontally and feeds must be designed carefully to excite only the
TE; mode. Clearly, the involved modes introduce dispersion which counteracts
the true-time delay characteristic of the lens. More recently, equivalent PCB
implementations based on substrate integrated waveguides have been proposed
[18, 19]. The design in [18] is based on a multilayer structure which allows a
reduction in footprint by a factor of two. Parallel-plate cavity and SIW delay
lines are realized on two different substrate layers and coupled to each other

using a reflector and multibranch slots.

1.3.2.2 R-2R and R-KR Lens

While Rotman lenses are mainly used in combination with linear arrays, the R-2R

and R-KR lenses provide appropriate feeding for circular beam-scanning arrays.
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Figure 1.4: Schematic view of an (a) R-2R lens, (b) R-KR lens.

As shown in Fig. 1.4, the geometry of such lenses is based on two circles (not
necessarily concentric), one of which used as feed arc and array port contour and
the other on which the array elements lie. The R-2R lens uses a radiating array
placed on a circle with a radius twice that of the lens periphery. Transmission
lines of equal length are used to connect the array elements with the ports on
the lens contour. The remarkable and among bootlace lenses unique feature
of this design is that perfect focusing is provided for all points on the focal
arc. Interestingly, the limitation on the scan range is due to the same feature
that enables the superior focusing properties of R-2R lenses, namely the array
port placement with respect to the radiating elements. More specifically, the
radius ratio implies that a circular array subtending an angle ¢ requires an
array port contour extending out to 2¢; likewise, steering the main beam to ¢
requires an angular feed position of 2¢p. The R-KR lens, shown in Fig. 1.4(b), also
uses equal-length delay lines and offers the advantage of one-to-one mapping
between the lens contour and the circular array. However, the lens geometry
does not allow perfect focusing on the focal arc. Hence, the fields generated by a
feed are transformed into a nearly planar wave emerging in the diametrically
opposite direction. Also in this case, the portion available for the feed arc is
reduced as the portion of the lens periphery connected to array elements is
increased. As a consequence, all elements on the lens contour need to be used as
both feed and array ports if coverage of 360° is desired. Additional components
such as switches or circulators are required to alternate the operating mode of
each port. Since circulators are nonreciprocal devices, typically realized using
anisotropic materials such as ferrites, it is generally not possible to use such a

lens antenna for both transmission and reception. A dual-lens structure which
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overcomes this limitation has been proposed in [20].

Using PCB technologies, integrated active designs can be realized where lens
and power amplifiers are integrated with the radiating elements on the same
substrate. Due to the discretization at the input and output, constrained lenses
can be readily used as low- and high-level beamforming networks (BEN). The
discretization which gives such lenses their improved focusing characteristics,
when compared to conventional dielectric lenses, has two drawbacks. First,
while the lens itself provides true time delay, the selected array port spacing sets
an upper limit on the frequency of operation. It should be noted that in practice,
limitations on the achievable bandwidth rather arise from the components that
are used to construct the lens, such as feed ports or waveguide transitions. The
main disadvantage of constrained lenses is, as with matrix beamforming net-
works, their high integration complexity, especially for large apertures. Typically,
a trade-off needs to be found between compact design and high efficiency.

1.3.3 Radially Symmetric Lenses

As with semicircular reflectors, the symmetry of cylindrical homogeneous lenses
makes them natural candidates for wide-angle scanning. However, also the re-
fractor suffers from inherent spherical aberrations which increase with aperture
size. Another disadvantage of this type of lens is that the step in refractive index
at the dielectric surface is generally large enough to require a matching layer for
eliminating reflections [21].

When introducing inhomogeneous refractive index materials, lenses with unique
focusing properties can be formed. Solutions to the differential ray equation in
spherical coordinates have lead to several distinct designs, including two types
of lenses suitable for wide-angle beam scanning. The spherical lens introduced
by Maxwell represents an example of an absolute optical instrument and offers
perfect imaging from one point on the lens surface into a diametrically opposite

point. Its performance is based on a gradient index profile of

g

n(p)
where n is the refractive index at the center of the lens and R the radius of the
lens. As shown in Fig. 1.5(a), the ray trajectories within the lens are circular arcs.
By cutting the lens in half, a collimated beam can be formed. Since rotational

symmetry no longer holds, the scanning performance is clearly affected by this
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Figure 1.5: Schematic view of a (a) Maxwell fisheye lens, (b) classical Luneburg
lens, (c¢) modified Luneburg lens.

modification. Moreover, the lens suffers from reflections at the transition to free
space.

The two-dimensional Luneburg lens corresponds to a cylindrical design in which
the variation of the refractive index with radial distance p is described by

n(p) =2 (p/R)2. (1.2)

As a result, the refractive index ranges from V2 at the center to 1 at the periphery;
the latter is of particular advantage since no reflections occur at the transition to
free space. In theory, the focal arc is formed by the entire perimeter of the lens,
i.e., a cylindrical wave emanating from any point on the border is transformed
into a plane wave emerging at the opposite of the lens. Due to the circular
symmetry, the scanning performance is independent of the beam direction.
In practice, the field of view is usually restricted by blockage due to the lens
support, including the radiating aperture and the feed structure. Furthermore, it
has been shown that the focus of a Luneburg lens may be shifted onto a circle of
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smaller radius F inside the lens by using a refractive index profile given by [22]

n(p) = \/1 +(F/R)? - (p/R)z. (1.3)

(F/R)?

As a result, a refractive index of 1 at the periphery is maintained while the value
required at the center of the lens increases as the focal arc radius is decreased.
Since at the focal arc n = R/F > 1, feeds need to be designed carefully to ensure
proper impedance match. To accommodate the feeding structure, a sector of the
cylindrical lens needs to be removed as illustrated in Fig. 1.5(c), and therefore a
significant reduction in weight is achieved.

For manufacturing reasons, Luneburg lenses are typically constructed of nested
shells with uniform refractive index, which provides a discretized approxima-
tion to the continuous gradient. The number of required layers increases with
the size of the lens; typically, a threshold is found beyond which the aperture
efficiency does not improve significantly. Due to inaccuracies in the construction
process, the existence of air gaps between the shells may be unavoidable. Such
gaps gives rise to reflections between the dielectric layers, thus degrading the
overall radiation performance of the lens [23]. To address this problem and
the ease of manufacturing, numerous alternative solutions based on different
propagation mechanisms have been proposed. These include parallel-plate
structures and dielectric slabs with varying height [24-26] as well as printed
periodic structures [27] approximating the required refractive index profile. To
overcome the increasing losses in dielectric media at higher frequencies, lens
designs based on fully metallic metasurfaces have been developed [28], [29].
The geodesic realization of two-dimensional graded-index lenses is obtained
using a pair of non-planar parallel plates as shown in Fig. 1.6. In this case, the
third dimension, orthogonal to the scan plane, is exploited to obtain the optical
properties of flat gradient-index media. The parallel-plate spacing is such that
only the TEM mode will propagate. Rays emanating from the feed are guided
between the plates toward the radiating aperture on the diametrically opposite
side. The ray paths inside the lens are governed by Fermat's principle of least
time and follow geodesic lines [30]. Due to their all-metal design, geodesic lenses
present a particularly attractive solution for space-segment antennas. Moreover,
they offer the advantage of mechanical simplicity and stable performance at
millimeter-wave frequencies. The geodesic equivalent of the Luneburg lens is

known as Rinehart lens [31]. A clear drawback of the original design is its large
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(a) (b)

Figure 1.6: Cross-sectional view of a (a) Rinehart lens, (b) modulated geodesic
lens.

vertical dimension (about 0.6 times its radius) which complicates the integration
of the lens into a stack of beamformers for pencil-beam steering. The approach
proposed in [32] addresses this problem by reflecting parts of the lens profile
across a horizontal plane intersecting the lens. However, the resulting contours
exhibit sharp edges, described by a discontinuous derivative, which are expected
to negatively affect the propagation inside the lens. Recently, this concept has
been revisited by introducing optimized bends at the mirroring points, which
allows a reduction in height by a factor of 2.5 while maintaining a smooth shape
[33]. Similar to the design of non-focal constrained lenses [34], recent devel-
opment efforts were focused on shaping the lens profile as a whole through
optimization processes for controlling amplitude and phase distribution in the
radiating aperture, rather then altering the original geodesic configuration [35].
The focusing performance of graded-index lenses and their geodesic analogues
is unsurpassed when compared to other quasi-optical systems. Rapid advance-
ments in manufacturing technology and in the research on metamaterials have
opened the way for efficient low-cost implementations at millimeter-wave fre-
quencies. Perhaps the only drawback of this type of lens is its overall size and
shape, which limit its range of applications. Radially symmetric lenses may be
used as direct radiating devices or in conjunction with circular arrays. However,
they are inefficient for feeding linear arrays since the illumination becomes
asymmetric as the beam is scanned. The so called Myers lens [30, 36] does
not suffer from this drawback, meaning that all feeds generate equivalent field
distributions along the linear aperture; however, due to its high profile, a more

detailed discussion is outside the scope of this chapter.
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Figure 1.7: (a) Schematic view of a multiple-beam continuous PPW lens, (b)
constrained lens model.

1.3.4 Continuous Parallel-Plate Waveguide Lenses

More recently, lens designs based on continuously shaped parallel-plate waveg-
uide sections have been introduced [37-39]. In this case, the true time delay is
accomplished by a transversal delay section as shown in Fig. 1.7(a). The beam-
former can be divided into two main parts: a horizontal PPW section forming
the focal region of the quasi-optical system and a continuously shaped vertical
PPW section which constitutes the actual lens. Also here the plate spacing is
small enough such that only the dominant mode propagates. If the lens is to be
used as a direct-radiating antenna, a flared is added to interface the structure to
free space.

The available degrees of freedom are comparable to that of conventional bifocal
lenses, thus yielding excellent scan performance for a moderate range of angles.
Due to the uniform parallel-plate waveguide forming the quasi-optical system,
the continuous lens can be viewed as the constant-refractive-index design dis-
cussed in [11], with the difference that inner and outer lens profile are identical
and theoretically collocated. The latter property is also the key difference with
respect to the classical Rotman lens where the lens contours can be defined rather
independently. Starting from the bifocal model, the beam ports are placed along
a focal arc which intersect the foci. As with the constrained lenses discussed
previously, inter-focal feed positions do not provide perfect focusing and result
in phase errors along the outer lens surface. However, as in [11] an optimum
refocusing condition for the feed arc can be found.

Just as geodesic PPW lenses, such beamformers provide a continuous aperture

and therefore overcome bandwidth limitations due to the emergence of grating
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Figure 1.8: (a) Schematic view of a spatial amplifier stage, (b) tray amplifiers.

lobes. Since the delay mechanism involves only TEM propagation, there is no
beam squint with frequency. In theory, the bandwidth of the quasi-optical sys-
tem is limited by the onset of the first set of higher-order modes. This implies
that both downlink and uplink frequency bands could be covered as long as the
plate spacing is chosen such that the cutoff frequency lies well above the latter
frequency range. However, designing a suitable feed system presents the main
challenge. Compared with constrained lenses, the construction and assembly
are greatly simplified due to the fact that no discrete delay lines are employed.
The lens concept is compatible with a fully metallic implementation, offering
high radiation efficiency, enhanced power-handling capacity and mechanical
ruggedness. Since the design does not involve dielectric media, it may operate in
extreme environments without compromising performance. Most importantly,
the quasi-optical system offers a high degree of design flexibility, meaning that
its geometry can be formed to fit into various beamforming structures. Like pill-
box couplers, the lens can be combined with more advanced radiating parts such
as continuous transverse stub arrays [40]. A continous aperture, as shown in Fig.
1.7(a), can be maintained when integrating the amplifier stage with the feeds. In
this configuration, the lens acts as a high-level BEN. For an air-filled PPW, the
insertion loss of the lens is low (< 0.3dB for a lens diameter of 201 [39]), such
that antenna gain performance is not significantly compromised. However, the
failure of one amplifier can cause the total loss of one beam, unless redundancy
is provided. Alternatively, amplification can be introduced at aperture level
using spatial power-combining techniques [41]. In this amplification scheme,
power is combined coherently in free space by an array of active devices coupled
to antennas. As shown in Fig. 1.8(a), each array element is designed to receive
energy through an input antenna and, after amplification, retransmit the signal
from a second antenna. Since the energy is distributed in guided beams or waveg-

uide modes, rather than planar transmission lines, spatial power combining is



16 1. Introduction

an efficient solution to achieve relatively high power from solid-state devices
at millimeter-wave frequencies. An array with tray geometry, as shown in Fig.
1.8(b), is more complex to integrate than a planar grid, but compatible with
traveling-wave antennas and therefore ideally suited to broadband applications.
Previously presented continuous PPW lens designs make use of fixed feed horns,
which allow multiple simultaneous beams or discrete beam scanning. The proof-
of-concept design presented in [37] operates at Ku-band and produces six equally
spaced beams in the range +30°. A more advanced Ka-band configuration for a
similar scan range has been proposed more recently in [39]. Using two stacked
delay sections, a beam crossover of -3 dB and relatively low sidelobe levels are
achieved. Radiation efficiencies of more than 95% are reported for a structure of
201 in diameter. Moreover it is shown that the beamformer can be made from
only two complementary blocks.

So far, the concept of continuous parallel-plate lenses has addressed a number
of important needs of satellite antenna systems. Nevertheless, previous lens
designs show two main limitations in terms of scanning performance. One
shortcoming is the moderate scan range, especially when compared to circularly
symmetric devices. This means that for LEO satellite applications, lenses with
large F/D and therefore large axial dimensions would be required to limit scan
losses across the field of view. The second limitation of previous studies is the
fact that only basic multiple-beam configurations have been considered, in which
complete coverage of the field of view is achieved at the expense of an additional

quasi-optical system [39].

1.4 Novel Contributions in this Thesis

This thesis addresses the need for integrated beamforming devices with en-
hanced scanning performance, which is essential for continuous communication
in next-generation satellite networks. Starting from numerical tools available
at the beginning of the study, this work further develops the analytical mod-
eling of parallel-plate lenses. A ray-tracing technique previously developed
to determine the far-field patterns is extended to investigate the focal-region
distribution in reception. These methods are used for the practical design of
two lens beamformers. The novel aspects elaborated in this thesis include the

following;:

— The design of a continuous parallel-plate waveguide lens with enhanced
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field of view of +50°, operating at Ka-band and suitable for use in both
ground and space segment of LEO/MEOQ satellite networks.

— The design of a mechanically reconfigurable feed system based on gap
waveguide technology which, in conjunction with the developed beam-
former, enables continuous scanning over a large angular range. The

proposed concept is validated with a prototype.

— A rigorous analysis of parallel-plate lenses in reception. The resulting
numerical method constitutes a powerful tool for the characterization and
synthesis of advanced feed configurations.

— The design of a lens beamformer with overlapping feed clusters, using the
developed numerical tool. The beamformer is designed toward complete
coverage of a wide angular range of +60°.

— The cost-effective implementation of such a lens beamformer in multilayer
PCB technology.

1.5 Thesis Structure

This thesis can be divided into three main parts. In the first part, corresponding
to Chapter 2, the theoretical limitations of multiple-beam antennas are revisited
and previous approaches to overcome these are discussed. In the second part,
including Chapter 3 and 5, the design and implementation of two beamformers,
relying on different feed mechanisms and technological solutions, are presented.
The third part, Chapter 4, is focused on the analysis of integrated quasi-optical
systems on receive and the systematic use of the insights gained for the design
of efficient feed systems.

The manuscript is organized as follows:

Chapter 2 discusses inherent limitations of beamforming networks and gives
an overview of practical solutions to the problem of orthogonality loss in quasi-
optical designs. Two approaches particularly suited for parallel-plate lenses are
discussed: mechanical beam scanning for continuous coverage and multiple-

feed-per-beam operation providing high-crossover low-sidelobe patterns.
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Chapter 3 presents the development of a mechanically reconfigurable gap waveg-
uide structure, used to feed a continuous PPW lens with enhanced scan range.
Analytical models which aid in the design of both the feed structure and the
quasi-optical system are discussed in detail. The manufacturing and experimen-

tal characterization of a prototype operating in the uplink Ka-band are reported.

Chapter 4 focuses on the analysis of quasi-optical systems, in particular of
PPW lenses, in reception. An asymptotic technique, based on a previously pro-
posed ray-tracing procedure and on physical optics, for determining the field
distribution in the focal region for arbitrary incident fields is presented. The
use of reciprocity in the focal-region domain for characterizing the coupling
to a given feed distribution is described. The developed numerical tool is used
to study the beam scanning limitations of the quasi-optical system and for the
derivation of improved feed contours. Furthermore, the procedure is extended
to the synthesis of overlapping feed clusters.

Chapter 5 focuses on the design of a lens beamformer with multiple-feed-per-
beam operation. A major part of the design process is based on the numerical
tool detailed in Chapter 4. The PCB implementation of a lens operating in the
downlink Ka-band is described.

Chapter 6 reviews the key developments achieved in this work. Suggestions for

future research activities are identified.



CHAPTER 2

Beam Reconfigurability in
Quasi-Optical Systems

Ka-band satellite communications call for antenna systems with increased func-
tionality. Given the need for compact light-weight and low-power devices,
reconfigurable antennas can be seen as a solution to this problem. In the broad
sense, the reconfiguration of an antenna refers to a deliberate change of its
operating frequency band, polarization or radiation characteristic. Most of the
quasi-optical systems discussed in the previous chapter are based on guided
wave propagation and the effect of higher-order modes often prevents covering
or switching between Tx and Rx band. Dual polarization allows doubling the
communication capacity by transmitting separate signals on orthogonal polar-
izations over the same physical link and at the same frequency. Modern satellite
communications rely on circularly polarized antennas to reduce the interference
from multipath signals and the impact of misalignment between transmitter and
receiver. In the context of 2D quasi-optical beamformers, recent developments
have been concentrated on low-profile linear-to-circular polarization converters
[42, 43] placed in proximity of the radiating aperture. Following this modular
approach, the requirement of polarization diversity is addressed separately from
the design of the actual beamformer. This work focuses on the radiation charac-
teristics that need to be provided by quasi-optical systems in order to meet the

essential coverage requirements of future satellite communications.

19
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2.1 Fundamental Limitations of Multibeam

Antennas

Similar to high-performance radar systems, satellite communications require
low sidelobe levels in order to mitigate interferences. For ground-segment an-
tennas, sidelobes mainly determine the level of interference with other orbiting
satellites. On the other hand, the sidelobe level of spaceborne antennas does
not only determine the interference outside the intended coverage area but
also the scattering from the satellite body and solar panels. Another important
requirement is that the antenna system provides high beam crossing levels such
that nearly the full gain is available at any point within the field of view.

The design of the feed system depends on whether a beamforming device is used
for beam scanning or fixed-beam operation. In a beam-scanning antenna system
using multiple feeds, the key performance parameters are peak gain, gain ripple
and sidelobe levels. The gain ripple results from the crossover of two discrete
beams produced by adjacent feed elements. In an antenna system generating
simultaneous fixed beams, also the minimum gain within the field of view and
the interference between beams need to be taken into account. In both cases, the
feed design is typically concerned with the conflicting requirements of small
element spacing to raise beam crossing levels, and large feed apertures to reduce
sidelobe levels and spillover losses. The first formal treatment of this problem
has been developed in the context of beamforming matrices [44-46] but can be
readily applied to quasi-optical devices. As an example, the Butler matrix [5]
is used to feed in parallel a linear array that produces a beam for every input
port. The feed network is passive, lossless and provides uniform illumination
along the array resulting in sin x/x type beams with sidelobes at about —13dB.
The generated patterns squint with frequency, thus forming a contiguous set of
beams that cross each at —3.9dB. In many applications, much lower sidelobes or
even higher crossover levels may be required. However, soon after the emergence
of multiple-beam matrices it has been demonstrated that, due to the principle of
energy conservation, beams must be mutually orthogonal over one period of the
pattern in order to be formed by a lossless network [44]. Based on the symmetry
and unitary properties of the scattering matrix of a lossless reciprocal network, it
can be shown that this region is given by —A/(2Nd) < u < A/(2Nd) in sine space,
where d is the element spacing of the array and N the number of elements. For a

uniformly illuminated array the angular spacing of orthogonal beams is then
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Figure 2.1: Schematic view of a transmitting beamforming network.

given by Au = A/(Nd), while for a cosine amplitude taper it increases to 21/(Nd).
The generation of multiple independent beams from a common aperture means
that the radiation resulting from a simultaneous excitation of two or more of
the input ports is simply a linear superposition of the radiated fields obtained
when exciting these ports separately. However, beam orthogonality also implies
that crossover levels and beam shapes cannot be specified independently, unless
network losses are accepted [45]. In view of this major limitation, the question
of optimal multiple-beam antennas has been addressed in [46], which will be
outlined in the following. Using the notation of Fig. 2.1, waves incident at the

antenna ports are represented by x,, and related to the reflected waves y; by

M
yk:ZSkmxm or yzgx. (2.1)

m=1

If the power incident at the kth port is equal to unity, the radiated field at a

distance R from the antenna can be described by a spherical wave of the form

ejkOR

R J

E(6,¢) = qrRi(0,9) (2.2)

where kg is the wavenumber of free space. The vector Ri(6, ¢) is referred to as

beam pattern and normalized conveniently so that

21T T

1 . . _
Z—%O/O/Rk(e,cj))-Rk(G,cj))st dod¢ =1 (2.3)
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where 7)) is the intrinsic impedance of free space. As a result, the total radiated
power for the kth beam is
R? 2n T

R= g 0/ 0/ EL(0,9)-E;(0,)sin0 dOdg = g,/ (2.4)

Since unit power is incident at the input port, |qx|> represents the radiation
efficiency for the kth beam, while 1 —|g,|*> describes the insertion loss and the
power reflected back into the feed lines.

The coupling between different beams is described by the coefficients

21T T

1
ﬁkaz—no//Rk(e,qb)-R}f(Q,@sinQ dod¢ (2.5)
0 0

where i = 1, By = ﬁ;k and [B;| < 1. The terms fi; form a square matrix,
also referred to as beam coupling matrix, whose off-diagonal entries represent
the coupling between the different beams and, if zero, define an orthogonality
relationship between them. Due to the Fourier transform relation between
tar-field pattern and source distribution, the beam coupling matrix may also
be determined directly from the aperture fields using Parseval's theorem [47].
Assuming that all input ports are excited with arbitrary complex amplitude, the

total radiated power is found as

21T T

R2 * . A I * %
Pad =5, / / E(0,0)-E(0,)sin0 d0dp = ) ) xiqiPyxja;  (2.6)
0 O k:1 ]:1

or, in more compact notation,

P = ngx (2.7)
where x' denotes the Hermitian transpose of the excitation vector and

Tk = 9% Prjq;- (2.8)
The matrix defined above has eigenvalues yj that satisfy

Ix=yx. (2.9)
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Since By = ﬁ;k, it is apparent from (2.8) that the matrix is Hermitian. Moreover,
as the total radiated power must be positive real or zero, it follows from (2.7) that
the matrix is also positive semidefinite, thus having N non-negative eigenvalues.
The important conclusion reached in [46], also referred to as Stein's limit, is the

fact that the largest eigenvalue of the matrix cannot exceed unity, i.e.,

(Vk)max <L (2.10)

The far-reaching implications of (2.10) can be demonstrated by considering the
simple case of all beams having equal radiation efficiencies, that is, g; = g for all
k. The matrix is then given by

I = lql* B;- (2.11)

and the eigenvalue problem simplifies to

lq*Bx = yx. (2.12)

The eigenvalues yy are then directly related to the set of eigenvalues B of the

beam coupling matrix by
Ve = lal*Br. (2.13)

As a result, Stein's limit may be written as

’ 1
|q| > (ﬁk)max

(2.14)

which expresses the inherent limitations on radiation efficiency in terms of the
beam coupling. As all the diagonal elements fix are unity, the trace of the beam
coupling matrix is equal to N. Since for any square matrix the trace equals the
sum of the eigenvalues, the dominant eigenvalue cannot be smaller than the
average of the diagonal elements, i.e., (B)max = 1. As a consequence, |g|> < 1 and
lg|* = 1 is possible only if all the eigenvalues fj are equal to unity. The general
beam coupling matrix is Hermitian and therefore diagonalizable; this implies
that if all eigenvalues are equal, the beam coupling matrix becomes the identity
matrix. In this case, no beam coupling occurs and all beams are mutually orthog-
onal. Assuming the simple case of two beams with equal radiation efficiency, the
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eigenvalues of the beam coupling matrix are found from

1-
*/5 Pzl _ g (2.15)
P 1-P
which gives 1 =1 -1, and ; = 1 — f1,. The maximum radiation efficiency is
then given by
1
|Gmaxl” = : 2.16
el = T (216)

The array factor of a large one-dimensional array with elements spaced a half
wavelength or less apart may be approximated by the pattern of a continuous
line source of length D = Nd, so that for uniform excitation

_ sin(N7m(u—ug)d/A) _ sin(r(u —ux)D/A)
" Nsin(m(u—ug)d/A) ~ w(u—u)D/A

Fr(u) (2.17)

where u = sin 6, and uy = sin 0y with 6y being the pointing angle of the kth beam.
The beam pattern corresponding to (2.17) is then given by

Ri() = \[ 212 Fy ) (2.18)

Considering a second beam pointing in the direction u; = uy + Au, the resulting

beam coupling coefficient is

_ sin(mrAuD/A)
Pi =~ AuD/ (2.19)
For a cosine amplitude distribution, the array factor is approximately
—uy)D
Fy(u) ~ cos(m(u —ug)D/A) (2.20)

"1 —4(u—ug)D/ A

and the beam pattern becomes

Ry(u) = w/lf(’zofpk(u). (2.21)

The beam overlap factor is then found as

1| sin(rAuD/A) sin(w(1+AuD/A)) sin(ne(1 — AuD/]A))

Pi=3|>auD/x " m+subD/n) T mai-awpny | 222
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Figure 2.2: (a) Beam coupling (—), radiation efficiency (--) and (b) crossover
level for uniform illumination.

Table 2.1: Multiple-beam parameters for different illuminations.

Illumination Orthogonal spacing Au  Crossover (dB) SLL (dB)
Uniform A/D -3.9 -13.3
Cosine 2)/D -9.5 —-23.0
Cosine-squared 3A/D -15.4 -31.7
Cosine on a pedestal
ET =5dB 1.31/D -5.8 -17
10dB 1.6A/D -8.0 -20
15dB 1.8A/D -9.3 =22

Figures 2.2 and 2.3 show the beam coupling factor and radiation efficiency for
uniform and cosine illumination as a function of the normalized beam spacing,
along with the resulting crossover level.  For the latter illumination, it is
seen that the crossover point drops to about —9.5dB at the smallest orthogonal
beam separation. The pattern and orthogonality parameters are summarized in
Table 2.1 for several common amplitude distributions. The cosine on a pedestal
illumination is found in most practical quasi-optical beamformers, since it is
usually not possible to generate a taper along a lens or reflector surface that goes
to zero at the edges. Such beamforming devices show a few differences compared
to constrained networks. As mentioned earlier, for a quasi-optical system the

beam peak directions essentially remain fixed in space independent of frequency.
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Figure 2.3: (a) Beam coupling (—), radiation efficiency (--) and (b) crossover
level for cosine-type illumination.

However, as frequency decreases, the beamwidth broadens and thereby the
crossover levels rise. As a consequence, exact beam orthogonality only holds at
a single frequency. In multiple-beam matrices, the price paid for forming a set
of non-orthogonal beams is usually dissipative loss between the antenna ports.
It should be noted that this mechanism, along with the intended amplitude
tapering, accounts for gain reduction. Quasi-optical beamformers involve an
additional loss mechanism in the form of spillover. Moreover, most practical
lenses and reflector systems suffer from beam broadening due to inherent phase

errors at large scan angles.

2.2 High-Crossover Low-Sidelobe Designs

As demonstrated in the previous section, low-sidelobe patterns with high cross-
over levels require a departure from beam orthogonality. The advantages and
limitations of previously proposed design methods are discussed in the follow-

ing.

2.2.1 Lossy Networks

One flexible solution is the use of matched attenuators, which can be placed close
to the radiating aperture [48] or inside the beamforming network [19] in order to
produce the desired amplitude taper. Alternatively, a passive beam port overlap

network may be used [16, 49, 50]. In this case, the tapered illumination is created
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(a)

Figure 2.4: Constrained lens beamformer with (a) resistive tapering, (b) passive
beam port overlap network.

by simultaneous excitation of adjacent feeds; the orthogonality loss occurs, for
example, in the resistive terminations that are needed to form passive feed
networks. One advantage of these two techniques is that they may be used for a
wide range of beamforming devices. However, for the common requirements
on sidelobe levels (< —20dB) and crossover (> —3dB), network losses may be as
high as 3dB. The Rotman lens design presented in [16] uses overlapping feed
pairs as shown in Fig. 2.4(b), resulting in sidelobes levels lower than —20dB
and crossovers of about —2dB over a scan range of £30°. This is achieved at the
expense of a 3-dB network loss, occurring in the resistive terminations of the
power distribution network. Two alternative trade-off designs are proposed in
[49], offering similar sidelobe levels and crossovers of —4 and —4.5dB over the
same scan range, with insertion losses of 1.76dB and 1.25dB, respectively. Three
feeds per beam are employed, with beam port centers at alternate elements.
An overview of alternative approaches, particularly suited for quasi-optical

beamformers, is given in the following.

2.2.2 Split Aperture Decoupling Method

The previous discussion has been limited to beams formed from a single aperture.
If two beam patterns have different phase centers, the integrand in (2.5) contains
a phase factor which will affect the resulting beam coupling coefficient. If the
entire apertures generating the two beams are disjoint, the orthogonality integral

becomes zero; this result is readily evident when evaluating the cross-coupling
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Figure 2.5: Pillbox system with (a) split aperture decoupling, (b) stacked feed
structure.

based on the aperture fields. Hence, two beams radiated from physically separate
apertures may be spaced arbitrarily close in space without mutual coupling [45].
This technique has been applied in [47] by using a pair of opposite pillbox
couplers, each exciting a different aperture as shown in Fig. 2.5(a). The quasi-
optical systems are fed by two complementary sets of feeds whose displacement
corresponds to half a beamwidth. A fractional bandwidth of about 2.5% is
achieved for the majority of feeds. At the design frequency, the antenna provides
crossovers of —3dB within a field of view of £40°, with sidelobe levels of about
—11dB for the extreme beams. A similar approach has been adopted for the
design in [39]. The proposed beamformer consists of two stacked lenses, each
fed by a set of beam ports, and provides beam patterns with a crossover of —3dB
and sidelobe levels of about —18dB covering an angular range of £31.5°.

The split aperture decoupling method offers ease of design and construction, as
well as high radiation efficiencies. However, its main drawback is the increase
in cost and size, typically a factor of 2 along one dimension compared with the
original beamformer.

2.2.3 Stacked Feed Structure

For two-dimensional quasi-optical beamformers, typically fed by sectoral horns,
the third dimension can be used to accommodate intermediate feeds providing
the desired beam overlap. This leads to a stack of feeds as shown in Fig. 2.5(b) for
a parabolic pillbox system. The lower layer of the pillbox coupler is subdivided
into two layers, each of which containing a set of contiguous feeds. The major
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advantage of this solution is its compact construction since no complementary
aperture or quasi-optical system is needed. However, due to the high level of
integration, the feed system is more complicated to manufacture. Moreover,
the feed apertures must be dimensioned carefully in order to minimize mutual
coupling between closely spaced elements; this can also limit the control of the
amplitude taper.

2.2.4 Fabry-Perot Feed System

Overlapping feeds can by realized on a single layer using Fabry-Perot structures
[51]. An SIW implementation of this concept is shown in Fig. 2.6. The basic
structure consists of two coaxial probe feeds (S; and S,) placed between a
totally reflecting wall (Gy) and a partially reflecting grid (G;). The former
acts as a ground plane inside the parallel-plate structure, while the latter is
designed to support a leaky-wave mode. The grid parameters are then tuned
such that the radiation from the leaky-wave structure provides the desired
illumination over the quasi-optical system. The position of the probe along the
traveling-wave structure determines the phase center of the feed. In this way,
directive primary patterns can be formed from closely spaced beam ports. One
disadvantage of this solution is that mutual coupling and the resulting reduction
in radiation efficiency become unacceptable for small probe separations. It
has been demonstrated in [51] that this effect can be mitigated significantly
by introducing a second partially reflecting grid (G,) parallel to the original
one. Moreover, with this modification the structure supports a second leaky-
wave mode which provides an additional degree of freedom for shaping the
illumination pattern. The estimated fractional bandwidth of such a structure is
about 5%. The main advantage of this overlapping feed concept is its low-profile
and low-cost realization. However, coaxial probe transitions are sensitive to
fabrication tolerances which give rise to performance degradation at millimeter-
wave frequencies. Due to its rectangular geometry, the leaky-wave structure
is particularly suited for feeding parabolic pillbox systems. However, for lens
beamformers with highly curved feed profiles this concept is probably not
feasible.
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Figure 2.6: Fabry-Perot feed system with reduced mutual coupling.

2.2.5 Modified Optics

The techniques discussed previously are limited to modifications of the feed
elements. Instead, the quasi-optical system can be modified in such a way
that low-sidelobe high-crossover patterns can be provided with an ordinary
feed structure. A method that has been used successfully in the design of 3D
multibeam reflector antennas [52] is to oversize the radiating aperture and to
broaden the beams by deliberately introducing a certain amount of phase error.
In this case, the phase distribution is controlled by shaping the reflector surface,
typically through the use of optimization techniques. To maintain low sidelobe
levels, the reflector must be shaped such that sharp discontinuities in the phase
profile are avoided. Since the appropriate feed size and the resulting beam
separation are mainly determined by the F/D value of the reflector rather than by
its shape, the beam widening leads to higher crossover. This approach offers the
advantage of a simple feed structure, avoiding additional circuitry. Furthermore,
it may be applied to various 2D quasi-optical beamformers, such as constrained
lenses which offer additional degrees of freedom. However, previous studies
have shown that the oversizing required for reflectors tends to be significant,

leading to diameters twice that of the original configuration [52].

2.2.6 Variable Phase Shifters

Another solution for improved coverage is the use of variable phase shifters.
Compared with previously described methods, this approach offers the addi-
tional possibility of scanning multiple simultaneous beams. Since all beams are
moved to the same extent when varying the phase shifters, the crossover level

between adjacent beams remains essentially constant. By proper choice of the
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feeds, the entire field of view can be covered by several orthogonal beams, each
of which scanning within a limited sector. In the case of constrained lenses, for
example, the beam generated by a conventional input horn can be scanned by
introducing a linearly progressive phase delay in the transmission lines. The
design reported in [13] uses coaxial phase shifter to scan a beam over an angular
sector of +12° around its pointing angle. The advantages and disadvantages
of different types of variable phase shifters are discussed in [53]. The main
drawback of using individual phase shifters is the increased cost and complexity,
especially for large apertures and fine discretization. For pillbox systems and
continuous PPW lenses, the use of a single electromechanical phase shifter seems
to be most suitable [54].

2.3 Mechanical Beam Scanning

The multibeam designs discussed in the previous section are either bulky, diffi-
cult to manufacture, or involve relatively high insertion losses. In this disserta-
tion, two different approaches are investigated. The first is based on a movable
feed system for applications where continuous beam scanning is required. In
fact, such a configuration no longer falls into the category of the multiple-beam
systems addressed in [46]. The advantages of this solution in the context of
LEO/MEQO satellite communications and previous related developments will be

discussed in the following.

2.3.1 Design Considerations for Quasi-Optical Systems

A variety of quasi-optical beamforming devices has been proposed in conjunc-
tion with a single movable feed [7, 30, 55-57]. Most of these were originally
intended for microwave radar applications where high gain and high angular
resolution are required. Future satellite constellations with highly dynamic link
geometries call for continuous beam scanning (i.e., a maximum of crossover) in
order to provide near-constant communication. Due to the relatively small size
and weight of millimeter-wave antennas, rapid mechanical scanning becomes a
promising option. Obviously, for spaceborne antennas mechanically steerable
solutions become impractical when larger aperture sizes are needed to satisfy
the spot beam gain requirements, or when the number of simultaneous spot

beams is relatively large. However, this approach appears to be particularly
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suited for gateway antennas which will be operated in large numbers to track
highly populated LEO constellations [58]. Moreover, continuous beam steering
is required for low-profile terminal antennas onboard fast-moving platforms
such as vehicles, trains and aircrafts. In this case, robust communication links
are ensured by a combination of electronic beam-switching in elevation and

mechanical scanning in azimuth.

One major concern in mechanical scanning solutions is the fact that for ac-
tuation to be simple, the feed motion must be either linear or circular. Parabolic
pillbox antennas with mechanical scanning scheme have been presented in [9]
and [51]. Beam scanning is achieved by moving a compact feed horn along the
focal plane of an integrated reflector. It has been shown in [59] that second-order
phase errors of paraboloid reflectors can be eliminated by axial refocusing of the
feed, thus mitigating the gain loss and leading to sharper nulls in the pattern of
off-axis beams. A more extensive study [60] has shown that the feed contours
producing maximum gain are in fact a function of edge taper and F/D. The
derived feed profiles are, as scalar optics suggests, generally curved. It will be
demonstrated in Chapter 4 for the two-dimensional case that depending on
the focal length-to-diameter ratio and the edge taper of the feed, the maximum
scan-gain contours may lie close to the focal plane. If the maximum possible
scan gain can be achieved over a large portion of the focal plane, the penalty for
employing a feed with simple lateral displacement is small. Purely geometrical
considerations suggest that displaced feeds should be tilted back to aim at the
vertex of the reflector in order to reduce spillover and to ensure a more sym-
metric illumination. However, analyses have shown that for low and moderate
F/D, a higher gain is achieved when retaining the feed in straight-ahead orien-
tation [60]. In contrast, for reflectors with higher F/D value, scan losses can be
reduced by tilting the feed, especially for large displacement. In practice, this
would require additional actuation for rotating the feed and is therefore often
avoided. It should be noted that for maximum broadside gain, feeds are typically
designed to produce an edge illumination of —11dB. However, spillover may
become significant if the same feed is placed at an extreme scan position. Hence,
when using a single horn feed, a compromise aperture dimension needs to be
selected. In a semicircular pillbox system, the beam can be scanned mechani-
cally by moving the feed along a circle whose center coincides with the center

of curvature of the reflector. Correcting lenses used for reflectors with large
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Figure 2.7: Mechanical beam scanning with a circularly symmetric lens.

effectively utilized aperture need to be moved with the feed.

Due to their circular shape and rotational symmetry, the two-dimensional Lune-
burg lens and its geodesic analogues are particularly well suited for mechanical
scanning schemes. Since the required feed motion path is circular, a simple
rotary actuator can be used to displace the feed. This greatly reduces the com-
plexity of the mechanical design, just as the movement along a straight line in
parabolic pillbox antennas. The designs presented in [55] and [56] are based
on a waveguide feed moving around the periphery of a Luneburg-like lens as
illustrated in Fig. 2.7. Naturally, the focusing performance is not compromised
when compared to the configuration with multiple fixed feeds. Moreover, the

refractive index profile can be modified to support linear feed motion [61, 62].

The situation is different for most lenses with linear aperture. Classical de-
signs employ feeds that are placed on a circular contour [11, 13]. In the seminal
study of constrained bifocal lenses [11], a focal arc with a radius equal to the
focal length has been considered initially. It has been found that lenses with
straight front face provide the best wide-angle scanning performance. However,
this requires refocusing of the feeds by a certain amount, leading to a focal arc
with smaller radius that is no longer centered at the vertex of the lens. The
same principle has been applied for defining the optimum position of the third
(on-axis) focal point in the original Rotman lens design [13]. Furthermore, it
has been demonstrated that phase errors for non-focal feed positions can be
reduced when resorting to non-canonical feed curves [14, 15]. However, in
practice, such configurations are only useful when multiple stationary feeds
are used. For mechanical beam steering, it is desirable to retain a circular feed

motion path since a simple rotary drive can be used to move the feed along
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the focal surface of the lens. Another substantial constraint is the fact that at
every scan position, the feed should be pointing toward the center of the lens
in order to minimize spillover and to produce a symmetrical illumination. This
is particularly important if no absorbing sidewalls or dummy ports are used
since internal reflections may lead to disturbed radiation patterns and increased
reflection losses. Unless an additional actuator is used, this can be achieved only
if the center of the focal arc coincides with the apex of the inner lens profile,
i.e., the radius of the focal arc needs to be equal to the focal distance. Clearly,
this structural simplification limits the scanning performance of the lens. The
expected penalty can be demonstrated by examining the RMS phase errors of
a classical Rotman lens. The contours depicted in Fig. 2.8 are normalized by
the on-axis focal distance F; and correspond to lens designs with parameters
Cmax = 0.6 and a =+30° as specified in [63]; the focal arc is defined by the
parameter f. The RMS error in Fig. 2.9 is given in degrees and normalized
by Fi/A. In the required configuration with g = 1.0, that is, with a focal arc
centered at the vertex of the lens, the RMS phase error increases much more
rapidly beyond the focal points than in the optimum case proposed by Rot-
man (B = 0.88). As pointed out in the original paper, the optimum focal ratio
minimizes the scan losses for moderate ratios of focal distance to lens aperture
width; in the present example F/D = 1/(2C.y) = 0.83. Nevertheless, if phase
error requirements are relaxed, so that a lower F/D can be selected, values of f8
higher than the optimum may lead to better results. This is demonstrated by the
RMS error in Fig. 2.9(b) for a lens with C,,, = 0.7 (F/D ~0.71) and otherwise
unchanged design parameters. As can be seen, the phase errors for g =1 are
lower for feed positions between the focal points. The new optimum f can be
expected to lie between the two values considered. On the other hand, it can
be seen from Fig. 2.8 that a proper illumination of the lens contour, especially
at extreme scan angles, is more difficult to achieve due to the strong curvature
of the inner lens contour. It should be noted that, although providing a com-
pact representation of the focusing performance, the RMS phase error of a lens
does not allow direct conclusions on the pattern quality. The expected pattern
degradation is typically infered from the maximum phase error, occuring in
most cases at the edges of the lens aperture. As demonstrated in Appendix B, a
purely quadratic or cubic quarter-wavelength error leads to sidelobe levels in
the order of —8dB for uniform illumination. An edge taper of 10dB helps to re-
duce these to about —13dB. This effect becomes even more severe for lower F/D.
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Figure 2.8: Rotman lens contours for (a) § = 1.0, (b) f = 0.88.

It is worth mentioning that mechanical scanning can be accomplished in various
other ways without rotating the entire beamforming system. In the case of
pillbox antennas, the most popular approach consists in employing a movable
subreflector. For example, the fan-beam imaging systems proposed in [64, 65]
enable rapid continuous scanning with one 360° rotation of a small secondary
or tertiary reflector. Furthermore, beam steering can be achieved by rotational
movement between stacked antenna parts, generating a phase gradient across
the radiating aperture [66, 67]. Both concepts result in a relatively compact de-
sign and provide high scanning speed. However, they cannot be readily adopted

for a wide range of devices such as lens beamformers.

2.3.2 Existing Feed Designs

In mechanical beam-scanning systems, it is usually necessary to provide relative
motion between different guiding structures. This requires motional joints
in the coaxial lines or waveguides forming the feed network. The design of
such transitions is concerned with two electrical considerations. First, the joint
needs to maintain a good impedance match for all required displacements.
For the waveguide-type, this often involves the problem of mode purity, since
the presence of undesired field distributions can lead to resonant behavior at
the junction setting up pure standing waves. Second, precautions need to be

taken in the design to minimize energy leakage from finite air gaps. Unwanted
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Figure 2.9: Normalized RMS phase error of a Rotman lens with  =1.0 (—) and
B =0.88 (--) for (a) Cnax = 0.6, (b) Cinax = 0.7.

radiation needs to be prevented in order to ensure high-efficiency transmission

and compliance with electromagnetic compatibility (EMC) specifications.

2.3.2.1 Flexible Coaxial Cables

The use of flexible cables to connect the transmitter/receiver circuitry to a mov-
able feed is perhaps the most intuitive solution for mechanical beam scanning.
Coaxial cables are light weight and can track virtually any form of motion, there-
fore providing great design flexibility. One limitation is the lower peak power
capacity when compared to other types of transmission lines. Moreover, the
cable must be robust enough to withstand continuous movement and flexure
during scan operation, and exposure to environmental conditions. The cable
assembly needs to be designed such that a sufficiently large bending radius
is maintained during feed motion. Flexing forces the inner conductor to one
side, thus disturbing the concentric arrangement with respect to the shield;
this produces a change in impedance and as a result reflection losses will occur.
Moreover, sharp bends may cause damage to the shield. While cable assemblies
can be designed to endure repetitive or constant motion [68], the impact on
transitions in the feed system is potentially more of a concern. Typically, the
coaxial cable is used as a current probe to couple the transmission line mode
to the dominant mode of a rectangular waveguide structure, such as a sectoral

feed horn [6]. Tuning the separation between probe and conducting walls in an
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Figure 2.10: Coaxial-to-waveguide transition using a (a) current probe, (b) ridge
waveguide section.

ordinary coaxial-to-waveguide transition yields only narrowband matching [69,
pp-318-322], [70, pp- 481-483], and therefore such a transition often limits the
impedance bandwidth of the beamforming device. Broadband matching can be
achieved by various means, such as reactive diaphragms or tapered ridge waveg-
uide sections as shown in Fig. 2.10(b), at the expense of increased complexity
and potentially lower breakdown figures [69]. Coaxial-to-waveguide transitions
with good matching over a sufficiently wide frequency range at Ka-band have
been reported [29]. However, even for stationary waveguide structures, precise
machining and assembly is required to ensure a proper positioning of the probe.
Hence, it can be expected that recurrent mechanical stress on the adapter will
eventually affect its performance.

2.3.2.2 Rotary Joints

For mechanical beam scanning with bootlace lenses, radially symmetric lenses
or semicircular pillboxes, a continuous rotation of the feed about one axis is
required. In the millimeter-wave region, waveguide rotary joints are typically
used for connecting a movable feed to stationary rectangular waveguide struc-
tures. As shown in Fig. 2.11, such joints are formed by two sections of circular
waveguide connected by a choke-to-flange junction that is free to rotate. Basic
principles of choke flanges for rectangular waveguides are addressed in Section
3.1.4; in contrast, the chokes used in rotary joints are excited by circularly sym-
metric fields and need to be studied on the basis of the dominant TEM mode of
coaxial lines. In most rotary joints, the TE;; mode in the feeding rectangular
guide needs to be converted into the axially symmetric TMy; in the circular
waveguide. The latter is then coupled via a second mode converter to the rect-
angular waveguide at the output. In fact, also the degenerate TE;; mode or

the TE;; mode with circular polarization exhibit the required symmetry in a
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Figure 2.11: Cross-sectional view of a waveguide rotary joint.

circular waveguide, but for practical reasons the TM; is most commonly used.
The major challenge in this design arises from the fact that the dominant TE;
mode of the circular waveguide is asymmetric and, if excited simultaneously,
will cause the transmission characteristics of the joint to vary with the rotation
angle. Various mode converter solutions have been proposed to overcome this
problem. A Ka-band rotary joint based on power dividers and coupling windows
has been presented in [71]. The design requires precise tuning to a particular
frequency; insertion losses of about 1 dB are reported. A rotary joint for Ku-band
applications using coaxial waveguide transitions has been proposed in [72]. The
insertion loss is below 0.65dB over a fractional bandwidth of about 8%.

As shown in Fig. 2.7, rotary joints allow a compact integration of the feed with
respect to the footprint of the focusing device, thus preventing aperture blockage
by the support structure. When using radially symmetric lenses in combination
with a rotary joint feed, the main beam can be scanned throughout an angle of
360°. In addition, waveguide rotary joints offer the advantages of mechanical
ruggedness and higher power-handling capability compared to cable assemblies.
The mode converters and choke section must be designed carefully in order
to ensure broadband operation. The main drawback of this solution is that,
due to the feeding from the vertical direction, the total height of the antenna is
largely determined by the required waveguide structure, including the rotary
joint, bends and additional matching sections. As a consequence, the advantage
of a low-profile geometry is lost due to the feeding mechanism, rendering this

approach inadequate for many applications.
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2.4 Multiple-Feed-per-Beam Operation

The second reconfiguration technique studied in this work is based on the
multiple-feed-per-beam (MFPB) concept. In this case, different feeds contribute
to the synthesis of each beam, forming overlapping clusters that provide high
crossover, and whose effective apertures are large enough to minimize spillover
losses. In fact, the MFPB principle can be seen as a generalization of the beam
overlap networks discussed in Section 2.2. In satellite communications, tradi-
tional feed clusters have been widely used for generating contoured beams with
offset reflectors [73], and for the compensation of reflector surface distortion.
Overlapping clusters, on the other hand, represent one of the two basic concepts
for generating spot beam coverage with improved roll-off [74, 75]. Onboard
geostationary satellites, typically four reflectors are used to provide the required
beam overlap with single-feed-per-beam operation. In order to enable each
reflector to be used on transmit and receive, feeds must be designed to produce
a proper illumination in the Tx band and a certain under-illumination at Rx
frequencies. Using multiple feeds per beam, overlapped multibeam coverage can
be achieved using a single reflector. Due to the complexity of the feed structure,
two separate reflectors are needed for Tx and Rx [75].

Multiple-feed-per-beam operation requires a complex beamforming network,
consisting of couplers and phase shifter, that provides the feeds with proper
phase and amplitude excitations. An overview of previous developments for
satellite applications is given in [76]. A low-level BFN used on transmission
routes the signals to the high-power amplifiers (HPA) that are connected to the
feed elements. On reception, a low-level BFN distributes the signals received
by the feed elements after they have been amplified by low-noise amplifiers.
As a result, the insertion loss of the BFN has a small impact on the final gain
(typically referenced to the output power of the amplifiers) or the signal-to-noise
ratio of the antenna system. A high-level BFN used on transmission distributes
the signals coming from the high-power amplifiers to the feed elements. On
reception, a high-level BFN combines the signals received by the feed elements
before they are passed through low-noise amplifiers. Therefore, network losses
largely determine the efficiency of the beamforming device. One advantage of
this configuration is that each cluster corresponds to one input port, i.e., the
number of amplifiers required is equal to the number of beams, and not the
number of feed elements as in low-level networks. To avoid high insertion losses

in the divider/combiner network, the excitations of shared feed elements, used
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to generate adjacent beams, need to be orthogonal. In a practical BFN, additional
feed elements nearby the driven cluster are typically excited to a small extent
[77].

The main advantage of MFPB systems is the significant reduction in antenna
mass and volume since all beams can be formed from a single aperture. In
addition, overlapping feeds offer a maximum of functionality, including nearly
continuous scanning by means of beam switching and shaped beam synthesis.

2.5 Chapter Summary

This chapter has revisited the theoretical limitations of multibeam antennas,
used to create multiple simultaneous beams or for beam scanning. Various
solutions to the problem of orthogonality loss in quasi-optical beamformers
have been discussed. Emphasis has been placed on two different techniques for
improved wide-angle coverage, both implemented at feed level and particularly
suited for continuous beamformers such as pillbox systems and parallel-plate
waveguide lenses. The first corresponds to rapid mechanical scanning of a single
beam. In this context, it has been demonstrated that for lens beamformers with
linear aperture, a trade-off needs to be found between mechanical complexity
of the feed system and scan performance. A review of the state of the art of
mechanical scanning feeds has shown the limitations in terms of bandwidth,
robustness and compact design of positioning systems based on coaxial lines and
waveguides. The second approach refers to multiple-feed-per-beam operation,
which allows for a higher degree of beam reconfigurability. Obviously, as the total
number of feeds or the number of feeds per cluster increases, the complexity
of the distribution network also increases. The design of compact low-loss
beamforming networks for both direct radiating arrays and overlapping feed
clusters has been subject of continuous research, but is not addressed in this
work. Key to a fast and systematic co-design of quasi-optical system and feed
cluster are accurate numerical models of the beamformer taking into account
the receive problem.



CHAPTER 3

A Parallel-Plate Lens for Mechanical
Wide-Angle Beam Steering

Mechanical beam scanning requires a rugged yet agile feed system, ensuring
a minimum of radiation loss. Gap waveguides present a recent advance in
millimeter-wave technologies, offering a number of desirable characteristics in
view of these requirements. One major part of this work focuses on the utiliza-
tion of gap waveguide technology for the design of a mechanically reconfigurable
feed system. At the same time, efforts have been directed towards the develop-
ment a novel type of continuous PPW lens with improved scanning performance.
The combination of these two designs addresses the need for continuous beam
scanning over a wide angular range.

In the first part of this chapter, the operating principle and unique properties
of gap waveguides are discussed. Next, the analysis and design of the required
electromagnetic bandgap (EBG) structure and of different gap waveguide com-
ponents, used to build the proposed feed system, are described. The second
main part of this chapter focuses on the design of a continuous parallel-plate
waveguide lens with enhanced scan range. Approximate models and techniques
for designing the quasi-optical system are discussed, while emphasis is placed on
the involved design trade-offs due to mechanical constraints. The final structure,
including the mechanical scanning feed system, is fine-tuned using full-wave
simulations. Moreover, the manufacturing and experimental characterization
of an all-metal prototype operating in the uplink Ka-band is described. Fi-
nally, further applications of the proposed feed system and possible avenues for

advancement of the entire beamforming device are discussed.

41
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3.1 Low-Profile Mechanical Feed System

The majority of previously developed mechanical feed systems is protected by
patents and usually customized to one specific beamforming device. In con-
ventional designs, the transition region between fixed and movable waveguide
parts is fitted with specially developed choke structures [57, 78-80]. In the
past decade, the high design flexibility of gap waveguides has promoted the
development of various high-performance antennas and circuit components
for millimeter-wave applications. Moreover, numerous scientific contributions
over the past few years have made analysis and design techniques widely ac-
cessible. Gap waveguides combine the advantages of conventional waveguides
such as high power-handling capability and low loss with the unique feature
that no physical contact is needed between the two waveguide plates [81]. So
far, this characteristic has been of interest mainly for manufacturing reasons,
since high-precision welding, diffusion bonding or a large number of screws,
typically required to ensure good electrical contact between waveguide parts
at millimeter-wave frequencies, can be avoided. To some extent, the mechan-
ical flexibility has been also exploited for the design of cyclically [82, 83] and

constantly moving [66, 67] waveguide components.

3.1.1 Basic Principle and Advantages of Gap Waveguides

Gap waveguides are based on localized wave propagation between two metallic
plates. In contrast to parallel-plate waveguides, one of the plates is fitted with a
textured surface, usually a bed of nails as shown in Fig. 3.1(a), which is effec-
tively a quarter-wavelength in height. Over a range of frequencies, the periodic
structure acts as a high-impedance surface, also referred to as artificial magnetic
conductor (AMC). Studying the source-free Maxwell's equations and enforcing
the appropriate boundary conditions shown in Fig. 3.1(b), it is readily found that
no solutions exist if the plate separation is smaller than a quarter-wavelength.
Exploiting this parallel-plate cutoff, guiding structures such as ridges, grooves
or microstrip lines are incorporated in order to control propagation between
the plates. The provided stopband characteristic prevents leakage across the
parallel-plate region, so that fields are localized to the guiding system. A ridge
gap waveguide is formed by introducing a metallic ridge in between the tex-
tured surface, as shown in Fig. 3.2(a). The two-conductor guide supports a
quasi-TEM mode within the provided stopband. The characteristic impedance
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Figure 3.2: Basic structure of (a) ridge gap waveguides, (b) groove gap waveg-
uides with vertical polarization.

of the dominant mode and the associated conductor loss are determined by the
gap height and the width of the ridge; a wider ridge allows reduced losses but
also lowers the cutoff frequency of the first higher-order mode supported by the
conductor [84]. One advantage of ridge waveguides is the fact that transmission
line discontinuities such as H-plane bends and T-junctions can be designed in
a straightforward manner, i.e., by shaping the ridge similarly to the conductor
of a microstrip line. Alternatively, waves may propagate inside a groove within
the periodic structure as shown in Fig. 3.2(b). The modes supported by groove
gap waveguides are essentially the TE and TM modes of conventional rectan-
gular waveguides. Among all gap waveguide technologies studied so far, the
groove-type implementation exhibits the lowest conductor loss, approximately
10 - 30% more than extruded rectangular waveguides and 30 — 55% less than
ridge gap waveguides at V-band [85]. Moreover, groove gap waveguides can
be designed to support horizontal polarization or dual polarization, suitable
for use as a horn antenna. Although ridge gap waveguides have been used to
build rotary phase shifters [66], it can be expected that the hollow structure of
groove gap waveguides yields greater flexibility in the design of mechanically
reconfigurable components. In view of this advantage, only the latter technology

has been considered for the design of the feed system presented in this chapter.
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3.1.2 Unit Cell Design for Ka-Band

The EBG structure plays a central role in the design of every gap waveguide
component since it determines the bandwidth over which the desired mode can
propagate. A variety of periodic structures suitable for this purpose has been
studied, including circular or square metallic pins and mushroom-type surfaces.
To find the configuration best suited to the given problem it is advisable to first
weigh achievable performances against manufacturing complexity. For example,
it has been shown in [86] that basic pin-bed structures offer about one octave
bandwidth, while the stopband provided by mushroom EBG surfaces can be as
large as two octaves. Additive manufacturing, molding and soldering processes
allow the implementation of such more complex EBG without dielectric. How-
ever, bed-of-nail structures, particularly those formed by circular pins, are easy
to realize using conventional machining processes such as turning and milling.
Considering the advantage of reduced manufacturing cost and the requirements
on bandwidth at Ka-band, the latter implementation of the AMC was selected.
The dispersion characteristics of a pin-bed structure can be studied using the
homogenization method described in [87]. Following this approach, the periodic
structure is treated as a slab of a spatially and frequency dispersive medium.
The derived permittivity model is valid in the limit of large A. Moreover, if the
metallic pins are densely packed so that the spacing p is much smaller than the
length of the pins d, spatial dispersion becomes negligible and the structure
can be characterized using an impedance boundary condition. This allows to
study the reflection of plane waves incident from free-space onto the textured
surface and the propagation of surface waves in the conventional manner. The
propagation characteristics are affected substantially when a metallic plate is
placed at a small distance h parallel to the pin structure. The resulting structure
is a parallel-plate waveguide formed by a perfect electric conducting (PEC)
surface and a reactance surface. Referring to the coordinate system in Fig. 3.1(a),
the field distribution between the plates can be interpreted in terms of bouncing
TM? and TE* waves. The transverse electric modes do not interact with the
metallic pins, and the textured surface is therefore equivalent to a PEC plane.
As a result, the corresponding dispersion relation is equivalent to that of a con-
ventional parallel-plate waveguide, i.e., k, = 77/(d + h) for the first solution. For
TM waves, the dispersion equation can be derived from an equivalent resonant
circuit, formed by the modal impedance seen looking from the top of the pin-bed

structure toward the PEC plate above and those seen towards the ground plane
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Figure 3.3: Calculated dispersion characteristic of TM (—), TE modes (--) and
corresponding simulation results (¢) for a unit cell with d = 3.5mm,
h=0.5mm, r=0.2mm and p = 0.8 mm.

[88]. More specifically, it is found that for A > 4d the behavior of the surface
impedance is inductive and the structure supports a TM surface wave which
is closely bound to the lower plate when the density of pins is high. In the
range 4d > A > 2(d + h), the surface impedance is capacitive while k, of the TM
solution is real and greater than k, implying that waves are evanescent along
the radial direction. This region corresponds to the stopband of the structure.
For 2(d + h) > A > 2d, k, is real and smaller than k, meaning that fast-wave
propagation is supported between the plates. This upper frequency limit of the
stopband is also marked by the onset of the first TE mode.

As a first step, the approximate analytical method described in [88] was used
to design a pin surface for adequate parallel-plate cutoff at Ka-band. The com-
puted dispersion diagram of the initial design is shown in Fig. 3.3. The results
are in good agreement with those obtained using the Figenmode solver of CST
Microwave Studio, especially at lower frequencies where the pin periodicity is
small with respect to the wavelength. The dispersion characteristic of the TM
modes shows that the structure provides a stopband ranging from about 21.4 to
37.5GHz. As mentioned earlier, the lower bound is associated to the frequency
at which the behavior of the surface impedance changes from inductive (1A > 4d)
to capacitive (A < 4d). Likewise, there is an upper limit where the impedance
changes from capacitive to inductive, thus supporting the propagation of TM

surface waves. In addition, there is a second upper limit related to the plate
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Figure 3.4: Simulated dispersion characteristic of an optimized unit cell with
d=27mm, h=0.5mm, r=0.5mm and p = 3.0mm.

spacing h beyond which, even for an ideal PMC condition on the lower surface,
parallel-plate modes may propagate. As a result, small gap heights allow raising
the upper cutoff limit; however, taking into account tolerances due to the move-
ment of the waveguide plates, a trade-off value of h = 0.5mm was selected.

The configuration of Fig. 3.3 uses pins of relatively small diameter and periodic-
ity. Obviously, from a manufacturing point of view it would be desirable to avoid
such fine structures. This would allow, for example, the use of a larger milling
head thus accelerating the machining process. However, the homogenization
technique described in [87] is only valid as long as the wavelength is much
longer than the size of these features. Moreover, for less densely packed pins,
the effects of spatial dispersion become significant, and the surface impedance
model loses its validity. Considering these limitations, the optimization of the
unit cell dimensions were carried out using full-wave simulations. The disper-
sion diagram of the final structure, considering the first four modes over the
irreducible Brillouin zone, is plotted in Fig. 3.4. While the effect of the pin length
d and gap height h are readily apparent from the analysis in [88], some insight
can be gained through parametric studies regarding the radius and periodicity
of the pins [86]. For example, it is found that the effective electrical length
of the pins increases as the periodicity is increased, thus reducing the lower
frequency limit. This explains why the stopband of the final configuration with
d = 2.7mm (theoretically forming an ideal PMC at about 27.8 GHz) ranges down
to 22 GHz. The selected gap height of h = 0.5mm implies an upper frequency
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Figure 3.5: Simulated dispersion characteristic of a basic groove gap waveguide
cell (—) and of TE;y mode in a WR-28 waveguide (--).

limit at 46.9 GHz, i.e., where the distance between the plates (d + h) is equal to a
half wavelength. This is in reasonable agreement with the cutoff frequencies of
the second and third mode. It should be noted that a further increase in p gives
rise to an additional mode supported by the pin structure. For large periodicities
the cutoff frequency of this mode may fall below that of the parallel-plate modes,
thus lowering the upper limit of the stopband [86].

The basic cell of the developed groove gap waveguide is shown in Fig. 3.5. The
width of the groove is set to a = 7.11 mm, matching the dimensions of a WR-28
standard waveguide suitable for Ka-band operation (uplink). In the simulation,
PMC boundary conditions are imposed on the lateral sidewalls to model an
infinite PPW environment. The obtained dispersion diagram indicates a number
of spurious modes propagating at frequencies below the stopband which are
due to the cavities formed by the rows of pins. As expected, the dispersion
characteristic of the mode supported by the groove is very close to that of the
dominant mode in a conventional WR-28 guide.

3.1.3 Proposed Feed System

The proposed feed concept is based on distributing the textured surface reported
in the previous section on two physically separated gap waveguide plates as
illustrated in Fig. 3.6. The guiding structure is composed of two right-angled
H-plane bends, a circular section of variable length between these and a sectoral

horn. The pins forming the primary radiator and the inner sidewall of the
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Figure 3.6: Perspective view of the proposed feed system.

circular gap waveguide section (i.e. toward the focal arc) are found on the
upper plate (movable, shown transparent in Fig. 3.6). The inner radius of
the structure is defined such that the phase center of the sectoral horn moves
along the focal arc of the lens. The pins confining the input section and the
outer sidewall are located on the stationary bottom plate. One drawback of this
solution is that when used for feeding a lens, its overall size is proportional
to both the focal distance and the angular scanning range. In contrast, the
size of a rotary joint feed, as shown in 2.7, is independent of the latter. Due
to the horizontal feeding, this structure offers the advantages of low profile
and mechanical ruggedness. Moreover, complex mode converters, which are

commonly employed in traditional rotary joints, are not needed.

3.1.4 Analysis and Design of Waveguide Building Blocks

The developed feed system involves a number of waveguide and gap waveguide
components which largely determine the overall impedance bandwidth of the
beamforming device. This section provides an overview of these building blocks
along with basic guidelines that aid in the design process. Since groove gap
waveguides operate essentially in the same way as conventional rectangular
waveguides, common discontinuities can be treated in a similar manner. Equiva-
lent circuit models and numerical techniques for analyzing the different types
of components are discussed. Although some of the design features are specific
to the developed feed network, the presented building blocks can be used in

various ways for designing mechanically reconfigurable structures.
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Figure 3.7: Simulated reflection coefficient of groove gap waveguide structure
(—), calculation based on waveguide equivalent circuit model (- -).

3.1.4.1 Movable H-Plane Corner

The proposed groove gap waveguide structure consists of two right-angle H-
plane corners as illustrated in Fig. 3.7, effectively separated from each other by a
guide section of varying length L. The simulated input reflection coefficient of the
unmodified structure with L = 30mm (= 21, at the center frequency) is shown
in Fig. 3.7. The result is in good agreement with that predicted by the equivalent
circuit model for a conventional waveguide [89, pp. 318-322]. The length of the
waveguide section between the corners depends on the feed position and does
obviously not affect the general level of return loss but rather determines the
number of resonances. Considering these two points, the optimization of the
structure was performed focusing on a single bend and by resorting to matching
techniques that are well known for rectangular waveguide discontinuities.

A single waveguide corner may be viewed as pair of equal waveguides connected
in a right angle to a square cavity. In the presence of such a discontinuity, the
boundary conditions for the fields can only be satisfied by the complete set of
eigenmodes supported by structure. A TE;y mode incident upon the junction
will excite predominantly TE,,; and TM,,; modes. These higher order modes
contribute, each to different extent, to magnetic and electric energy stored in
close proximity to the corner, which is modeled as inductances and capacitances
in equivalent circuit representation [89, pp.318-322]. In the case of a sharp
H-plane corner, the parasitic reactive components at the junction give rise to
large reflections, resulting in a return loss of 9 dB at best. To minimize reflections

over a wide range of frequencies while maintaining a compact structure, smooth
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Figure 3.8: Simulated reflection coefficient of a groove gap waveguide H-plane
corner compensated by one pin (--) and three pins (---), of an opti-
mized mitered WR-28 waveguide bend (—).

circular bends with small radius of curvature (14/2) are commonly used. Due to
the relative movement between the textured surfaces forming the elbow in the
present structure, it turns out that this type of bend cannot be readily realized
using discrete pins. In rectangular waveguides, a sharp bend can alternatively be
compensated by mitering the corner; this provides similar performance and may
be preferred for manufacturing reasons. In principle, a mitered bend is formed
by combining two sharp H-plane corners which are spaced at a proper distance
such that the reflections produced by each junction cancel each other at a fixed
frequency. However, since higher order mode propagation between the two
discontinuities cannot be neglected, the equivalent circuit parameters of a single
corner are not sufficient for calculating the spacing [69, p. 204]. In the present
case, such a bend has been approximated by inserting one or several pins close to
the corner. The simulated input reflection coefficient of different configurations
is plotted in Fig. 3.8. It can be seen that the overall performance of a groove
gap waveguide corner compensated by discrete pins is comparable to that of
a mitered WR-28 waveguide bend. The mode-matching technique described
in [90] for rectangular waveguide corners can be used to study the effects of
different design parameters, such as the number, diameter and positions of the
pins. The designs related to Fig. 3.8 were obtained using full-wave simulations.
In particular, the bend with three pins can be optimized such that a return loss

of about 30dB is achieved over the entire frequency band of interest.
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3.1.4.2 Non-Contacting Choke Joint

The design of compact mechanically reconfigurable antennas is based on mov-
able subcomponents, such as guiding structures or primary radiators. In addition
to mechanical issues (e.g., adhesive wear) also design challenges from an elec-
tromagnetic point of view arise when employing movable parts. This is due to
the fact that finite air gaps are formed between gliding surfaces which present
a discontinuity in waveguide structures even if the gap is a small fraction of
a wavelength in extent (e.g., A/20). In the proposed feed system, shown in
Fig. 3.6, a standard rectangular waveguide needs to be connected to the groove
gap waveguide structure. Since the upper plate of the latter is rotated during
scan, a motional joint is required. In fact, additional support structure could be
provided to ensure a mechanical decoupling between movable and stationary
external waveguide parts. A more compact solution, however, is to use a non-
contacting flange. This specific problem has been the motivation for designing a
reliable choke joint where no physical contact is needed. The basic operating
principle of this type of transition, previous developments in this field and the

proposed solution will be discussed in the following.

Problem

In the ideal case, shown in Fig. 3.9, a groove gap waveguide is fed horizontally
by a rectangular waveguide having a width equal to that of the groove and a
height equal to the distance between bottom and top plate. However, if one of
the plates needs to be movable, the fixed rectangular waveguide leading to the
transmitter/receiver cannot be connected to both plates. This means that all
parts of the external feed network need to be mechanically decoupled from the
moving structure. In the present case, the upper plate is movable, so that the
bottom of the feed waveguide may be still connected to the lower plate. On the
upper side, however, the feed needs to be physically separated from the groove
gap waveguide, i.e., a certain gap needs to be provided between the aperture
of the rectangular waveguide and the edge of the upper plate. An intuitive
approach would be to reduce the dimensions of the feed waveguide such that it
fits between the gap waveguide plates. One end of the waveguide would then be
inserted into the groove and the other one connected to a standard waveguide via
a tapered section. However, due to the finite wall thickness, the width and height
of the waveguide would need to be reduced considerably to accomplish this. As

a consequence, reflections occur at the junction of the two different guides. An
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Figure 3.10: (a) Cross-sectional view of a conventional choke-flange coupling,
(a) circular-groove choke flange.

alternative solution to this problem will be presented in the following.

Basic Principle of Choke Flanges

Choke flanges have been widely used for the connection of physically separable
rectangular waveguide sections. A choke joint is formed when mating a choke
flange with a cover flange as shown in Fig. 3.10(a). Generally, a finite gap between
two flanges forms a discontinuity along all the waveguide walls. Considering the
current distribution of the fundamental mode, a vertical slit in the narrow wall
of the waveguide does not disturb the internal field distribution. In contrast,
a transverse slot in the broad walls interrupts the current flow and therefore
acts as a series load to the waveguide. Such discontinuity has a perturbing
effect on the guided field distribution, which produces internal reflections and

radiation. The effects of such a waveguide discontinuity can be minimized
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by introducing a short-circuited half-wavelength stub at the interface. At the
frequency of operation, the horizontal groove cut into the choke flange is one-
quarter wavelength long and therefore transforms the short circuit at the right-
hand end into an open circuit at the contact point of the flanges. Since the
current is zero at this point, the branch may be broken. Hence, the finite load
impedance introduced by the discontinuity is in series with the high (ideally
infinite) impedance seen at the mouth of groove and has thus a negligible effect.
The total impedance is then transformed back into a low impedance (ideally zero)
by a second quarter-wave transformer formed by the vertical recess between the
two flange surfaces. Hence, an effective short circuit is seen along the broad
waveguide walls at the design frequency. For fabrication reasons, a circular
groove as illustrated in Fig. 3.10(b) is most commonly used. The resulting
rim around the waveguide aperture provides a quarter-wave transformer at
the center of the broad waveguide walls [91, pp.197-198], [92, pp. 120-121].
The effective length of the impedance transformer decreases continuously when
moving away from the center, while the frequency at which the line is 1,/4
long increases. It has been demonstrated in [82] that this effect leads to a larger
bandwidth compared to that of choke flanges with rectangular groove. The
distance between the narrow waveguide walls and the groove is small such that
impedance transformation between these is negligible; however, this is not of
great consequence, since the discontinuity has little effect there.

A simplified equivalent network that aids in the optimization of such joints is
obtained by considering the choke as two separate rectangular arms, connected
to the upper and lower waveguide wall, respectively [69, pp. 112-114]. Each arm
is formed by an E-plane corner joining two waveguides of different height, one
of which being short circuited. The reactance seen from point A, as illustrated
in Fig. 3.10, is in series with the characteristic impedance of the main guide.
The mismatch caused by the junction at frequencies other than the design
frequency can then be studied using basic transmission line theory. As expected,
reflection losses decrease as the gap b, becomes smaller. Moreover it is found
that mismatch can be reduced by making the characteristic impedance of the
groove large compared to that of the branch formed by the gap, i.e., by increasing
by [69, pp-198-199].

State-of-the-Art Designs

Although the concept of choke flanges has been known for several decades, the
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Figure 3.11: Choke flange based on (a) gap waveguide technology, (b) holey EBG
structures.

development of novel high-performance waveguide interconnections has re-
ceived increasing attention in the recent years. A contactless low-leakage flange
based on the operating principle of gap waveguides for connecting WR3 waveg-
uides has been first introduced in [82]. In the proposed transition, a textured
surface on one of the flanges is used to create a parallel-plate cutoff condition at
the interface, thus minimizing leakage from the discontinuity. One or several
rows of pins forming the high-impedance surface are placed around the waveg-
uide aperture, as illustrated in Fig. 3.11(a). In addition, the waveguide opening
is surrounded by a rim having the same height as the pins; both rectangular
and circular rim profiles have been investigated. An air gap of about 1/20 has
been considered in the simulation, for which mismatch loss is kept below —20dB
over a fractional bandwidth of approximately 50%. A metalized SU8 polymer
gap adapter based on the same concept and designed for a similar frequency
band has been presented in [83]. Furthermore, a contactless flange adapter for
WR15 waveguide interconnections has been proposed in [93]. The prototyped
connector has been tested with gaps of about 1/40; the return loss is greater than
30dB and insertion loss better than 0.1dB over a fractional bandwidth of 40%.

Moreover, flanges based on the concept of glide-symmetric holey electromag-
netic bandgap structures (EBG) have been proposed in [94] for WR19 waveguide
interconnections. In this case, the stopband characteristic inside the gap is
achieved by introducing one row of glide-symmetric holes, as shown in Fig.
3.11(b), around the waveguide apertures of both flanges. Here, no further modi-
fications are made on the flange surfaces for the purpose of impedance matching.
A prototype consisting of a series connection of two such transitions has been

tested with air gaps of up to A/70. The measured return loss is greater than
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Figure 3.12: (a) Side view of a non-contacting choke coupling, (b) front view of
the gap waveguide choke flange.

15dB over the operating band.

It is important to note that all previously described non-contacting flanges
have been developed to address the need for easily pluggable high-performance
waveguide interconnections in measurement setups. Hence, the basic idea is to
reduce the susceptibility to poor electrical contact as a result of instrumental or
human errors. Although no uniform electrical contact may be required, a me-
chanical contact between the flanges is usually still provided to ensure a proper
lateral alignment of the waveguide apertures, for example with mounting screws
[83], [94] or magnets [93].

Developed Choke Flange

Among previous developments, the non-contacting flange adapters using gap
waveguide technology as presented in [82] and [93] were identified as promising
solutions. Due to their much lower manufacturing complexity, flanges based on
glide-symmetric holey EBG structures are an attractive alternative. However,
for the given problem such flanges are not suitable since glide symmetry is lost
upon lateral displacement of the waveguide parts. Initially, the gap waveguide
concept was adopted for the present case as illustrated in Fig. 3.12. The width
and height of the aperture are equal to those of the groove, where the former has
been set according to the WR-28 specifications. The choke flange can be fully
separated from the groove gap waveguide or mounted firmly to the bottom plate,
so that no air gap is found below the aperture. The pin-bed structure surround-
ing the aperture fulfills the same function as the textured surface confining the
groove, i.e., it creates a parallel plate cut-off region in the air gap between the
two waveguides, thus allowing propagation only in longitudinal direction and

minimizing the leakage in transversal directions. The AMC design reported
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in Section 3.1.2 can be readily reused for this purpose. Obviously, the top and
bottom plate of the gap waveguide need to be of adequate thickness to act as a
cover flange as illustrated in Fig. 3.12(a). A rim is placed around the waveguide
opening, having the same height as the pins. As indicated in Fig. 3.12(b), the
rim sections at the long sides of the waveguide are a quarter wavelength long to
form together with the cover flange an impedance transformer that transforms
an open circuit into a short circuit, thus minimizing reflections at the interface
between the waveguides. To enhance the impedance bandwidth, the width of the
shorter vertical rim sections is kept as small as possible. Further improvements
can be achieved by optimizing the stepped corner. The simulated S parameters
of the junction for a gap of s = 0.5mm =~ 1/20 at the center frequency (29.25GHz)
are shown in Fig. 3.14, where port 1 refers to the input of the choke flange. For
comparison, the calculated reflection and transmission coefficient of a conven-
tional choke flange, based on the simplified transmission line model described
in [69], is shown. The reference model is tuned to the design frequency and
forms a closed cavity so that in the absence of conductor loss |S;;|* + S| = 1.
The designed flange provides a return loss greater than 20dB over a fractional
bandwidth of more than 30%. As in the symmetric equivalent circuit, |S,,| of
the simulated choke joint is essentially equal to |S1;|. Moreover, the low inser-
tion loss confirms that the EBG structure, made of two concentric rows of pins,
provides excellent shielding. To reduce manufacturing complexity, the pin-bed
structure has eventually been replaced by an additional rectangular groove as
shown in Fig. 3.13, providing an effective short circuit at the quarter-wavelength
point of the inner choke. The position and width of the outer groove need to
selected carefully such that no standing waves are formed by the fields excited
in the air-gap region [95]. The final dimensions are given in Fig. 3.13(b) and
(c). The simulated S parameters of the developed choke joint are shown in Fig.
3.14. It should be recalled that the pin structure presents an isotropic impedance
surface, therefore preventing wave propagation along any direction inside the
radial waveguide formed by the gap. In contrast, the choke flange made of
concentric grooves corresponds to a corrugated plane and therefore acts as a
soft surface along x and y. However, the low insertion loss shows that despite
this anisotropy, the final flange design provides sufficient parallel-plate mode
suppression inside the gap. The performance parameters of the final design are
summarized in Table 3.1 and compared with equivalent contact-free waveguide

flanges.
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Figure 3.13: (a) Perspective view, (b) front view and (c) cross-sectional view of
the proposed choke flange (all dimensions in mm).

Table 3.1: Comparison of non-contacting waveguide joints.

Reference Type Validation Frequency band Air gap? Return Loss  Insertion Loss
[82] Pin bed Simulation 190-320GHz A/20 20dB n.a.

[93] Pin bed Simulation 50-75GHz A/40 30dB 0.1dB
[95] Egg choke  Measurement? 8.5-11GHz A/30 20dB 0.1dB
This work Pin bed Simulation 25-35GHz A/20 20dB 0.1dB
This work  Rect. choke Simulation 25-35GHz A/20 20dB 0.1dB

a Referring to the center frequency.
b A variety of misalignments has been considered.
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Figure 3.14: Simulated S parameters of a non-contacting gap waveguide joint (--)
and of the proposed choke joint (----), calculation based on simplified
equivalent circuit model for a circular choke joint (—).

3.1.4.3 Movable E-Plane Corner

As shown in Fig. 3.6, the proposed feed system is connected horizontally to
a standard waveguide. One alternative approach that has been investigated
consists in feeding the structure vertically as illustrated in Fig. 3.15. A similar
design based on conventional waveguides has been presented in [78]. In the
present case, a rectangular waveguide is connected to the stationary gap waveg-
uide plate (here the upper one) while the textured surface defining the feed path
lies on the movable plate. A number of pins placed behind the aperture act as a
shorting wall so that all power coupled into the gap waveguide proceeds in the
direction of the feed horn. As can be seen from the exploded-view drawing in Fig.
3.15, this pin structure is formed on the stationary plate such that the effective
short circuit is at a fixed distance from the aperture. For proper mechanical
operation, sufficient spacing between these pins and the ones delimiting the
groove needs to be provided. If the width of the groove matches that of the
waveguide, there is essentially no mode conversion and the resulting transition
can be treated as a conventional E-plane bend if the shorting wall is placed
directly behind the aperture. An incident TE;; mode will excite predominantly
TE,, and TM;, modes in both waveguides. The simulated input reflection co-
efficient of the unmodified structure is shown in Fig. 3.15, where port 1 refers
to the input of the standard waveguide. The width of the groove and the feed
waveguide are equal to that of a WR-28 waveguide (a = 7.11 mm); the smaller

dimension of the latter is set equal to the height of the groove (d + h = 3.2mm).
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Figure 3.15: Simulated reflection coefficient of a vertical transition from rectan-
gular to groove gap waveguide (—), calculation based on waveguide
equivalent circuit model (--).

As expected, the result is in relatively close agreement with that predicted by the
equivalent circuit model of a conventional right-angle E-plane bend [89, pp. 312-
318]. Remaining differences are due to the fact that the dominant modes of
the two guides show slightly different dispersion characteristics, as indicated in
Fig. 3.5. As with the previously discussed transitions, the need for free-moving
structures leads to limitations on the choice of compensation techniques. More
specifically, matching elements need to be fixed with respect to the aperture
and therefore attached to the upper plate. Since a sufficient clearance to the
lower plate must be provided, common compensating structures such as circular,
mitered or stepped bends are difficult to realize. Two wideband transitions from
rectangular to groove gap waveguide have been proposed in [96], one of which
being compatible with the given configuration. As illustrated in Fig. 3.16, the
top plate of the groove gap waveguide is fitted with a small piece of rectangular
conductor extending into the rectangular waveguide opening. Intuitively, this
modification ensures that close to the center of the guide cross section, the elec-
tric field is less distorted when passing through the corner. The length, width
and height of the conductor and its position with respect to the aperture are
tuned to achieve the desired matching. These parameters were optimized for a
WR-28 feed waveguide using full-wave simulations. The final dimensions are
given in Fig. 3.16; the height of the conductor is 0.75mm. As shown in Fig. 3.17,
a return loss greater than 25dB over a fractional bandwidth of 18 % is achieved.

Due to the loading by the conductor on the top plate, the groove behaves over a



60

3. A Parallel-Plate Lens for Mechanical Wide-Angle Beam Steering

Figure 3.16: (a) Perspective view of a matched vertical transition from WR-28
waveguide to groove gap waveguide, (b) geometry of the top plate
(all dimensions in mm).
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Figure 3.17: Simulated S parameters of an optimized transition from rectangular

to groove gap waveguide.

short section as a ridge waveguide. Hence, the matching of the transition can

be further improved by providing a smoother transition inside the groove; a

stepped conductor can be used for this purpose.

This configuration offers the advantage of direct interconnection between the

gap waveguide and external components, i.e., without requiring other motional
joints. One drawback of vertical feeding is the fact that the required mechanical

support may not be compatible with low-profile antenna designs. Moreover,

the matching element and the pin-made shorting wall on the fixed plate are

impractical to realize by subtractive manufacturing.
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Figure 3.18: (a) Cross-sectional view of a continuous PPW lens, (b) constrained
bifocal lens model.

3.2 Quasi-Optical Design

3.2.1 Basic Design Principles

Figure 3.18 shows a cross-sectional view of the developed lens beamformer,
whose structure has already been described in Section 1.3.4. A deeper insight
into the focusing behavior of the beamformer can be gained by treating it as a
constrained lens which permits the definition of two independent path length
conditions. Since the delay section is formed by a uniform guide, the continuous
lens can be viewed as the constant-refractive-index design reported in [11], with the
difference that inner and outer lens profile are identical and effectively collocated.
The lens profiles are derived by imposing optical path length equality between a
general ray and the central reference ray. This procedure is detailed in equations
(1) through (14) in [38]. The available degrees of freedom allow the definition of
two symmetrical off-axis focal points as depicted in Fig. 3.18(b). This leads to
elliptical lens profiles given by

x:ao[\/;—l] (3.1)

where ay = cosa. The coordinates (x,y) are normalized by the focal distance
F so that -d/2 <y < d/2, where d = D/F. Furthermore, a simple expression
describing the transmission line length can be obtained:

w = apX. (3.2)
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The height profile of the vertical parallel-plate section is then given by

zZ= %[w_wmin] (3.3)

where the delay length wy,;, at the edges of the lens (y = £d/2) is included
so that positive values are obtained for z. Previous work has shown that the
constrained lens model is not entirely adequate for the analysis and design of
continuous PPW beamformers as it only approximates the propagation inside
the vertical lens section. A ray-tracing procedure has been developed [38] to
account for this effect, thus allowing an accurate prediction of the resulting
radiation patterns. Moreover, due to its low computational cost, this method
can be conveniently embedded into an optimization process. In this case, it
is advantageous to represent the lens profiles by polynomial functions which
provide additional degrees of freedom for retrieving the performance of the
constrained lens model. The optimization procedure can be based on a phase-
only model with the goal to minimize the RMS phase error for a range of feed
positions. This approach results most likely in a non-focal design [34] which can
differ considerably from the bifocal geometry. For designing the lens presented
in this work, a pattern optimization process as described in [39] was used. In this
way, the available degrees of freedom can be further exploited to also control the
amplitude performance of the lens.

The first step in the design process is to define the diameter of the lens according
to the required beamwidth. An initial reference focal length must be selected
carefully by taking into account performance requirements and size limitations.
In multiple-feed systems, a large F/D generally complicates the dimensioning
and arrangement of primary radiators. Next, starting points and limits for
the polynomial coefficients a, need to be defined. The initial values can be
set such that the polynomials approximate the lens shape described by (3.1)
and (3.3). The parameter range should be specified such that strongly curved
contours, where the ray-tracing method based on local application of Snell's law
of reflection becomes inaccurate, are avoided. In the present model, even-order
polynomials of order ten were used to define lens geometries as shown in Fig.
3.18. The inner lens and height profile are thus described by functions of the
form

5
fo)=) ay™ (3.4)

n=0
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Figure 3.19: Normalized RMS phase error versus scan angle of a constrained
bifocal lens with ¢ = 1.0 (--), g = 1.27 (--), and of an optimized
non-focal design (—) with F/D = 0.7.

While in multiple-feed designs the feed position for each scan angle could be
used as an additional degree of freedom, the proposed feed system allows only
one parameter, namely, the radius of the focal arc, to be used in the optimization
process. As discussed in Section 2.3.1, the focal arc is centered at the vertex of
the lens for reasons of amplitude performance. As with the Rotman lens, such a
structural simplification limits the scan performance of the beamformer. The
resulting penalty can be demonstrated by studying the RMS phase errors of a
constrained lens reference model. The results presented in Fig. 3.19 refer to
a lens with a moderate focal ratio of 0.7 and are normalized by F/A. The two
off-axis foci are found at an angular position of @ =+30° and the focal arc is
defined by the parameter g as in [38]. With the required configuration having
g = 1.0, significant phase errors occur for the broadside case. By expanding the
closed-form expression for the path length error into a power series, it can be

shown that this effect can be overcome by refocusing the feed according to [11]
g=1+a’ (3.5)

The four primary aberrations are given explicitly in Appendix B. This is verified
by the low RMS error resulting for ¢ = 1.27 with the design considered. However,
as mentioned earlier, such a configuration is only relevant for stationary feed
systems. It should be also noted that the curvature of the resulting focal arc is
more pronounced, which may lead to practical difficulties [15]. Also shown in

Fig. 3.19 is the RMS error of an optimized continuous PPW lens having the focal
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arc centered on the apex of the inner lens contour. The results, calculated using
the ray-tracing technique detailed in [38], confirm that for scan angles up to
30°, a low, nearly constant level of phase errors can be achieved with a non-focal
design of moderate F/D.

3.2.2 Single-Ridge Lens with Moderate Scanning Range

The lens design referred to in Fig. 3.19 has been developed using a pattern-
based optimization process, with the aim to validate the feed concept at Ka-band
(uplink). The design frequency was fixed to f. = 29.25GHz with a free-space
wavelength of 1j = 10.26 mm. The final design has a diameter of D =19.51 =
200mm and a focal ratio of F/D = 0.7. It should be noted that in the absence
of a perfect focus, F refers to the radius of the feed arc. The coefficients of
the even-order polynomials representing the inner lens contour and the height
profile are, in ascending order,

a* = [ay,ai,a,a3,ay,a5] =[0,-0.23,-0.2,-0.3,-0.2,0.21]
a* = [ag, a3,a5,a5,a5,az] =[0,-0.227,0.077,-0.55,0.42,0.4].

The normalized contours are thus given by

5
n=0
5 5
z= Zaiy”l — min{ Zuﬁyzn}.
n=0 n=0

The phase of the electric field along the front face of the lens aperture has been
extracted from full-wave simulations in Ansoft HFSS for scan angles in the range
¢o =[0...30°]. As can be seen from Fig. 3.20, a good agreement with the results
from ray tracing is found over large parts of the aperture; the ideal phase profile
is depicted for comparison. At the maximum scan angle, a slight deviation of the
phase front can be seen at the aperture edge toward negative y (i.e., on the side
where the feed is located). This is due to the limited accuracy of the ray-tracing
method when angles made by incident rays with the normal vectors to the lens
contours become large. In this case, the rays inside the vertical delay section
experience significant lateral deflection but are still represented by straight lines;

a more accurate description would be achieved with geodesic rays [30].
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Figure 3.20: Calculated (—), simulated (--) and ideal (----) phase front along the
lens aperture.

BEARIN

Figure 3.21: (a) All-metal implementation of single-ridge lens beamformer,
(b) cross-sectional view.

The additional constraint that the feed arc must not be enclosed by the inner lens
contours has been taken into account during the design process. This ensures
that the feed can be rotated freely around the center of the lens. As illustrated in
Fig. 3.21, the lens can be implemented using two complementary blocks [39]. In
this case, the ridge is formed on the lower block while the upper one provides
the cavity. The ridge in the final design has a thickness of T = 2mm, which is
equal to the height H of the PPW cavity. A linear taper along the focal region
was used to interface the parallel-plate region with the groove gap waveguide
of height d + h = 3.2mm. Further, a flare with a length of 2.51 ~ 25.65mm at
the output leads to an aperture size of 25.351 x 2A. The lens is illuminated

by an H-plane sectoral horn providing an edge taper of 20dB. To provide a
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Figure 3.22: Calculated (—) and simulated (--) radiation patterns at the design
frequency (29.25 GHz).

leakage-free low-friction transition from the feed system to the lens, the movable
part is firmly mounted using a rotary bearing. The radiation patterns predicted
by the ray tracing tool are shown in Fig. 3.22 for a range of feed positions. A
very good agreement with the results from full-wave simulations in Ansoft HFSS
is found. Differences in the sidelobe levels can be explained by the fact that
an infinite PPW environment is assumed in the GO computation, i.e., internal
reflections at the metallic sidewalls are not taken into account. Despite the
mentioned constraints on the optical design, a good scanning performance is
achieved with sidelobe levels below —17 dB and scan losses lower than 1.2dB up
to 30° and lower than 2dB up to 35°.

3.2.3 Dual-Ridge Lens with Enhanced Scanning Range

As indicated in Fig. 3.19, the scan performance of each lens model deteriorates
rapidly for scan angles beyond +35°. Obviously, this effect can be mitigated by
increasing the focal length of the lens. Referring to the bifocal lens model, it
can be shown that second-order aberrations decrease as 1/F and coma errors
as 1/F? [11]. The effect of these phase errors on uniform line source patterns
are outlined in Appendix A. For the desired scan range of £50° it appears that a
ratio of F/D > 1 would be required in order to keep sidelobe levels well below
—10dB and scan losses within reasonable limits. Obviously, this necessitates a
more directive feed to maintain a given edge illumination. In fact, there is no

restriction on the size of the feed aperture in the proposed single-feed design.
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=1

Figure 3.23: (a) Cross-sectional view of a dual-ridge lens, (b) first-order optics
model.

However, the axial extent of the lens and the support required for the feed
system become unreasonably large in such a design.

Instead, a second lens of equal diameter is introduced to increase the effective
focal length of the quasi-optical system at the expense of slightly larger axial
dimensions. The resulting structure can be treated as a system of two thin lenses
[97, pp- 174-175] as shown in Fig. 3.23(b), where R denotes the position of the
feed. Since on transmit, the feed is placed at a distance R < F; from the origin,
i.e., in between the first lens and its focal point, a virtual image is formed as
illustrated in Fig. 3.24. To transform the fields generated by the feed into a plane
wave, the second lens is designed such that its maximum-field locus (described
by F, at broadside) coincides with the virtual image positions. An approximate
dimensioning process based on first-order optics is described in Appendix C.
The focal surfaces of the two separate lenses resulting from plane-wave incidence
at angles in the range [-30...30°] are plotted in Fig. 3.25. For illustration also the
lens contours and the imposed feed arc are depicted.

The optimized design has a diameter of D = 20.51 = 210mm and a feed arc
given by R/D = 0.7. As shown in Fig. 3.25, the focal ratios of the two individual
lenses are F1/D ~ 1.2 and F,/D =~ 1.66. The distance between the two lenses,
measured between the inner lens contours at y =0, is [ = 19.51 = 20mm. The
coefficients of the polynomials representing the inner contour and ridge profile

of the first lens are, in ascending order,

a®l =[0,-0.23,-0.34,0.06,0,0]
a* =[0,-0.118,-0.04,0,0.05,0]
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Figure 3.24: Rays passing through a dual-lens system in transmission (—) and
rays describing the virtual image formation (--) for (a) ¢o = 0°,

(b) ¢po = 25°.

and of the second lens

a2 =[0,-0.05,-0.63,-0.18,—0.03, 0]
a* =[0,-0.099,0,0.03,0,0].

The corresponding normalized lens contours are defined as in (3.7). Also in this
case, a pattern-based optimization process was used at the final design stage.
The resulting RMS phase error is shown in Fig. 3.26. As can be seen, the phase
error is significantly reduced at scan angles beyond 40° when compared to the
single ridge design. However, two remarks should be made this point. First, as
seen from the comparison with full-wave simulations in the previous section, the
limited region of validity of the ray-tracing technique becomes apparent at large
scan angles. As a result, small errors are expected to occur when determining the
phase profile for extreme angles. Second, the RMS error of the final dual-ridge
design suggests that even up to 60°, good scanning performance is achieved.
However, for such scan angles, the feed lies relatively close to the edge of the
inner lens contour leading to poor illumination. Geometrical optics (GO) and
full-wave simulations showed that due to the highly asymmetric amplitude
distribution, no useful patterns can be produced at this angular range. The
phase of the electric field along a straight line in front of the lens aperture is
plotted in Fig. 3.27 for scan angles in the range ¢ = [0...50°]. Furthermore, the
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Figure 3.25: Calculated (—) and simulated (¢) focal surfaces for ¢; = [-30...30°],
imposed focal arc (--).
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Figure 3.26: Normalized RMS phase error versus scan angle of an optimized

dual-ridge (—) and single-ridge design (--).

calculated radiation patterns for the same range of scan angles is plotted in 3.28.
A feed providing an edge taper of 20dB is considered. The predicted scan loss
is about 2.5dB at 50° and sidelobe levels are below —17dB over the entire scan

range.

3.3 Antenna Manufacturing and Assembly

The final structure is shown in Fig. 3.29. The lens sections and radiating aperture

were rotated by 90° compared to the single-ridge implementation shown in Fig.

3.21. The modification of the aperture was necessary in order to eliminate



70 3. A Parallel-Plate Lens for Mechanical Wide-Angle Beam Steering

50 T T T
25 P ]
;": () o— d
N R
-J5 b i
-50 :

-05  -025 0 0.25 0.5
y/D

Figure 3.27: Calculated (—), simulated (--) and ideal (----) phase front along the
lens aperture.
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Figure 3.28: Calculated (—) and simulated (--) radiation patterns at the design
frequency (29.25 GHz).

aperture blockage by the movable gap waveguide part at large positive scan
angles. It should be noted that a similar configuration would be obtained when
using the lens beamformer to excite a parallel-fed continuous transverse stub
array [9]. The introduction of a 90°-bend between feed system and lens as well as
between lens and flare were tested. A clear benefit of the latter configuration is
its lower profile. However, quasi-plane waves generated at the output surface of
the lens will be reflected by the PPW sidewalls that are required to form the bend,
resulting in pattern degradation for large scan angles. To overcome this problem,
the entire parallel-plate region at the output would need to be oversized by

flaring the sidewalls according to the maximum scanning angle. Instead, the
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Figure 3.29: (a) All-metal implementation of dual-ridge lens beamformer, (b)
cross-sectional view.
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Figure 3.30: Top view of the final gap waveguide feed structure.

bend was inserted in the focal region, resulting in a higher profile but avoiding
the use of an oversized aperture. Since scanning is demonstrated in the H plane
(vz plane), no efforts have been made to optimize the flare at the output with
respect to the pattern in the orthogonal plane. The horn dimension along the
E plane (xz plane) is 21 ~ 20.5mm and the flare length 2.51 ~ 25.65mm. Full-
wave simulations showed that this is large enough for scattering from the base
block to become negligible, leading to an almost symmetric E-plane pattern.

An improvement in gain could be obtained using a shaped flare [33]. The gap
waveguide structure is shown in Fig. 3.30. The width of the groove is 7.11 mm
from the input to the throat of the sectoral horn. The latter is designed to provide
an edge taper of 20dB. The length of the curved gap waveguide (measured along
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Figure 3.31: Top and back view of the prototype lens beamformer.

the center of the groove) ranges from 8 mm (¢y = 50°) to 310mm (¢y = —50°).
The simulated attenuation due to conductor and radiation loss for a groove gap
waveguide in aluminum Alloy 5083 H111 (0 = 1.72x107S/m) is 0.018 dB/cm
at 29.25GHz. This would imply an insertion loss of about 0.01dB and 0.56dB,
respectively, for the two extreme feed positions.

The structure was manufactured in bare aluminum. First, the three main blocks
shown in Fig. 3.29(b) were cut to size using a water jet. The waveguide features,
including cavities and ridges forming the lens and the textured surface in the
feed system were made by CNC milling. The machining of the ridges and
cavities on the milling machine naturally leads to rounded corners and pockets
with a radius equal to that of the milling cutter. A reasonable corner radius of
0.5mm was taken into account in the full-wave simulation. In general, more
careful consideration must be given to the maximum depth of the lens cavities.
In the final dual-ridge design, the maximum depths of the two cavities are
about 12.5mm and 9.0 mm, which is not critical from a manufacturing point of
view. However, single-ridge designs with generally deeper cavity require longer
milling cutters which are more likely to chatter as the tool moves across fillets.
The lens was assembled by bolting the blocks together. A small gap needs to be
provided between the movable feed part and block 2. Instead of an additional
choke, a bronze bearing was placed between the two parts, preventing leakage
from the gap. The bearing material is easy to machine and offers high resistance
to friction and wear. The non-contacting flange, shown in Fig. 3.32, was made by
3D printing using an aluminum alloy powder. It should be noted that no surface
treatment was applied. A smooth surface is achieved at the input side (shown in

the back view of Fig. 3.32), corresponding to the lowest printing layer.
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Figure 3.32: Front and back view of 3D printed non-contacting choke flange.

3.4 Experimental Results

3.4.1 Return Loss

The simulated and measured input reflection coefficient are shown in Figs. 3.33
and 3.34, respectively, for a range of feed positions. Simulations predict a
return loss greater than 15dB for all feed positions within the frequency band of
interest. The measured S;; is somewhat higher but remains below —12dB. This
difference is attributed to fabrication tolerances of the 3D printed choke flange.
It can be seen that in both cases, the maximum level of mismatch does not vary
significantly with the feed position. The reactance introduced by the two groove
gap waveguide corners is transformed differently depending on the length of
the guide between these, resulting in a number of resonances that increases as
the feed moves from ¢, = 50° toward —-50°.

3.4.2 Radiation Performance at Broadside

The prototype was measured in the compact antenna test range of IETR. The
measurement setup is shown in Fig. 3.35. Each angular feed position was
adjusted using a prefabricated angle gauge as shown in Fig. 3.35(c). The movable
plate was fastened with pressure screws. The broadside radiation pattern at
the design frequency in the two principal planes is plotted in Fig. 3.36. A very
good agreement between measurement and simulation is seen for the main beam
and near-in sidelobes. The measured peak directivity is about 25dB and the
cross polarization levels are below —35dB (peak-to-peak) in both planes. Since
the structure surrounding the aperture is not symmetric, a slight asymmetry is
observed in both planes. The sidelobe level in the E plane is about —13dB, as
expected for a uniform distribution. The effect of placing an additional absorber
on the base block of the antenna as shown in Fig. 3.35(b) can be seen from the

E-plane pattern in the range —90° < 6 < 0°. The dotted line corresponds to the
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Figure 3.33: Simulated input reflection coefficient for various feed positions.

configuration without absorber as shown in Fig. 3.35(a).

3.4.3 Scanning Performance

The measured H-plane radiation patterns are shown in Fig. 3.37 for a range of
feed positions. The results are in very good agreement with simulations in terms
of pointing angle, beamwidth and gain loss. At the center frequency, a cosine
variation of gain is obtained up to a scan angle of +30° as in [39]. The measured
scan loss is 2.7dB and 3.3dB for beams pointing at 50° and —50°, respectively.
The asymmetry in gain loss is mainly due to the increased insertion loss in the
gap waveguide, as explained in Section 3.3. Somewhat higher losses of 3.1dB
and 3.6dB, respectively, occur at the lower end of the frequency band.

The H-plane radiation patterns of the antenna were measured in the entire
uplink Ka-band and are plotted in Fig. 3.38 for various feed positions in the
range ¢ < 0°. The scanning angle is stable over the entire frequency range,
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Figure 3.34: Measured input reflection coefficient for various feed positions.

Figure 3.35: Measurement setup in the compact antenna test range (a) without
and (b) with additional absorber. (c) Angular adjustement of the
feed position.
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Figure 3.36: Broadside radiation pattern at 29.25GHz in the (a) H plane and
(b) E plane.

and the beamwidths have small variation. The extracted beam pointing angles,
sidelobe levels and beamwidths are plotted in Fig. 3.39 as a function of frequency
for the other half of the measured feed positions (¢, > 0°). It should be noted
that the reported values do not necessarily refer to the first sidelobe. Within
the frequency range 27.5 — 31 GHz, sidelobe levels are below —12dB for all feed
positions.

The peak directivity extracted from 3D radiation pattern measurements are
shown in Fig. 3.40(a) for three different feed positions. At 29.25GHz, the peak
gain at broadside equals 24dB, corresponding to a radiation efficiency of 86%.
Due to the insertion loss of the gap waveguide slightly lower efficiencies are
observed for ¢y < 0 and slightly higher ones for ¢y > 0. Figure 3.41 shows the 3D
radiation patterns measured at the center frequency. The sine-space coordinates
are defined as u = sinfcos¢, v = sinfsin ¢ with 6 being the polar and ¢ the
azimuth angle in the coordinate system defined in Figs. 3.29 through 3.31.

3.5 Comparison with State-of-the-Art Solutions and

Discussion

Table 3.2 summarizes the achieved performances of the developed single- and
dual-lens beamformer. A comparison with other mechanically scanned milli-
meter-wave antennas is provided. Although the final design does not produce

useful patterns beyond +50°, the performance in terms of scan loss and sidelobe
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Figure 3.37: Measured (—) and simulated (--) H-plane radiation patterns
for ¢y = [-50°,-40°,..,50°] at (a) 29.25GHz, (b) 27.5GHz and
(c) 31 GHz.

levels is within this range superior to that of related solutions. The designs
presented in [6, 9, 62] are similar to the proposed system in that they also em-
ploy movable horns or equivalent feed elements. However, these feed systems
have been developed for measurement rather than operational environment. In
contrast, the feed system presented in this chapter can be directly connected to a
transmitter/receiver via a standard waveguide and its rugged all-metal design
makes it an attractive solution for harsh environments. Further potential of the
quasi-optical system and the feed structure will be discussed in the following.

As described in Sections 2.3.1 and 3.2.2, the phase and amplitude performance
of lenses with linear aperture is compromised when using a single movable
feed. For example, the multiple-beam design presented in [39] offers excellent
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Figure 3.38: Measured H-plane radiation pattern as a function of frequency for
various feed angular positions.

Table 3.2: Comparison of mechanical scanning antenna designs.

Reference Type ;;Ir\l%ajiadntlc; Size gha/li:% Scan range lso cs:;n Max. SLLP
[6] P:ﬁ’)zgc 24-24.5GHz 13.5Ax151%0.11 22dBi +35°/5.8 BW 2dB ~12dB
19] P;fll;?}:c >26.5-31GHz 25Ax17Ax4.51 29dBi +40°/6.7 BW 2dB ~11dB
[62] LunMe‘,’;iigef‘ms 29.5-32.5GHz ~11.5Ax10Ax0.80  15dBi +350 3dB _10.5dB
[66] Rm:gfgr‘ase 75-76.5GHz 15.7Ax15.7Ax6.41 34dBi +18° 1.3dB ~13dB
[67] Rm:&g:a“ 57-65GHz (8.81)27x1.91 29.3dBi +54° 4.3dB ~15dB
(98] Cthse:orS::y 15.35-15.75 GHz na. 31dBi +30°/6.8 BW 0.5dB ~15.4dB
This work® CIS;;A‘,“I‘;?“;S >26-33GHz 25.41x21.5Ax4.90  25.7dBi +35°/10.3 BW 2.0dB -17dB
This work C;;&/nlt?sls >27.5-31GHz 26.7Ax15.9Ax9.7A 24 dBi +49°/14 BW 2.7/3.3dB -12.2dB

2 Referring to the frequency range within which the return loss is greater than 10 dB for all scan positions.
b Referring to the design frequency and the pattern in the plane of scan.
€ Only full-wave simulation results for a lens made of aluminum are considered.
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Figure 3.39: Measured (—) and simulated (--) (a) scan angle and (b) half-power
beamwidth, (c) measured maximum sidelobe level in the H plane
as a function of frequency.

scanning performance over a field of view of £31.5° with scan loss lower than
0.7 dB, while the mechanical scanning lens incurs a scan loss of about 1.2dB.
As a consequence, appreciable improvement can be expected for a dual-ridge
lens using multiple fixed feeds. In particular, non-circular feed curves and the
freedom to rotate feeds about their axis allow a better control of the amplitude
performance at extreme scan angles. Further studies are needed to assess the
effect of internal reflections on the radiation pattern; iterative techniques [99]
can be used for this purpose. Significant improvements in sidelobe level can be
achieved with properly shaped and absorbing sidewalls [16, 17] or by employing
dummy ports [18, 19].

The developed feed structure can be used for various quasi-optical systems
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Figure 3.41: Measured 3D co- and cross-polarized pattern at 29.25GHz for
(a) g =10°, (b) o =30°and (c) ¢y =50°.
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Figure 3.42: Perspective view of a mechanical scanning lens beamformer with
CTS array.

with circular feed contour, such as constrained and geodesic lenses or circu-
lar pillboxes. Moreover, the concept can readily be extended to lateral feed
displacement, as required for parabolic pillbox reflectors [78]. One advantage
of the proposed solution over conventional rotary joint feeds is its low profile.
However, the footprint of the feed system increases with the scan range. As a
result, aperture blockage by movable parts becomes a problem at one edge of
the coverage range. This mainly concerns lenses with circular feed contour and
linear aperture. The lens beamformer presented in this section was validated
using a plane flare as in [39]. In this configuration, the radiating aperture is
rotated by 90° and the low-profile geometry of the feed and the quasi-optical
systems is lost. Hence, the physical aperture area is relatively small compared to
the footprint of the antenna, especially when considering the entire feed motion
path. An attractive solution, utilizing the available space more efficiently, would
be to interface the beamforming device with a continuous transverse stub array
[9, 40] as illustrated in Fig. 3.42. In such a configuration, a peak gain of 30dB
or higher, as typically required for satellite terminal antennas, can be achieved

while maintaining broadband performance.

3.6 Chapter Summary

In summary, a lens beamformer for continuous scanning over a wide angular
range of +50° was presented. A novel mechanical feed system, relying on the non-
contact characteristic of gap waveguides, was developed. First, the feed structure
was combined with a conventional continuous PPW lens for mechanical scanning

over a moderate range of angles. The simulated gain loss at the design frequency
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(29.25GHz) is lower than 1.2/2.0dB when scanning out to 30/35°. Further,
the design of a dual-lens system with enhanced field of view was described.
Geometrical optics and full-wave simulations predicted a maximum scan loss
of 2.5dB and sidelobe levels lower than —17dB over a scanning range of +50°
or £14 beamwidths. An all-metal prototype was manufactured to validate the
proposed combination of lens beamformer and gap waveguide feed system at
Ka-band. Measurements showed a scan loss of 2.7dB and 3.3dB at the center
frequency when scanning out to 50° and —-50°, respectively. The worst-case
sidelobes are —12dB within the 27.5-31 GHz band. The estimated radiation
efficiency ranges from 78 to 91%, depending on the feed position.

A previously developed ray-tracing tool was used to design the lens beamformer
presented in this chapter. For a mechanical scanning design using a single
constrained feed, the computational cost of the optimization process is reduced.
The following chapter presents an extension of this method which is particularly
useful for the synthesis of focal arrays involving a large number of design
parameters.



CHAPTER 4

Analysis of Integrated Quasi-Optical
Beamformers

As discussed in Section 1.3, the design procedure for quasi-optical systems with
beam scanning capability typically relies on ray tracing. In this case, the problem
is formulated through path length conditions and performance is evaluated in
transmission based on the phase distribution on the aperture. If closed-form
expressions for the path length errors in a fixed quasi-optical system can be
derived, the feed phase center locations for minimum phase error can be readily
obtained [11, 13-15]. Alternatively, an optimization routine shaping both the
feed contour and the quasi-optical system can be used to achieve minimum
phase error over a wide range of scan angles [34]. The same approach can
be adopted for the design of continuous beamformers such as reflectors and
parallel-plate waveguide lenses, provided that an efficient numerical model
for the transmit case is available [35, 38]. Using phase-only optimization, the
remaining task generally consists in matching the feed pattern to the contour of
the quasi-optical system to provide an optimum illumination. An alternative
approach is to employ a pattern-based optimization process, taking into account
the effects of illumination taper and spillover with an adequate feed model. In
this case, the feed size is usually fixed and the feed locations and shape of the
quasi-optical system are adjusted in each iteration after comparing the computed
radiation pattern with the prescribed mask. Since key design parameters, such
as beamwidth and sidelobe levels are directly monitored during optimization,
this method is not limited to the classical minimum-scan loss design but also
well suited for shaped beam synthesis. The main disadvantage of this design
approach is that optimization becomes a time-consuming process as the number
of beams increases. For example, the lens beamformer presented in Chapter
3 was designed using three optimization points, sufficient for defining the re-
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quired circular feed contour. However, for lens designs with MFPB operation,
the number of degrees of freedom at feed level is significantly higher, making
direct optimization prohibitive. As will be shown in this chapter, the analysis of
quasi-optical systems in reception provides deterministic methods which greatly
facilitate the design of such feed configurations.

In the first part of this chapter, a short overview of numerical techniques for the
analysis of quasi-optical systems and their limitations is given. Approximate
models for pillbox reflectors, Rotman lenses and continuous PPW lenses are
presented, with emphasis on the receiving case. Further, the use of reciprocity
for characterizing the coupling between focal-region fields and relevant feed dis-
tributions is discussed. The study of basic feed characteristics and the derivation
of maximum scan-gain contours using the developed numerical procedure is
described first. The approach is then extended to arbitrary incident fields and
used for the design and characterization of overlapping feed clusters.

4.1 Overview of Relevant High-Frequency

Techniques

Since the studied beamformers are typically more than a few wavelengths in
extent, an efficient analysis requires the use of asymptotic high-frequency meth-
ods. Geometrical optics is widely used for determining the wave propagation
associated with incident and scattered fields in antenna and scattering problems.
In this case, the transport of energy by electromagnetic fields in an isotropic
medium is assumed to take place along curved ray paths which are everywhere
normal to the wavefronts. A formal way for establishing the connection between
wavefronts and rays, leading to the geometrical optics field description, is the
asymptotic expansion of solutions to Maxwell's equations [100]. At the interface
between two different media, only the incident fields and the fields scattered
toward specular directions can be described by geometrical optics; the latter
are determined by Snell's laws of reflection and refraction. Geometrical optics
and its extension to include diffracted rays are field-based techniques, which
generally do not require the evaluation of radiation integrals for solving complex
scattering scenarios. The amplitude variation of the geometrical optics field is de-
termined by the principle of energy conservation in a tube of rays. Geometrical
optics is commonly used for the analysis of quasi-optical systems in transmission.
The standard method of analyzing reflector antennas is to use ray tracing to find
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amplitude, phase and polarization of the field on the aperture plane and then
determine the far-field radiation pattern using fast Fourier transform algorithms.
Similarly, rays representing an incoming wave can be traced to the focal region
of the quasi-optical system. Receive-mode analyses of paraboloidal reflectors
based on geometrical optics have been carried out in [101, 102] for the determi-
nation of optimum feed distributions. However, it is well known that due to the
singularities of ray optics, the classical GO field description breaks down at focal
points where an infinite number of rays converge, or on caustic surfaces to which
all rays are tangent. Infinite field intensities are predicted while the scattered
field vanishes in a zone delimited by the caustic curve. Hence, the ray-optical
approximation fails to provide a reasonable description of the focal-region field
intensity in receiving quasi-optical systems [60]. To overcome this limitation, GO
can be combined with a Fourier optics (FO) spectral field representation [103].
In this approach, geometrical optics is used to determine the scattered fields
on an equivalent sphere centered at the focus of the quasi-optical system. The
fields at any point in the image space could then be found from the equivalent
currents on the specified sphere using Love's equivalence principle. Instead,
using some geometrical approximations, the corresponding radiation integral
can be transformed into a plane-wave spectrum representation, which provides
a computationally efficient and accurate description of the received fields in a
limited region of the focal plane.

Physical optics is a current-based method used extensively in electromagnetic
scattering problems, and is also well-established for the analysis of antennas in
reception [60, 104, 105]. High-frequency problems for which the physical optics
solution becomes superior to that provided by geometrical optics are discussed
in [106]. The total physical optics fields (Ey, Hot) generated by a source in the
presence of an arbitrarily shaped object can be determined by the superposition
of incident fields (E;, H;) and scattered fields (Es, H). By definition, the incident
field emanating from the source exists everywhere in space as if no scatterer
was present; this differs from the geometrical optics approximation, where the
wave function is discontinuous across the reflection and shadow boundaries.
The scattered fields are obtained by integration of the field contributions from
electric and magnetic current densities (J, M) established on the surface of the

scatterer. Just as the actual source, these currents radiate the scattered fields as if
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no obstacles were present. Moreover, they must satisfy the boundary conditions

I == ﬁ XHtOt (4.13)
M = _ﬁ X EtOt (4.1b)

where 71 is a unit vector normal to the surface. The method of physical optics is
based on the assumption that scatterers are large compared to the wavelength
and sufficiently far away from the sources, such that the incident field can
be treated locally as a plane wave incident upon an infinite plane tangent to
the scattering object. As a result, surface currents can be evaluated locally
without the need for solving integral equations. In fact, this approximation is
based on the geometrical optics field at the surface, which can be calculated
using dyadic reflection and transmission coefficients derived from Fresnel's
equations. In a pure reflection problem, involving only impenetrable surfaces,
the scattered fields are equal to the reflected fields, and the total fields are
the sum of incident and reflected fields. In a transmission problem, such as
a dielectric lens, the surface is chosen such that only the transmitted fields
are present at the boundary; the total fields are then equal to the transmitted
fields. Usually, the resulting radiation or scattering integrals must be evaluated
numerically. In fact, an asymptotic evaluation of the PO integral yields the
geometrical optics fields due to stationary points which correspond to the points
of specular reflection on the surface. As pointed out in [106], physical optics does
not satisfy reciprocity except in the direction of specular scattering; however, it
can be expected to provide a satisfactory approximation over the nearby region.
This limitation can be attributed to the current approximation based on the
GO fields. As a result, physical optics becomes inaccurate in regions where the
scattering mechanism is not dominated by the geometrical optics currents, that
is, for grazing angles of incidence, and for fields in the deep shadow region.
The nonphysical discontinuity in surface current, due to the truncation of the
incident fields at the shadow boundary, makes a spurious contribution to the
radiation integral which may become numerically significant compared to the
specular contribution. The quasi-optical systems studied in this work exhibit
smooth contours with relatively large radii of curvature. Moreover, observation
points generally lie in the caustic region, relatively far away from the edge of the
illuminated surface. As will be shown in this chapter, the PO method provides
in such cases a sufficiently accurate prediction of the received fields. The main
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Figure 4.1: Schematic view of a two-dimensional scattering problem.

drawback of physical optics compared to the GO/FO approach is the higher
computational effort associated with the evaluation of the radiation integral.
However, since the structures of interest are of moderate size (D < 301) and
can be treated as a two-dimensional problem, the resulting computation time
is generally low. The application of GO and PO techniques in the analysis of
different quasi-optical systems will be described in the following sections with

emphasis on the receive case.

4.2 Modeling of Quasi-Optical Systems

Integrated quasi-optical systems can be realized in various ways, including
shaped and layered dielectrics, reflectors, a set of transmission lines or shaped
parallel-plate waveguides. Discrete delay lines and coupling elements, which are
crucial in the design of multilayer structures, usually require separate analysis
by means of equivalent circuit models [18]. Continuous parallel-plate structures
are typically analyzed using ray-tracing techniques {25, 35, 38]. On the other
hand, the focal region of most quasi-optical systems is formed by a parallel-plate
cavity. As demonstrated in [6, 17, 51], the scattering and radiation in electrically
large PPW structures can be adequately described by two-dimensional mod-
els. Therefore, this section is concerned with electromagnetic problems of the
type shown in Fig. 4.1, assuming that only the fundamental mode is guided.
As indicated, electromagnetic waves are polarized along the z axis and their
propagation is confined to the xy plane. Furthermore, scatterers are defined by
contours lying in the same plane, i.e., they can be assumed to be infinite in z

direction.
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4.2.1 Pillbox Reflector

Initial work on the receive-mode analysis of reflector antennas has been focused
on the derivation of closed-form expressions for the scattered fields [104, 107].
For normal incidence, the obtained solutions provide a correction to the Airy
diffraction pattern, which is valid only for large focal ratios common in optical
systems. However, the derived expressions are typically limited to small an-
gles of incidence or only valid in a limited area. As demonstrated in [60], the
focal-region fields resulting from plane-wave incidence at an arbitrary angle
can be studied rigorously using physical optics. In the two-dimensional case,
the induced currents are approximated by the geometrical optics fields on the
illuminated contour C which reduce to

J =24 xH,. (4.2)

The scattered fields at an arbitrary point p exterior to C are then given by [108]

k
E(p) =" [ [oxexT(oNH koldr (4.32)
C
ik
Hy(p) = Y [lexre) o (4.3b)
C

where Héz) and Hiz) are the zero- and first-oder Hankel functions of the second
kind with p = |p — p'| as indicated in Fig. 4.1, and ¢ is a unit vector pointing
from any point on the reflector toward the observation point; k and 7 are the
propagation constant and intrinsic impedance of the medium. In this work,
only parabolic reflectors with moderate F/D were investigated. The equivalent
currents were therefore evaluated in a single step. For deep reflectors and large
incident angles, further iterations may be required to account for interaction
between these currents [99]. However, it has been shown in [104] that the
contribution from secondary currents to the field in the caustic region is usually
negligible. For electrically large reflectors, the spectral approach described in
[105] may represent an attractive alternative to the evaluation of (4.3).

The geometry of the problem is depicted in Fig. 4.2. The computed electric
field along the focal plane of two parabolic reflectors with equal diameter but
different focal ratios is plotted in Fig. 4.3 and 4.4, respectively. The calculated
results are compared with simulation results from CST Microwave Studio. It



4.2 Modeling of Quasi-Optical Systems 89

Figure 4.2: Schematic view of a receiving pillbox reflector.

can be seen that there is close agreement, even when the angle of incidence is
increased and in regions of low intensity. Figure 4.5 shows the maximum-field
locus of both reflectors resulting from a wide range of incident angles. Jumps in
the contour occur when the field distribution exhibits a second, local maximum;
taking the position between these two maxima would yield a smooth profile in
4.5(b). The contours indicate that for larger focal ratios, the axial distance of
the maxima from the reflector decreases at larger scan angles, while an opposite
tendency is observed for small F/D. This conclusion is also in accordance with
the results reported in [60] for paraboloid reflectors.

4.2.2 Bootlace Lens

Assuming a single-layer configuration, the three most common implementations
rely on coaxial lines coupled via probes to the parallel-plate cavity, microstrip
lines, and vertically or horizontally polarized waveguides.

The first corresponds to the original Rotman lens design [13] and can be studied
assuming that the array on the outer lens contour is formed by N isotropic
receivers spaced a distance d apart. Further, the array elements are connected
through lossless delay lines to their isotropic counterparts on the inner lens
contour as shown in Fig. 4.6. As a result, the complex coefficients c; defining the
excitation of the omnidirectional current probes on the inner lens contour are
found simply by multiplying the incident field by the phase factor e 7", where
W represents the electrical length of the delay lines. The focal-region fields are

then found by superposition of weighted cylindrical waves emanating from the
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Figure 4.3: Calculated (—) and simulated (- -) electric field along the focal plane

of a reflector with D =201, F/D = 0.4 for (a) ¢; =0°, (b) ¢; =20°.
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Figure 4.4: Calculated (—) and simulated (- -) electric field along the focal plane
of a reflector with D =20, F/D = 1.0 for (a) ¢; =0°, (b) ¢; =20°.
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Figure 4.5: Calculated (—) and simulated (¢) maximum-field intensity points
resulting from ¢; = [0...40°] for (a) F/D = 0.4, (b) F/D = 1.0.

probes, giving

k N
Efp)=- ) LiH{ (ko) (4.4a)
i=1
H,(p) = -k )
Jp)==7 ) LiH (key) (4.4b)

where p; is the distance between the ith probe and the observation point. Fur-
thermore, I; denotes the electric probe current which is related to ¢; and whose
amplitude can be obtained by invoking conservation of energy. In most cases,
the probes do not radiate into unbounded space but are backed by a reflector.
The field distribution for this case can then be found following the procedure
outlined in the previous section with (4.4b) as the incident field. It is important
to note that using (4.4), the mutual coupling between the probes is neglected.
Integral equation methods can be used to fully account for electromagnetic
interactions within the lens [51].

For constrained lenses implemented in microstrip or waveguide, two-dimensional
aperture theory can be applied. Microstrip lines at the array port contour are
modeled as apertures with uniform illumination, which is a reasonable approxi-
mation for tightly bound fields. For vertically polarized waveguides and sectoral
horns with sufficiently small flare angle, a cosine distribution is assumed. As a
result, closed-form expressions can be obtained for fields at a far-field observa-

tion point [16]. Also in this case, a more accurate description taking into account
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X

Figure 4.6: Schematic view of a receiving bootlace lens.

the coupling between nearby apertures can be achieved using integral equation
techniques [17].

4.2.3 Continuous Parallel-Plate Waveguide Lens

Since scanning takes place in the H plane (xy plane), an ordinary PPW region is
considered at the output of the lens. The geometry of the problem is shown in Fig.
4.2. The propagation inside the ridge can be determined using the geometrical
optics technique detailed in [38]. Hence, the direction of rays entering the
vertical lens section as illustrated in Fig. 4.8 is found applying Snell's law of
reflection at a point P; on the outer lens contour. The same procedure is repeated
two more times at points P, and P, i.e., for the reflections at the top of the
delay section, until the ray hits the inner lens contour at point P;. As indicated
in Fig. 4.8, the E-plane corners are assumed to be compensated, such that all
power incident upon the lens aperture is transmitted to the inner lens contour.
It should be noted that the ray path depicted in Fig. 4.8 corresponds to the
principal ray at normal incidence. In the general case, where the angle between
the incident ray and the normal vector to the outer lens contour is nonzero, the
points of reflection P; have different y coordinates; more detailed illustrations
can be found in [38].

As mentioned earlier, the ray-tracing technique is based on the assumption that
rays follow straight lines inside the lens, rather than geodesic ones obeying

Fermat's principle [30]. This approximation becomes worse for strongly curved



4.2 Modeling of Quasi-Optical Systems 93

z
P I‘_o P,
Py P
| o 0. e x
FOCAL REGION LENS APERTURE
Figure 4.8: Simplified cross-sectional view of a receiving lens modeled by ray

tracing.

lens contours or grazing angles of incidence. To validate this approach, a realistic
lens design is considered with diameter D = 201 = 200mm and F/D = 0.7. As
in the previous chapter, the lens contour and height profile are described by
tenth-order polynomials, whose coefficients were optimized for minimum RMS

phase error over a moderate scan range of +35°:

a*=[0,-0.28,-0.165,-0.7,-0.16,0.8]
a’*=1[0,-0.18,-0.14,-0.137,0.62,-0.4].

The thickness of the ridge and the parallel-plate spacing are kept at T = 2mm
and H = 2mm, respectively. Figures 4.9 and 4.10 show the calculated tangential
magnetic field along the inner lens contour, which is in good agreement with
full-wave simulation results from Ansoft HFSS.

For reasons discussed in Section 4.1, further use of ray optics would fail to
provide a reasonable description of the focal-region fields in the receiving prob-

lem. Instead, physical optics is used to determine these fields as scattering from
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Figure 4.9: Calculated (—) and simulated (- -) magnetic field along the inner lens
contour for ¢; = 0°.
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Figure 4.10: Calculated (—) and simulated (--) magnetic field along the inner
lens contour for ¢; = 30°.
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Figure 4.11: Calculated (—) and simulated (- -) electric field in proximity of the
focal-region maximum for ¢; = 0°.
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Figure 4.12: Calculated (—) and simulated (- -) electric field in proximity of the
focal-region maximum for ¢; = 30°.

equivalent currents J on the inner lens contour. The electric field along a straight
line passing through the focal-region maximum is shown in Figs. 4.11 and 4.12.
For ¢; = 30°, the sampling line is tilted such that the normal vector to the line
points toward the center of the lens; this is illustrated by the dashed line in
Fig. 4.7. The resulting tilt angle is approximately equal to ¢;. The remaining
phase slope around the center in Fig. 4.12 suggests that the phase front passing
through the focal-region maximum is in fact not parallel to the sampling line
but inclined at an angle smaller than ¢;. Furthermore, the field maxima defining
the focal surface of the lens and the feed curve optimized for minimum RMS
phase error are shown in Fig. 4.13 along with the lens contours.

4.3 Power Transfer Characterization

As demonstrated in [73, 107], the coupling between the received fields and

an arbitrary feed distribution can be evaluated using the power transmission
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Figure 4.13: Calculated (—) and simulated (¢) maximum-field intensity points

resulting from ¢; = [-35...35°], feed curve optimized with a phase-
only model ().

Figure 4.14: Power transfer in a quasi-optical system (a) from an incoming wave
to a feed terminated with a matched load (receive mode), (b) from a
radiating feed to an outgoing wave (transmit mode).

theorem introduced in [109]. The theorem was originally proposed to evaluate
the power transfer between two antennas of arbitrary size, relative position and
polarization. Its general formulation will be outlined briefly and the specific use
for analyzing the coupling between focal-region fields and feed aperture fields
will be discussed in more detail.

Consider two antennas 1 and 2 separated by a closed contour C, one radiating
and the other one terminated with a matched load. With antenna 1 as transmitter
and antenna 2 as receiver, the fields (E;, H;) are created on C. Conversely, with
antenna 2 radiating, the fields (E,, H,) will exist on C. Considering the former

scenario (with antenna 1 in the transmit mode), the efficiency of power transfer
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between the two antennas corresponds to the ratio of power dissipated in the
matched load terminating antenna 2 to the total power radiated by antenna 1.
Making use of reciprocity, the transfer efficiency or T factor can be expressed as

[109]

1 2
T:16P1P2¢[E1XH2_E2XH1]'ﬁdl (46)
C

where P; and P, denote the time-average powers radiated by antenna 1 and 2,
respectively, and 7 is the outward unit normal vector to C. If the antennas are
placed at far-field distance, (4.6) reduces to the well-known Friis transmission
formula expressed in terms of gains.

The theorem may be conveniently applied to analyze the power transfer from
an incoming wave to an aperture antenna located in the focal region of a quasi-
optical system. In this case, (E{, H;) represent the fields intercepted and colli-
mated by the beamformer which extend to the focal region and beyond, while
(E,, H,) are the fields produced by the aperture antenna in the transmit mode.
The closed contour C may be chosen such that it includes the aperture as shown
in Fig. 4.14. Furthermore, it is assumed that (E,, H,) vanish on C outside the
aperture. In fact, the reaction integral in (4.6) then needs to be performed only
over the aperture. To analyze the performance of a receiving aperture with a
given quasi-optical system, it is appropriate to define P as the intercepted or
collimated power rather than the total power contained in the incoming wave.
Moreover, P, represents the power contained in the aperture fields of the feed.
The transmission coefficient is maximized when the feed aperture fields are the
complex conjugate of the focal region fields over the aperture S, that is, when
E, =E] and H, = H}. Equation (4.6) then reduces to [107]

2

T /Re{Ele’i}-dS (4.7)

= 4pp,

4.4 Single-Feed Study

As discussed in Chapter 2.1, the design of feed systems is often concerned with
the inevitable trade-off between sidelobe levels and beam crossover. However,
when taking the liberty of studying feeds individually, it is of primary interest
to determine their optimum dimensions, position and orientation for achieving

maximum gain or a certain pattern shape at a given scan angle. The numerical
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results presented in the following were obtained using the power transmission
theorem expressed in (4.6). The methods described in Section 4.2 were used to
determine the focal-region distribution for a single incident plane wave. Given
the wide use of flared H-plane sectoral horns in integrated quasi-optical beam-
formers [8, 13, 18, 39], a TE|j)-mode aperture field distribution with quadratic
phase error ko [110] was assumed for the feeds, i.e.,

E,(v) = Eg cos(nty/a)e W3 (4.8a)

H,(y) = —%cos(ny/a)e‘ikb(y)p (4.8b)

where a is the width of the horn aperture.

4.4.1 Pillbox Reflector

Two reflectors of diameter D = 201 with F/D = 0.4 and 1.0 were investigated.
Figure 4.15 shows the maximum scan-gain contours of three different feeds
for a scan range up to 40°. By reciprocity, the contour of the isotropic feed
corresponds to the maximum-field locus shown in Fig. 4.5. It should be noted
that the specified edge taper refers to the case where the feed is placed at the
focal point of the reflector and that feed apertures are oriented parallel to the
focal plane (y axis) up to this point. It can be seen that for lower F/D, the
contours approach the Petzval surface of the reflector described by the equation
[59]

3)2

T
which corresponds to another parabola of half the focal distance with its vertex

X= (4.9)

at the focal point of the reflector. For larger F/D the optimum feed contours
lie closer to the focal plane as the illumination taper increases. Moreover, the
optimum position of an on-axis isotropic feed does not exactly lie on the focal
point but is slightly offset toward the parabola. This means that phase error
losses due to defocusing are compensated by the decrease of spillover losses, i.e.,
a larger portion of the uniformly radiated power is intercepted by the reflector.
The calculated transfer efficiency of several relevant feed types is shown in Fig.
4.16 as a function of the number of beamwidths scanned. The following configu-

rations were considered:
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X/A

Figure 4.15: Comparison of Petzval surface (--) and maximum scan-gain con-
tours of an isotropic feed (—) and feeds with 10dB (--) and 20dB
edge taper (--) for (a) F/D = 0.4, (b) F/D = 1.0.

Feed 1: 10dB edge taper, aperture kept parallel to the focal plane,
placed on the focal plane.

Feed 2: 10dB edge taper, aperture aiming at the vertex,
placed on optimal contour.

Feed 3: 10dB edge taper, aperture kept parallel to the focal plane,
placed on optimal contour.

As is well known, an edge taper of about 10dB corresponds to the standard opti-
mal illumination for central feeds, offering the best trade-off between taper and
spillover efficiency [111, pp. 427-428]. For D = 204, this illumination yields a
half-power beamwidth (HPBW) of 3°. Feed 1 is relevant to the case of a mechani-
cal scanning pillbox system using a single movable feed. Feed 2 refers to the case
of multiple fixed feeds, whose positions and orientations can be chosen almost
independently. Feed 3 is shown for comparison. As expected, the 10-dB edge
taper feed yields a transfer efficiency somewhat greater than 0.8 when placed at
the focus; for the on-axis configuration T is synonymous with the more common
term aperture efficiency. Furthermore, it can be seen that for lower F/D, the
transfer efficiency cannot be significantly improved by axial displacement or
rotation of the feed. Hence, the scan performance in a mechanical feed system is
not compromised compared to the fixed-feed case. Due to the relatively flat scan
contours, tilting the feed aperture may complicate the integration of multiple
feeds. Figure 4.16(a) shows that for low F/D, a higher T is in fact obtained when
keeping the feed aperture parallel to the focal plane. From a transmit viewpoint,
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Figure 4.16: Maximum T factor with different feed configurations for (a) F/D =
0.4, (b) F/D =1.0.

this may seem counterintuitive since reorienting the feed at larger scan angles re-
duces spillover losses and leads to a more symmetric illumination. Nevertheless,
this result is in agreement with the conclusions in [60] and can be attributed
to the fact that the equiphase surfaces in the neighborhood of the focal-region
maxima are essentially parallel to the focal plane. As seen from Fig. 4.16(b),
for feeds placed along the focal plane of a reflector with larger F/D the transfer
efficiency decreases rapidly as the angle of incidence is increased. From a receive
perspective this is readily understood by noting that the focal-region maxima
move toward the reflector as shown in Fig. 4.15(b). However, it can be seen that
even when placing the aperture closer to the maximum (Feed 2), no significant
improvement is achieved. Examining the focal-region distribution for large
angles of incidence shows that the phase front passing through the maximum
is inclined at an angle of about —¢;. As a consequence, T can be maximized by
properly rotating the feed aperture. This effect is far more intuitively understood
from a transmit viewpoint and purely geometrical considerations: for larger F/D
the lateral displacement required for a certain scan angle increases, leading to
asymmetric illumination and excessive spillover if the feed is not tilted toward
the center of the reflector. Furthermore, a feed displaced by D/2 along the focal
plane would produce a beam at about tan™!'(1/(2F/D)) ~ 27° (neglecting the
beam deviation factor). Larger scan angles can be achieved by reducing the
axial distance to the reflector. Figure 4.16 also indicates the limited scanning

performance of parabolic reflectors, especially for small F/D where the effect of
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Figure 4.17: Calculated and simulated (¢) gain loss versus beamwidths scanned
for (a) F/D = 0.4, (b) F/D = 1.0.

phase errors is more severe. This is also demonstrated by the gain loss shown in
Fig. 4.17 for different feed configurations. It should be noted that the effect of
aperture blockage has been neglected in the calculation of the corresponding
radiation patterns; this is a reasonable approximation for double-layer pillbox

systems.

4.4.2 Rotman Lens

A classical Rotman lens comprising N = 41 array elements spaced d = A/2 apart
(D =20A7), with off-axis focal points at @ = 30° was investigated first. The ratio of
off- to on-axis focal distance was set to the optimum value of g = 0.88, while F,
was chosen such that C,,, = 0.6 (F/D =~ 0.83). The basic lens model employing
omnidirectional probes was considered. The computed maximum-field locus
for angles of incidence up to +40° is plotted in Fig. 4.18(a) with all coordinates
normalized by the on-axis focal distance. It can be seen that in this optimal
configuration, the contour nearly coincides with the focal arc defined in [13].
This result is to be expected with isotropic array ports where the received fields
are dominated by the phase performance of the lens.

In addition, a lens design for extended scanning range was investigated. The
angular position of the off-axis focal points was set to a = 60° and a suboptimal
value of f = 1.0 was selected such that inner lens profile and focal arc are

properly arranged, i.e., without any of the contours being enclosed by the other.
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Figure 4.18: Original focal arc [13] (---), maximum-field locus (—) and improved
focal curve [15] (--) of (a) original Rotman lens design, (b) lens
design for enhanced scan range.

The maximum-field locus for angles of incidence up to £50° is shown in Fig.
4.18(b). The calculated curve deviates significantly from the original focal arc
[13]; a higher but still acceptable degree of curvature can be observed. As seen
from the figure, a similar improved focal curve is obtained when following
the analytical design procedure detailed in [15]. The shown curve has been
derived by imposing zero phase error at array elements with index 5 and 36. The
improvement over the original focal arc is demonstrated by the RMS phase error
shown in Fig. 4.19. It can be seen that the determined maximum-field locus
allows a significant reduction in phase error; however, best phase performance is
achieved using the analytically derived feed curve. This suggests that, as with the
reflector considered in the previous section, phase error losses due to defocusing
can be compensated to a small extent by amplitude-related effects. The T factor
for a 10-dB edge taper feed pointing toward the lens apex is shown in Fig. 4.20.
For the scan angles considered here, the maximum-gain contour of the feed, not
shown in Fig. 4.18(b), is practically coincident with the maximum-field locus.
For simplicity, the effect of a reflector backing the probes on the field distribution
was not considered in this study. However, P; used in (4.6) has been defined by
the total power flow in negative x direction. It can be seen that at large scan
angles, about 30% more power can be intercepted on the optimum contour when
compared to the classical focal arc. The improvement is also apparent from the

radiation patterns in Fig. 4.20(b). Since the two configurations are symmetric,
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Figure 4.19: RMS phase error for original focal arc [13] (---), maximum-field
locus (—) and improved focal curve [15] (--).

only half of the scanning range is plotted for each case. It can be seen that when
scanning to 50°, a gain reduction of more than 4dB and sidelobe levels as high
as —8dB are incurred with the original focal arc. The optimal feed curve results
in gain losses lower than 2.4dB and sidelobe levels below —12dB.

4.5 Feed Cluster Synthesis

When considering a single incident plane wave as in the previous section, the re-
sulting radiation patterns are naturally accompanied by relatively high sidelobes.
Therefore, a more generalized approach is needed for most practical designs,
where a set of pattern requirements has to be considered. This is typically
accomplished by representing the radiated fields, associated with the desired
beam pattern, as an angular spectrum of plane waves. One practical approach
is to evaluate the spectrum asymptotically [112, pp.22-27]. The singularity
at the transition from the visible to the invisible region of the spectrum can
be overcome using an adequate windowing function. In the case of a contin-
uous PPW lens, ray tracing is then performed iteratively using the complex
amplitudes of the plane-wave expansion to find the field distribution along the
inner lens contour. As described previously, the contour maximizing T for a
given feed could then be determined in a rigorous manner via reciprocity. This
section, however, focuses on fixed feed arrangements used for the synthesis of
overlapping clusters. An extension of the method described in Section 4.3 to the

determination of optimal cluster excitations will be presented in the following.
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Figure 4.20: Comparison of original focal arc [13] (---) and optimal contour of
10-dB edge taper feed (—) in terms of (a) T factor, (b) radiation
patterns.

4.5.1 Numerical Procedure

To determine the coupling between received fields and a cluster distribution,
(4.6) needs to be evaluated for every feed element. With (E,, H,) denoting the
focal-region fields, the transfer efficiency can then be expressed as

2
T= Zi] (4.10)
4R [ X 1cil26;]
with
a]-:/(ErxH E;x Hj;)-dS; (4.11)
and the time-average power
Bj :Re{/(ijH’]‘-)-de} (4.12)

associated with the fields (E;, H;) on the feed aperture S;. Furthermore, P, is the
total power contained in the received fields and c; the complex weight of the jth

feed. Equation (4.10) can be transformed into matrix notation

1 cHAc
~ 4P, cHBc

(4.13)
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with A being a Hermitian matrix given by

’fak (4.14)

Ajk = a]

and B being a diagonal matrix with
Bj; = ;. (4.15)

As demonstrated in [73], the excitation vector yielding maximum power transfer
is given by

c=Bd, (4.16)

|1

where d,, is the eigenvector corresponding to the dominant eigenvalue of the
matrix

IS

=B AB. (4.17)

4.5.2 Cluster Example

The approach outlined above is used to synthesize overlapping feed clusters for
the parallel-plate lens of Section 4.2.3. To allow for a quick comparison with
full-wave simulations, the radiation pattern resulting from a cosine amplitude
distribution along the aperture was considered. For a main beam at broadside,
the visible spectrum can be expressed analytically by [113, p. 21]

cos (kyD/Z)

F K2
alky) o 72— (k,D)?

(4.18)
where k, = ksin¢ and K is a factor depending on the time-average power con-
tained in the radiated fields. Using the weights of (4.18) to define the incident
fields, the focal-region maximum moves about 1/2 toward the lens compared to
the case of uniform illumination. The electric field along a straight line passing
through the maximum is plotted in Fig. 4.21. The tapered illumination intro-
duces a smooth aperture stop and, as expected, a broader focal-region pattern is
obtained.

First, a single feed placed on the focal plane is considered. The transfer efficiency
as a function of the feed size is shown in Fig. 4.22. A two-port simulation
model is used to verify the calculated results. With port 1 representing the

normally incident wave at the lens aperture and port 2 representing the feed
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Figure 4.21: Calculated (—) and simulated (- -) focal-region field for ¢; = 0° with
cosine illumination.
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Figure 4.22: Calculated (—) and simulated transfer efficiency (--) versus feed
size.

aperture, the simulated T factor is equivalent to |S,;|>. As expected, the coupling
is maximized for a feed size of 21, where the TE;j-mode aperture fields most
effectively match the focal-region distribution of Fig. 4.21. For feeds larger than
one wavelength, the calculated results agree well with full-wave simulations.
However, a relative error of more than 15% occurs for apertures smaller than A.
This can be attributed to the assumption of vanishing fields outside the aperture
with the feed in transmit mode. To illustrate this effect, Fig. 4.23 shows the
simulated tangential fields along the aperture plane S for feeds of size 0.7
and 2A. It can be seen that for the smaller feed, the assumed magnetic field
distribution differs significantly from the simulated one. This difference can be
attributed to the diffraction at the aperture edges [113]. To verify the validity of
the numerical procedure, the tangential fields over a sufficiently large portion

of the aperture plane were extracted from full-wave simulations of an aperture
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Figure 4.23: Comparison of the assumed field distribution (—) and the simulated
tangential fields (--) on the aperture plane for a feed of (a) 0.7,
(b) 2A.

of 0.71 in an infinite PPW environment. Using the imported fields to evaluate
(4.10), the relative error with respect to the simulated transfer efficiency is less
than 0.5%. In general, it can be expected that the fields transmitted by the
feed inside the lens may differ from those transmitted into free space. However,
since the E-plane corners inside the simulated delay section (see Fig. 4.8) are
optimized and absorbing boundary conditions are employed at the sidewalls of
the lens, the effect of internal reflections on the aperture plane distribution can
be neglected.

Next, a cluster of feeds approximating the optimal feed distribution (a,p = 21),
is investigated. A trio of one-third apertures (3 x 0.67 1), similar to the config-
uration reported in [49], is considered. It should be noted that in the present
case, a pair of one-half apertures as presented in [49] does not provide adequate
sampling. This is readily apparent from the primary pattern, exhibiting large
secondary lobes that are only partly intercepted by the lens, while a significant
part is lost as spillover. The assumed field distribution is shown in Fig. 4.24(b).
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Figure 4.24: Magnitude of the received electric field (—) and the assumed ampli-
tude distribution of the feed system (- -).

The amplitude of the exterior feeds with respect to that of the central feed can
be found using (4.16). Since the phase of the received field is approximately
constant within -1 <y < A (see Fig. 4.21), the cluster elements are excited
in-phase. It should be noted that in the present case, feeds of 0.67 A provide
focal-plane sampling for complete coverage, with approximately —3dB of beam
crossover when excited individually [114]. Further, full-wave simulations of
the feed cluster predict a mutual coupling below —24dB for adjacent feeds of
0.67 A. The transfer efficiency associated with the different feed distributions and
the received field is obtained using (4.13). The optimal cluster weights along
with the resulting T factor are given in Table 4.1. For electrically small feed
apertures, the discrepancy between calculated and simulated transfer efficiency
is significant. As in the case of a single feed, this difference is due to the as-
sumption of vanishing fields outside the feed apertures. The simulated cluster
distribution is shown in Fig. 4.25 compared with the assumed field distribution
for the calculated weights listed in Table 4.1. Also in this case, the deviation
of the magnetic field magnitude is appreciable. As a result, the absolute value
of the calculated transfer efficiency does not allow direct conclusions on the
quality of the resulting radiation pattern. However, the derived complex weights
agree reasonably well with the simulated ones. Figure 4.26 shows the resulting
amplitude distribution along the inner lens contour for the calculated cluster
weights. The normalized secondary patterns are plotted in Fig. 4.27 compared
with the desired pattern of an in-phase aperture of D = 201 with cosine taper.
The achieved radiation performances are summarized in Table 4.2. For the
feed cluster, both the calculated weights and the ones extracted from full-wave

simulations are considered. Simulation results show a difference of 0.15° in
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Figure 4.25: Comparison of the assumed field distribution (—) and the simulated
tangential fields (--) on the aperture plane of a cluster with 3 x0.67-
A elements.

Table 4.1: Maximum transfer efficiency and optimal cluster weights (calcu-

lated/simulated).
Feed Amplitude |c| Phase Zc Transfer efficiency
1x2A - - 0.98/0.97
3% 0.671 [0.48,1,0.48] / [2°,0°,2°]/ 0.76/0.91
(0.41,1,0.41] [3°,0°,3°]

beamwidth and 1dB in sidelobe level for these excitations.

To synthesize feed clusters for a multiple-beam antenna, the above procedure is
repeated for different incident fields, representing the desired radiation pattern
at various scan angles, while considering an entire set of feeds placed along the
focal curve. The above feed configurations are considered for a scan range of
+35°. The feed contour is taken to be the one that maximizes T for a feed of
2 and is therefore derived numerically. As with the Rotman lens of Section
4.4.2, this contour turns out to be practically coincident with the maximum-field

locus. As shown in Section 2.1, the orthogonal spacing for a cosine illumination

Table 4.2: Comparison of pattern mask and synthesized patterns (calcu-

lated/simulated).
HPBW (°) SLL (dB) Spillover efficiency (%)
Pattern mask 3.44 -23 100
1x2A 3.34/3.45 -20.2/-21.2 99/99
3x0.67A (calculated ¢) 3.60/3.69 -21.2/-21.6 98/99

(simulated c) 3.40/3.54 -20.6/-20.6 96/98
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Figure 4.26: Calculated (—) and simulated (--) illumination of the inner lens

contour, cosine illumination (---).
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Figure 4.27: Comparison of calculated (—) and simulated (- -) radiation pattern
with prescribed pattern mask (-).

is Au =2)/D, implying 11 independent beams over a scan range of £35°. Taking
into account a finite spacing of 1.5mm = 0.151 between the aperture edges, nine
feeds of 21 and 25 of 0.67 A can be accommodated on the feed curve within the
given scan range. The resulting feed configurations are depicted in Fig. 4.28
along with the lens contours. The transfer efficiency characterizing the coupling
between the received fields and the entire feed distribution is plotted in Fig.
4.29 as a function of the beam scan angle. As for the broadside case considered
above, the absolute value of the calculated T factor at the different scan angles is
expected to be in error for the cluster configuration. Nevertheless, the curves
illustrate the gain ripple or beam crossover of the multibeam system, which is
clearly visible for the configuration with feeds of 21. As the scan angle increases,
the ripple decreases slightly; in transmission, this corresponds to the effect of

beam broadening due to phase errors, leading to higher beam crossover. It can



4.5 Feed Cluster Synthesis 111

L N
-5 | -5k |
N =~
< -0 | < 10| .
~ ~ < p
\ / \\\\ ////
—15 [~ \\_// * —15 [~ \\‘ _______ ”/ -
| | | | | |
-10 -5 0 5 10 -10 -5 0 5 10
y/A y/A
(a) 9x 24 (b) 25 % 0.67
Figure 4.28: Schematic view of the studied feed configurations for a scan range
of +35°.
o
<)
G
=
l—
0 | | |
0 10 20 30

SCAN ANGLE (deg)

Figure 4.29: T factor versus scan angle for a feed system with 21- (—) and 0.67A-
apertures ().

be seen that for feeds of 0.67, pattern stability is achieved over the entire field
of view. In fact, the corresponding curve shows that at 30°, a better field match
is achieved than at broadside. The multibeam configurations shown in Fig. 4.28
were simulated using Ansoft HFSS. The radiation patterns plotted in Fig. 4.30
were obtained using the complex weights derived from (4.16). The following

remarks summarize these results:

— The radiation patterns plotted in Fig. 4.30(a) refer to the single-feed-per-
beam configuration shown in Fig. 4.28(a). As expected, the crossover
points of adjacent beams coincide with the T minima of the corresponding

curve in Fig. 4.29.
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Figure 4.30: Simulated radiation patterns for (a) single-feed-per-beam excitation,
(b) three-feeds-per-beam excitation.

— The radiation patterns shown in Fig. 4.30(c) were obtained using clus-
ters with symmetrical amplitude weights. Each feed except for the two
outermost is used as a beam port center, resulting in a total of 23 beams.
The corresponding transfer efficiency suggests that similar patterns can be
produced at intermediate scan angles, leading to asymmetric amplitude

weights.
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4.6 Chapter Summary

An overview of asymptotic high-frequency techniques commonly used for the
analysis of quasi-optical systems in reception was given. Rigorous numerical
models based on geometrical and physical optics for determining the received
fields of pillbox reflectors, bootlace lenses and continuous parallel-plate waveg-
uide lenses were presented. Furthermore, the use of reciprocity for characteriz-
ing the coupling between the focal-region distribution and realistic feed aperture
fields was described.

The analysis of parabolic pillbox reflectors based on this approach led to the

following conclusions:

— For reflectors with small F/D, the feed contours maximizing the power
transfer generally lie close to the focal plane. Only for small angles of
incidence and large feeds, these contours approach the Petzval surface of
the reflector. Due to their shape, the contours are impractical for most
multiple-feed configurations.

Higher efficiency is achieved when keeping the feed aperture parallel to
the focal plane, unless the displacement is large enough for spillover loss
to become significant. The improvement in transfer efficiency or peak gain
is generally small (in the present case less than 0.04/0.3dB) when placing
feeds on the optimal contour rather than on the focal plane. As a result,
nearly optimal scanning performance is achieved when using a simple

mechanical feed.

— For reflectors with larger focal ratio, the contours producing maximum
gain lie towards the reflector. For straight-ahead orientation, the contours
approach the focal plane as the feed size increases. Due to the larger lateral
displacement required for a certain scan angle, feeds need to be pointed
toward the vertex of the reflector in order to maintain high efficiency.
Mechanical scanning based on lateral displacement along the focal plane
becomes inefficient beyond several beamwidths scanned. Scan loss is
greatly reduced using the optimal contour of feeds aiming at the reflector.
The scan contours are suitable for implementing efficient multiple-feed
systems.

In the context of Rotman lenses, the method provides the following features:

— For lenses with optimal phase performance over a moderate scan range,
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feed positions and orientations can be fine-tuned by taking into account
amplitude effects. The improvement over the original focal arc is generally
small, except for extreme scan angles where proper lens illumination

becomes a challenge.

— For lens designs where the original focal arc does not yield optimal focusing
performance, an improved feed curve can be rigorously derived. This
approach is particularly useful in the design of lenses with enhanced
scan range, where the optimal focal arc proposed in [13] is inconveniently
arranged with respect to the lens contour. Using a simplified lens model it
was shown that for a scan range of £50°, scan loss can be reduced by more
than 1.5dB.

The numerical approach has been extended to arbitrary incident fields, repre-
senting a desired radiation pattern, and cluster feed distributions. The analysis
of a continuous PPW lens using this extension showed the following;:

— For a fixed feed system, the method allows to determine the optimal
cluster weights, i.e., the feed excitation for which the secondary pattern

most effectively matches the prescribed pattern mask.

— For electrically small feeds (< 1), the assumption of vanishing fields on
the aperture plane outside the aperture is no longer valid. For apertures
smaller than A the relative error between the calculated transfer efficiency
and simulation results was up to 15%. However, the calculated cluster
weights agree reasonably well with the weights extracted from full-wave

simulations.

The techniques described in this chapter present a powerful and versatile tool
for the analysis of integrated quasi-optical systems such as pillbox antennas
and lenses implemented in parallel-plate waveguide. The reciprocity-based
approach gives valuable insight into the mechanism of power transfer inside
the beamformer and allows to evaluate the beam-scanning and beam-shaping
capabilities by means of a single scalar quantity, referred to as transfer efficiency
or T factor.

In the context of parallel-plate lenses, high-frequency models are typically de-
veloped for the transmit case [25, 35, 38]. When coupled with phase error-
or pattern-based optimization algorithms, these models greatly facilitate the

shaping procedure for designing quasi-optical systems with wide-angle focusing
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properties. On the other hand, the developed procedure based on receive-mode
analysis is particularly useful for the synthesis of advanced feed systems and
thus key to the design of quasi-optical beamformers with enhanced pattern
reconfigurability. The following chapter presents a practical lens design whose
contours are shaped using an existing optimization procedure. The feed sys-
tem for optimal scanning performance is then sythensized using the approach
described in this chapter.
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CHAPTER 5

A Multilayer PCB Lens Beamformer for Active
Antenna Architectures

As described in Chapter 2.4, overlapping cluster feeds allow high-gain multiple-
beam coverage while maintaining a compact radiating structure. The application
of this feed concept to continuous PPW lenses is presented in this chapter. The
design of a compact and efficient excitation network is an integral part of the
development of practical MFPB systems. However, this work is focused on the
design at antenna level, involving the quasi-optical system and the feed structure.

Two novel aspects are demonstrated:

— The determination of optimal feed positions, orientations and cluster

weights using the method outlined in Chapter 4.

— The implementation of a continuous PPW lens beamformer using a cus-
tomized multilayer PCB manufacturing process.

In the first part of this chapter, the proposed PCB design concept and related
constraints are discussed. The design procedure for the quasi-optical system
and the feed structure are described. Two final designs, corresponding to single-

and two-feed-per-beam operation, are reported.

5.1 Motivation

While various quasi-optical beamformers have been proposed over the past
decade for satellite communications [9, 35, 39], recent initiatives such as Telesat
and Starlink have selected active antenna architectures for their LEO megacon-
stellations, thereby following the approach of the MEO constellation O3b [115].
Nevertheless, active antennas pose several design challenges:

117
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Figure 5.1: Schematic view of an active quasi-optical beamforming device.

— The integration of solid-state power amplifiers and their thermal manage-

ment when employing densely packed radiating elements.

— The gain loss at large scan angles and the compensation of pattern degra-

dation due to mutual coupling between the radiating elements.

— The implementation of an analog beamformer for generating several dozen

of reconfigurable beams from up to a few hundred radiating elements.

Due to the high power consumption of the processor unit for large bandwidths,
fully digital beamforming is not well adapted to Ka-band space-segment an-
tennas. On the other hand, traditional analog beamforming is limited by the
cost and complexity of the hardware required for a certain number of radiating
elements and beams. Low-loss PCB technologies such as substrate integrated
waveguides allow the realization of quasi-optical beamformers and radiating
structures that are compatible with an active antenna architecture. As shown
in Fig. 5.1, the quasi-optical system acts in this case as a low-level beamform-
ing network whose output ports are connected via high-power amplifiers to
the radiating elements. Various PCB implementations have been proposed for
quasi-optical beamformers, including pillbox systems [8, 47], Rotman [18, 19]
and Luneburg lenses [27, 116]. Dual-layer pillbox systems are compatible with a
low-cost PCB fabrication process: the reflector is realized by vias through both
substrate layers, while coupling slots are etched on the metallization between
these. However, the scanning range of previously developed pillbox beamform-
ers is typically limited to about +35° or 6-7 beamwidths, with scan losses in the
order of 2dB and maximum sidelobe levels of —12dB [6, 8]. Similar scanning per-

formance has been demonstrated with a multilayer Rotman lens using a slotted
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waveguide array at the output [18]. High-crossover low-sidelobe patterns have
been demonstrated with a pillbox design using the split aperture decoupling
method [47]. A cylindrical Luneburg lens implemented using standard PCB
techniques has been presented in [116]. The gradient index profile is realized by
drilling holes of varying diameter into a concentric arrangement of two different
substrates. In this case, the lens is used to feed a linear slotted SIW array. The
final structure provides an angular scanning range of +41° with scan losses in
the order of 2.5dB. Another low-cost PCB design has been presented in [27]. The
refractive index profile is achieved by etching a pattern of crossed transmission
lines onto a copper-clad substrate with €, ~ 1. The radiating aperture is formed
by a flare made of metallized laminates. The proposed design offers a scanning
range of +45° with scan losses of about 1dB. Coverage with 3-dB beam crossover
has been demonstrated using a larger number of smaller feed elements. However,
the resulting sidelobe levels are as high as ~10dB. Moreover, like with other
radially symmetric designs, limited scanning performance must be expected
when used for phasing a linear array. As a consequence, there is still a clear need
for quasi-optical beamformers with enhanced scanning range (> 50°) and small

form factor, suitable for in-package antenna integration.

5.2 Proposed Design Concept

To enable the integration of receiver or transmitter circuits and radiating el-
ements on the same substrate, a continuous PPW lens beamformer compati-
ble with conventional PCB fabrication techniques is developed. A multilayer
structure is adopted to implement the vertical delay sections. This is shown
schematically in Fig. 5.2(a). An adhesive film is used to bond the substrate layers
together. The lowest layer (Sub. 1) is copper cladded and used to realize the
horizontal parallel-plate region. The shaped parallel-plate waveguide is formed
by milling into the three upper substrate layers (Sub. 2, Sub. 3 and Sub. 4). First
trials were made with a stack of PTFE slabs as shown in Fig. 5.2(b) using plasma
and Tetra-Etch ® surface treatment. The latter resulted in significantly better
adhesion. Horizontal conducting plates are then formed by the metal cladding
of the laminated substrates, while vertical conducting plates are created by
electroplating of copper onto the exposed surfaces. The intermediate substrate
layers (Sub. 2 and Sub. 3) are without metal cladding, while the upper surface
of Sub. 4 is cladded. Outside the vertical delay section, Sub. 2 and Sub. 3 do not
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Figure 5.2: (a) Schematic cross section of a PPW lens beamformer implemented
in multilayer PCB technology. (b) machined PCB stack-up

serve as a waveguide. However, the layers can be left unmachined to reduce fab-
rication time and to provide mechanical support. Rogers RT/duroid 5880 with
€, = 2.2 and a loss tangent of tan o = 0.0009 was found to be a suitable material
for this purpose. A substrate thickness of H = 3.175mm was chosen as it is the
maximum thickness that is commercially available. The multilayer assembly was
limited to four layers, resulting in a total height of 12.7mm ~ 0.8 1) when using
layers of equal thickness. One reason for this choice was to limit the fabrication
complexity in this proof of concept. From an application perspective, a low
profile is required for accommodation in an array of quasi-optical beamformers
enabling pencil-beam scanning.

A thinner substrate could be used for the lower and upper layer (Sub. 1 and
4) which do not contribute to the vertical delay path. The minimum feasible
thickness depends on the manufacturing tolerances and the features required to
compensate the E-plane corners (see Fig. 5.2). The estimated attenuation ay4 and
a. due to dielectric loss and conductor loss, respectively, of a TEM mode inside
the parallel-plate waveguide [69, pp. 42-46] are plotted in Fig. 5.3, assuming a
copper cladding with conductivity o = 5.8 x 107 S/m. The cutoff frequency of the
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Figure 5.3: Estimated attenuation for the TEM mode of a parallel-plate waveg-
uide in Rogers RT/duroid 5880 with thickness H = 3.175mm.

first higher-order modes is 31.85GHz, which is well above the frequency band
of interest (17.3 —20.2GHz) and, in fact, also beyond the uplink band.

5.3 Quasi-Optical Design

As can be seen from (3.1) through (3.3), the normalized total height of a continu-
ous PPW lens represented by the bifocal model is given by

_a% [ 1
Zmax — ?l I—W—ll (51)

The height-to-diameter ratio (not including the parallel-plate spacing) as a
function of F/D is plotted in 5.4 for different off-axis focal point angular positions.
It can be seen that for a moderate value of F/D = 0.7 as in [39], the ratio can
be in the order of 7%. However, this is still relatively high compared to PCB
designs (6, 8, 18, 27, 33, 47], where the total height is typically a small fraction
of a wavelength. To overcome this problem, a dual-lens design as described
in Section 3.2.3 is employed. In the previous case, this concept has been used
to reduce phase aberrations over a wider angular range. As demonstrated in
Section 3.25 and Appendix C, lenses with large focal length-to-diameter ratio
are used, while the physical length of the beamformer (defined by the radius of
the feed curve) is kept moderate. At the same time, this results in a lower profile
when compared to the single-ridge design.

The procedure outlined in Appendix C was used as a starting point to define
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Figure 5.4: Height-to-diameter ratio versus focal ratio.

the focal ratios F;/D and F,/D, the distance between the two lenses [, and
the ratio of on-axis feed position to diameter, in the following referred to as
F/D. Next, a pattern optimization process, based on the ray-tracing model
detailed in [38], was used to shape the lens contours and the feed curve. This
was preferred over a phase-only optimization since proper lens illumination
becomes critical at large scan angles. A series of optimizations, assuming a
standard feed with 10-dB edge taper, were performed with the goal to minimize
the beamwidth, scan loss and sidelobe levels of beams pointing at 0°, +20° and
+40°. Usually, the first step in this procedure is to fix the diameter of the lens
according to the required H-plane beamwidth and a given edge taper. Here, the
diameter was not specified a priori and the main constraint taken into account
during the optimization was that the maximum height of the structure Hy,,
be smaller than 12.7mm. The maximum scan angle was chosen with respect
to the critical angle of the substrate-air interface, which will be discussed in
more detail in Section 5.5. The design frequency was fixed to f. = 18.75GHz
with a free-space wavelength of 1y = 16 mm. This resulted in a lens design with
diameter D = 10.715 = 15.914 171 mm and an on-axis feed position defined
by F/D = 0.74. The spacing of the two lenses, measured between the inner lens
contours at the center, is I = 1.713 = 18.3mm. The parallel-plate spacing is
H = 3.175mm and the thickness of the ridges T = 4.5mm. The coefficients of
the tenth-order polynomials representing the inner contour and ridge profiles of
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Figure 5.5: Perspective view of a dual-ridge lens with five optimized beam port
positions.

the first lens are, in ascending order,

a* =[0,-0.32,-0.4,0.05,0.25,0]
a* =[0,-0.114,-0.044,0,0.25,0]

and of the second lens

a*2 =[0,-0.193,-0.06,—0.58,0,0]
a® =1[0,-0.118,0,0.058,0,0].

The resulting height of the two lenses is 12.67mm and 12.62mm. This corre-
sponds to a height-to-diameter ratio of about 3.7% when neglecting the parallel-
plate spacing. Receive mode analysis shows that the focal ratios of the two
individual lenses are approximately F;/D ~ 1.46 and F,/D =~ 1.48. The feed
positions for the three optimized beams are defined by

ho =[1,0.99,0.89]
$o =[0°,21.4°,42.7°]

where h is the normalized distance to the apex of the first lens and ¢ the sub-
tended angle as illustrated in Fig. 5.5(b). The radiation patterns corresponding
to the three optimization points are plotted in Fig. 5.6. At this point, a lens of
D =10.71, with an edge taper of 10dB radiating into free space is considered.
The beamwidth and beam pointing angle are accurately predicted by ray tracing,
while first sidelobe levels agree reasonably well with the simulation results. The

calculated and simulated scan loss at 40° is about 1.5dB, which is reasonably
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Figure 5.6: Calculated (—) and simulated (- -) radiation patterns of single-ridge
lens.

close to the cosine variation of 1.16dB. It should be noted that the sidelobel level
for an in-phase aperture would be about —20dB. The predicted sidelobe level of
—16dB implies that the final lens design is not fully corrected for phase errors
on axis.

5.4 Feed System Design

5.4.1 Beam Port Contour

The optimization process for shaping the lens contours provided a total of five
feed positions, corresponding to scan angles of 0°, £20° and +40°. The entire
beam port contour could then be defined simply by interpolation of these points
or by further optimization using only the feed positions as degrees of freedom.
A more direct approach is to determine the feed contour from the focal-region
distribution, as described in Section 4.4. The focal surface resulting from plane-
wave incidence at angles ¢; = [-40...40°] is shown in Fig. 5.7. The calculated
curve agrees well with the simulated results for all but the most extreme angles,
where the focal-region maximum approaches the lens contours. Moreover, it can
be seen that the optimized points lie relatively close to the calculated contour;
remaining differences can be attributed to the fact that optimizations were
carried out taking into account the beamwidth and sidelobe level, rather than
the maximum gain. The contour could be further adjusted using the plane-wave

expansion of a desired pattern and by conjugate matching for a given feed. For
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Figure 5.7: Calculated (—) and simulated (- -) focal surface for ¢; = [-40...40°],
optimized feed positions (o).

simplicity, the maximum field locus shown in Fig. 5.7 was used as a starting

point.

5.4.2 Feed Dimensioning

Two feed configurations are developed: a feed distribution for maximum gain
that approaches the orthogonality condition, and a cluster distribution suitable
for reproducing these reference beams with high crossover. A combination of
receive- and transmit-mode analysis is used to determine the appropriate feed

dimensions.

Single-Feed-per-Beam Configuration

The focal-plane field distribution for normal plane-wave incidence is shown
in Fig. 5.8. A comparison with the results reported in Section 4.2.3 shows
that the agreement between calculated and simulated results is still close for
the two-lens configuration. The results suggest that the aperture efficiency is
maximized when using a feed of size a = 1.713 = 2.314(F/D), which corresponds
to an edge taper of 14dB. The orthogonal spacing for this type of illumination is
approximately Au =1.814/D (see Fig. 2.3), implying 11 uncoupled beams over
a scanning range of +40°. Taking into account practical constraints such as the
finite wall thickness of the feeds, a total of nine feeds are placed over an angular
range of £37.5° in the first configuration. The beam crossover level as a function
of the feed size is plotted in Fig. 5.9(a). The results refer to the configuration
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Figure 5.8: Calculated (—) and simulated (--) electric field in proximity of focal-
region maximum for ¢; = 0°.
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Figure 5.9: Calculated (—) and simulated (--) (a) beam crossover level, (b)
spillover efficiency, and (c) mutual coupling versus feed size for
single-feed-per-beam operation.
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Figure 5.10: Schematic view of lens beamformer with (a) single-feed-per-beam
operation, (b) two-feed-per-beam operation.

shown in Fig. 5.10(a), with two feeds placed symmetrically around the center. A
spacing of 0.1514 between the apertures is assumed to account for the finite wall
thickness of feeds implemented in SIW technology. For the chosen feed size of
1.74, the predicted crossover is below —15dB. The spillover efficiency is better
than 97%. As expected for an orthogonal feed distribution, the mutual coupling

between two adjacent apertures is very low (< -30dB).

Multiple-Feed-per-Beam Configuration

The appropriate number of cluster elements and their size must be determined
taking into account the fields to be sampled, the cutoff wavelength of the feed
mode, the finite spacing between the apertures and the complexity of external
circuitry. Here, the most basic form of cluster, consisting of two feed elements
[16, 50], is used to match the field distribution shown in Fig. 5.8. The crossover
level for a lens fed by overlapping pairs of feeds is shown in Fig. 5.11(a). The
configuration is shown schematically in Fig. 5.10(b). It can be seen that a
crossover greater than —2dB is achieved for any feed aperture size. The general
procedure for determining the optimal feed element size is to evaluate the
field match between cluster distribution and focal-region fields. However, as
demonstrated in Section 4.5, the approximation of the fields on the aperture
plane becomes inaccurate for small feed elements and clusters consisting of such.

Instead, the spillover loss is evaluated using two-dimensional aperture theory. It
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Figure 5.11: Calculated (—) and simulated (--) (a) beam crossover level and (b)
spillover efficiency versus feed size for two-feed-per-beam opera-
tion.

should be noted that also in this approach, vanishing fields are assumed outside
the feed apertures and mutual coupling is neglected. However, the calculated
results, shown in Fig. 5.11(b), are in good agreement with the simulated data.
The spillover losses are higher for larger feed elements due to the appearance
of grating lobes. To ensure that the feeds operate well above cutoff, a width of
0.6514 is selected.

5.4.3 Input Transition

To interface the feed horns with 50-() coaxial lines, a transition equivalent to the
design presented in [117] was developed. The geometry of the input structure is
shown in Fig. 5.12. An SMA end launch connector (Hirose HRM(G)-300-467B-1)
is used to feed a grounded coplanar waveguide (GCPW) printed on the top of the
lowest substrate layer. To ensure that the width of the trace at the board edge is
smaller than the diameter of the insulator of the connector, the signal pad at the
input was dimensioned according to recommendations in the datasheet of the
connector. Due to the relatively high substrate thickness (H = 3.175mm =~ 0.3 14),
gaps smaller than 50 um would be required to achieve a line impedance of 50()
at the input of the GCPW. Since the available etching process allows a minimum
gap of 100 um between conductors, a line impedance greater than 50 Q) needs to
be accepted for the coplanar waveguide. A linear taper section and an additional
impedance step of 1.85mm is used to match the coplanar waveguide to an SIW

of width 7.1 mm (center-to-center distance of the via rows), providing single-
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Figure 5.12: Top and side view of input transition (all dimensions in mm).
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Figure 5.13: Simulated S parameters of optimized transition from SMA end
launch connector (port 1) to SIW (port 2).

mode operation in the band from about 15 to 29 GHz. The positions of the vias
surrounding the GCPW were optimized to reduce radiation due to parasitic
parallel-plate modes. The simulated S parameters of the transition, including
the 3D model of the connector provided by the manufacturer, are shown in Fig.
5.12. The return loss is greater than 10dB in the band from 15.9 to 22.8 GHz
and greater than 23dB in the design band (17.3 —20.2 GHz). The insertion loss
is less than 0.5dB over this frequency range. The latter is mainly due to leakage,

corresponding to about 6% of the input power in the worst case.

5.5 Output Transition

According to Snell's law, the beam pointing angle ¢, in free space is related to

the angle of incidence ¢; inside the dielectric by

¢ = sin”! (sin ¢;/e;). (5.5)
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Figure 5.14: Reflection coefficient of a TE-polarized plane wave in Rogers
RT/duroid 5880 obliquely incident upon a substrate-air interface
with (--) and without (—) ideal quarter-wave matching layer.

Furthermore, the critical angle of the interface between the substrate and free
space is given by

P =sin"H(1/+/e;) ~ 42.4°. (5.6)

Since the incident wave is TE-polarized with respect to the plane of incidence,
the reflection and transmission coefficients are given by [97, pp. 40-43]

 sin(di— )
= sin(di+ ) (5.72)
_ 2sin¢cos;

= Sin(di+ gy (5.7b)

It should be noted that the square of the transmission coefficient corresponds to
the transmitted energy flux per unit area. As a result, the conservation of energy
in the given problem is stated by

cos ¢y

it & SRR
V€, COs ¢;

The calculated reflection coefficient [97, pp. 64-66] is shown in Fig. 5.14. When
the main beam is broadside, about 4% of the incident power is reflected at

R?+T? (5.8)

the transition, while when scanning the main beam out to 60° (corresponding
to an incidence angle of ¢; = 35.7°), about 17% is reflected. When using a

quarter-wave matching layer of permittivity e, = y/e; ® 1.48 and thickness



5.5 Output Transition 131

0 T T
— ¢i=0°
101 — ¢i=20° ||
—— ¢;=40°

Il (dB)

_40 N | VA

16 18 20 22
FREQUENCY (GHz)

Figure 5.15: Reflection coefficient of a TE-polarized plane wave in Rogers
RT/duroid 5880 obliquely incident upon a substrate-air interface
with quarter-wave matching layer.

Ly = Ao/(4+4/€m) = 3.28 mm, no power is reflected for a main beam at broadside
and about 5% for a main beam pointing at 60°. The reflection coefficient of an
interface with quarter-wave matching layer is plotted in Fig. 5.15 as a function of
frequency for various scan angles; the corresponding incidence angles inside the
substrate are ¢; = [0°,13.3°,25.7°,35.7°]. It can be seen that within the frequency
band of interest, less than 6% of the incident power is reflected when scanning
out to 60°.

To avoid the need for an additional medium, the effective permittivity at the
interface can be varied gradually from €, to 1 in order to reduce reflections. This
can be achieved by drilling one or several rows of holes, with properly chosen
diameter and pitch, in the lowest substrate layer. Alternatively, a matched
transition can be provided by tapering the substrate edge as proposed in [118].
For design and manufacturing reasons, the latter solution was selected. When
using a linear taper as shown in Fig. 5.16, only one parameter, namely the
taper length or chamfer angle, can be tuned. Simulations showed that for
normal incidence, reflections are minimized when the taper length is equal to
Ly = Ao/(24/€p) or an integer multiple thereof, where €, = +/e;.

In this proof of concept, an asymmetric pyramidal flare is used to interface the
parallel-plate structure with free space. The geometry of the flare is shown in
Fig. 5.18. The dimensions of the radiating aperture along the E plane (xz plane)
is equal to the total thickness of the stack, i.e., 12.7mm =~ 0.81,. Full-wave
simulations showed that a flare along the plane of scan (H plane) allows reduced
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Figure 5.17: Simulated reflection coefficient of a TE-polarized plane wave inci-
dent upon optimized chamfered substrate-air transition.
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Figure 5.18: Perspective view of lens-flare interface.
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scan losses as long as the flare angle is not significantly smaller than the angle
of incidence at the transition from dielectric to air. On the other hand, the flare
angle can be chosen to maximize the peak gain at broadside [110]. Hence, a trade-
off needs to be found between these two performance criteria. The radiating
horn employed in the final design has a flare length of 1.115 =17.6mm and a
width of D' = 13.815 = 220mm. Simulations of the one-dimensional E-plane
model [29] show a return loss greater than 20dB for normal incidence.

5.6 Final Designs and Simulation Results

5.6.1 Single-Feed-per-Beam Design

The final lens design is illustrated in Fig. 5.19. For clarity, the substrate layers
above the focal region (Sub. 2, Sub. 3 and Sub. 4 in Fig. 5.2) are not shown.
The flare length and width of the SIW sectoral horns (center-to-center distance
between the vias at the aperture) are 18.5mm. The latter corresponds to an effec-
tive aperture width of 1.714 [119]. The phase centers of feeds 1 to 5 are located
at points given by hy =[0.94,0.97,0.99,0.99,1], ¢, =[37.5°,27.5°,18°,9°,0°] (see
Fig. 5.5). The sidewalls of the lens are formed by a row of vias in the lowest
substrate layer. As shown in Fig. 5.19(b), the stack is placed on a metallic plate
which forms the lower E-plane wall of the flare at the output. The performance
of the beamformer was simulated using Ansoft HFSS. A 3D model of the coaxial
connectors was included in the simulations. The bonding film between the
substrate layers was not taken into account at this stage.

5.6.1.1 Scattering Parameters

The simulated input reflection coefficients are shown in Fig. 5.20. Due to
symmetry, only half of the off-axis feeds (corresponding to port 1 through 4)
are considered. The return loss is greater than 12dB in the 17.7-20.3 GHz band.
Figure 5.21 shows the mutual coupling between the conjugate beam ports. The
worst-case isolation within the band is about 14dB for the two outermost ports.
The coupling between non-conjugate ports is below —20dB.

5.6.1.2 Radiation Performance

The simulated H-plane radiation patterns are shown in Fig. 5.22. It can be

seen that the scan loss is approximately equal to the aperture size reduction in
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Figure 5.19: Top and cross-sectional view of PCB lens model with single-feed-
per-beam excitation (all dimensions in mm).

the scan direction. At the design frequency, the peak gain for feed 1 is slightly
higher than predicted by the cosine variation, despite the additional phase errors
introduced by the lens and larger reflections at the chamfered dielectric-air
transition. This is effect is due to the dimensioning of the flare in the H plane. A
degradation of the main lobe in the pattern of feed 1 can be observed, especially
at the upper and lower frequency. A simulation of the final structure without
the connectors confirmed that this degradation is due to spurious radiation from
the input transition.

The beam peaks are at 0°,£12.3°,£25.2°,+39.2° and +£59° at the design fre-
quency. It should be noted that the scan angles are somewhat smaller than
sin~!(sin $o+/€r), since the beam angle inside the dielectric is smaller than the
feed position angle. Figure 5.23(a) shows the beam pointing angle as a function
of frequency. As expected for a true-time delay beamformer, the scan angles
are nearly frequency invariant. The maximum squint observed between 17.3
and 20.2GHz is 2.4° for the extreme beam. The crossover level between the
broadside beam and the adjacent beams is about —15dB over the entire band.
The maximum sidelobe levels are plotted in Fig. 5.23(b). The reported values do
not necessarily refer to the first sidelobe. Within the frequency band of interest,
sidelobe levels are less than —12dB for all beam positions.

Figure 5.24(a) shows the realized peak gain as a function of frequency for the
different beams. At the design frequency, the gain loss is about 2.2dB for the
beam at 59°. Within the operating frequency band, the maximum scan loss is

3.1dB for this beam. The maximum gain variation over the frequency band is
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Figure 5.21: Simulated mutual coupling between conjugate input ports for the
single-feed-per-beam configuration.

2.1dB (feed 2 and 8).

The radiation efficiency for the broadside beam, plotted in Fig. 5.24(b), is higher
than 81% over the band. At the design frequency, the total loss is 0.86dB. The
path length of the principal ray inside the PPW is about 185 mm, which implies
a dielectric loss of 0.42dB and a conductor loss of 0.06dB at 18.75GHz (see Fig.
5.3). The simulated insertion loss of the input transition is 0.42dB. The esti-
mated total loss (0.9dB) is therefore in close agreement with the simulated value.
Input reflections and port-to-port coupling reduce the peak realized gain by
about 0.15dB.
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Figure 5.22: Simulated H-plane radiation pattern at (a) 18.75GHz, (b) 17.3GHz
and (c) 20.2GHz.

5.6.2 Multiple-Feed-per-Beam Design

The final lens design is shown in Fig. 5.19. The width of the SIW feeds (center-to-
center distance between the vias at the aperture) is 7.5mm, corresponding to an
effective aperture width of 0.6514. The phase centers of feeds 1 to 10 are located
at points given by hy =[0.91,0.92,0.92,0.93,0.95,0.96,0.97,0.97,0.97,0.97], ¢o =
[39.6°,34.9°,30.3°,25.8°,21.4°,17°,12.7°,8.5°,4.3°,0°] (see Fig. 5.5). The input
transition, the lens contours and the output transition are identical to the design
presented in the previous section. During the final design process, simulations
were carried out at three frequency points (17.3, 18.75 and 20.2 GHz). The results
were evaluated in terms of the H-plane secondary pattern for the individual

feeds, i.e., without the additional post-processing allowing for overlapping feeds.
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Figure 5.23: Simulated (a) scan angle and (b) sidelobe level in the H plane as a
function of frequency.

Due to the high edge illumination (—4dB), reflections at the metallic sidewalls
have a significant effect on the radiation pattern. A parametric sweep based
on two points was used to shape the sidewalls with the aim of improving the
broadside gain while maintaining a cosine variation of gain for the scanned

beams.

5.6.2.1 Scattering Parameters

Figure 5.20 shows the simulated input reflection coefficients for individually
excited feeds. Due to symmetry, only half of the off-axis feeds (corresponding to
port 1 through 10) are considered. The passive return loss is greater than 10dB
over most of the 17.3-20.2 GHz band for each port. As in the single-feed-per-
beam design, slightly higher values are observed for the central feed (port 10).
The mutual coupling between the conjugate beam ports is plotted in Figure 5.27.
The worst-case isolation within the band is about 14dB for the two outermost

ports. The coupling between non-conjugate ports is below —17 dB.
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Figure 5.24: Simulated (a) realized gain, (b) radiation efficiency for the broadside
beam as a function of frequency.

5.6.2.2 Radiation Performance

Figure 5.22 shows the simulated H-plane radiation patterns for individually
excited feeds. At the design frequency, the peak gain at broadside is 17.7dB,
which is about 0.6dB lower than for the case with feeds of 1.714. The sidelobe
levels are between —13.9dB (feed 10) and —9.6dB (feed 1 and feed 19). The
crossover level between the broadside beam and the adjacent beams is —3.8 dB.
The simulated H-plane radiation patterns for two-feed-per-beam excitation is
shown in Fig. 5.29. The patterns were obtained by exciting the feed pairs
with equal amplitude. The applied phase shifts was determined following the
procedure outlined in Section 4.5. At the design frequency, the sidelobe levels
are between —14 and —20dB. The crossover level between the broadside beam
and the adjacent beams is —2.2dB. The peak realized gain for the beam closest
to broadside (produced by feed 9 and 10) is 17.4dB which is about 1dB lower
than for the broadside beam in the single-feed-per-beam design. This difference
is partly due to the additional 0.4-dB insertion loss introduced by the second
input transition and partly due to the suboptimal illumination leading to a wider

beamwidth of 7° (about 5.5° in the single-feed-per-beam configuration).
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Figure 5.25: Top view of PCB lens model with multiple-feed-per-beam excitation
(all dimensions in mm).

5.7 Comparison with State-of-the-Art Solutions and

Discussion

Table 5.1 summarizes the simulated performances. A comparison with related
low-profile designs is provided. It should be noted that the listed performance
parameters refer to measured data. It can be seen that the field of view of
previous solutions with linear aperture is typically limited to about 40°. The
proposed design presents a significant improvement in this respect. The main
limitation is the thickness of the lens, which scales with its diameter.

5.8 Chapter Summary

The design of a parallel-plate lens in PCB technology was presented. It was
shown that the degrees of freedom in a two-lens system can be exploited to de-
sign a low-profile beamformer with good scanning performance over an angular
range of +40°. Furthermore, it was demonstrated that useful patterns can be
obtained over an enhanced field of view of £60°/10.5 beamwidths due to the
refraction at the dielectric-air interface.

The design process of an orthogonal and an overlapping feed system was de-
scribed. The determination of the beam port contour and the feed dimensioning

were facilitated by the technique outlined in Chapter 4. To demonstrate the
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Figure 5.27: Simulated mutual coupling between conjugate input ports for the
two-feed-per-beam configuration.

scanning performance, a plane flare was added to the lens beamformer.
Full-wave simulations of the single-feed-per-beam configuration with a diameter
of 10.91; and nine feeds showed a return loss greater than 12dB and a worst-
case port-to-port isolation of 14dB in the 17.3-20.2 GHz band. Gain variations
are smaller than 2.1dB and sidelobe levels less than —12dB for all beams. At
the design frequency, the simulated scan loss is 2.2dB for a beam pointing at
59°. The radiation efficiency is higher than 80%. For the two-feed-per-beam
configuration with a total of 19 feeds, the passive return loss is greater 10dB and
the port-to-port isolation better than 14dB. The gain loss at 57° is 2.4dB and the
beam crossover levels are higher than —2.2dB.
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and (c) 20.2 GHz.
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Figure 5.29: Simulated H-plane radiation pattern at 18.75GHz for two-feed-per-
beam excitation.
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Table 5.1: Comparison of quasi-optical beamformers based on PCB technology.

Reference Type Impedance Sizeb Max. Scan Scan Max.
YP bandwidth? gain range lossP SLLP
8] Pg;ﬁzzl):c 23.5-25.75GHz  12Ax11.21x0.081 n.a. +30°  0.6dB -12.2dB
o
18 Rotman lens 23.6-24.4GHz 10.5Ax81x0.121 22.6 dBi £33°/4.2 1.65dB  -15dB
BW
o
[27] Luneburg lens >9-13GHz (5.24)271x 0.04A € 51% i4]§v\§10 1dB -13dB
+. o
[116] Luneburglens g o o) 5 Gy, n.a. 123dBi U4 5548 7dB
+ linear array BW

. d Continuous _ . +59°/10 _
This work PPW lens 17.3-20.2GHz 14.7Ax13.8Ax0.81 18.5 dBi BW 2.2dB 14dB

a Referring to the frequency range within which the return loss is greater than 10 dB for all beam ports.
b Referring to the design frequency and/or the pattern in the plane of scan.

¢ The size of the flare is not taken into account.

d Only full-wave simulation results of the single-feed-per-beam configuration are considered.

Due to its large scanning range and compatibility with PCB manufacturing pro-
cesses, the lens design is an attractive candidate for cost-effective active antenna
configurations in LEO satellite networks. The presented design, fitted with a
flared horn, can be stacked to provide electronically steerable spot beams. In
such a configuration, the relatively high radiation efficiency of the system is a
clear benefit. However, a further reduction in height (towards 1,/2) is essential

if a field of view of £60° in the two orthogonal planes is targeted.



CHAPTER 6

Conclusion

This chapter summarizes the main contributions and most significant achieve-
ments presented in this work. The limitations and opportunities of the proposed
analysis techniques and designs are discussed. Possible directions for future
research are identified.

6.1 Summary and Discussion

The main objective of this research work was to investigate and develop quasi-
optical systems with beam scanning and beam reconfiguration capabilities.
Considering the complex link geometries in LEO/MEO satellite communica-
tions, the main focus was put on the requirements of wide field of view and
continuous coverage. Among various quasi-optical designs, the concept of con-
tinuous parallel-plate lenses was selected as the most promising solution in
terms of bandwidth, radiation efficiency, fabrication cost and complexity, and
conformity with other parts of a satellite antenna system. This research work has
lead to the development of two novel lens designs operating in the uplink and
downlink Ka-band, respectively. Furthermore, contributions have been made to
the electromagnetic modeling of parallel-plate beamformers, which provide a
valuable tool for the analysis and synthesis of advanced feed configurations.

6.1.1 Numerical Methods for the Analysis and Design of

Parallel-Plate Beamformers

High-frequency models have been proposed for various quasi-optical systems
implemented in parallel-plate waveguide technology. Typically, these models

are based on transmit-mode analysis and, when coupled with an optimization
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process in the secondary pattern space, can be used to efficiently design multi-
beam antennas. However, this approach becomes impractical as the number
of feeds and beams increases, especially when cluster feeds are employed on a
beam port curve that is not restricted to a certain geometry. This work presented
numerical models for the receiving problem, which enable a fast and rigorous
characterization of arbitrary feed arrangements.

A comparison of asymptotic high-frequency methods for analyzing quasi-optical
systems in reception was made. It was found that for the problems of interest,
physical optics provides the best trade-off between accuracy and computation
efficiency.

Two-dimensional models for receiving pillbox reflectors and constrained lenses
were introduced. An accurate prediction of the entire focal-region distribution
over a wide range of incidence angles (> 30°,10 beamwidths) was demonstrated
for parabolic pillbox reflectors. The model presented for constrained lenses
represents a starting point for the analysis of more practical designs. A more
accurate description taking into account the mutual coupling between the ar-
ray ports can be obtained using integral equation techniques. Furthermore, a
procedure for analyzing continuous parallel-plate lenses in reception was pro-
posed. The propagation between outer and inner lens contour is predicted using
a previously proposed ray-tracing technique, while physical optics is used to
determine the field distribution in the focal region. The model was validated
through full-wave simulations using a commercial finite-element solver (Ansoft
HESS).

A method based on reciprocity for evaluating the coupling between the received
fields and realistic feed aperture distributions was described. One advantage
of this approach is that the interaction between the quasi-optical system and
the feed can be fully characterized by means of a scalar quantity, referred to
as transfer efficiency or T factor. This approach was used to determine the
maximum scan-gain contour of parabolic pillbox reflectors. It was shown that
for reflectors with low to moderate F/D, near-optimal scanning performance is
achieved when employing feeds on the focal plane. This property is particularly
advantageous for mechanical scanning antennas. Furthermore, it was shown
that the method can be used to derive improved feed contours for Rotman lenses
with suboptimal on-axis to off-axis focal ratio.

An extension of the numerical procedure to the synthesis of feed clusters was

presented. It was found that for small feed apertures (< 1), the assumption of
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vanishing fields on the aperture plane is no longer valid, causing a noticeable
discrepancy between the calculated and simulated transfer efficiency. However,
full-wave simulations of a continuous PPW lens showed that the associated

cluster weights yield secondary patterns that are in good agreement.

6.1.2 Continuous Parallel-Plate Waveguide Lens for

Mechanical Wide-Angle Beam Steering

The primary goal of this work was to develop a mechanism for continuous beam
steering that is compatible with parallel-plate lenses. Here, a novel feed system
based on the non-contact characteristic of gap waveguides was proposed. The
main advantages of this design over flexible coaxial cables and rotary waveguide
joints are its wide bandwidth, low profile and mechanical ruggedness.

An approximate analytical approach and full-wave simulations were used to
design and optimize the EBG structure of a groove gap waveguide operating in
the uplink Ka-band. The final design provides a stopband of about one octave
(22-45GHz). A non-contacting choke flange for connecting the feed system
to a standard waveguide was developed, thus avoiding the need for additional
support structure. Simulations of the proposed choke joint demonstrated a
return loss greater than 20dB and an insertion loss less than 0.1dB in the 25—
35GHz band for a gap of 1;/20, which is comparable with state-of-the-art
designs.

A previously developed optimization routine based on ray tracing was used to
fit the contours of a parallel-plate lens to a focal arc that is compatible with the
mechanical design of the feed system. Simulations of the resulting structure at
the design frequency (29.25 GHz) showed a scan loss of 2dB at 35° and sidelobes
below —17dB within the entire field of view. To extend the scanning range
up to £50°, a system of two parallel-plate lenses was developed. An all-metal
prototype, comprising the final dual-lens design and the gap waveguide feed
system, was successfully manufactured and measured. Measurements showed
a scan loss of 2.7/3.3dB at the center frequency when scanning out to +50°.
The return loss is greater than 12dB in the 27.5-31 GHz for all measured feed
positions.

The integration of the feed system into the lens required structural modifications,
such as a circular feed motion path and a rotation of the lens and radiating

aperture by 90°, limiting its scanning performance and conformity compared to
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multiple-beam designs. On the other hand, the developed feed concept can be
adopted for a wide range of quasi-optical systems requiring rapid translational
or rotational feed displacement.

6.1.3 Lens Beamformer in Multilayer PCB Technology using
Overlapping Feed Clusters

Another main objective of this work was to develop a solution to the problem of
high-crossover low-sidelobe patterns. Previous quasi-optical beamformers rely
on the split aperture decoupling method at the expense of increased size and
cost. In this thesis, a parallel-plate lens employing overlapping feed clusters was
proposed. The design process was limited to the focal array, quasi-optical system
and radiating part; the design of a network providing the desired excitations
was not addressed in this work. A novel cost-effective implementation of the
lens in multilayer PCB technology was proposed. A proof-of-concept design
for Ka-band (downlink) operation was presented. The techniques presented in
Chapter 4 were used to optimize the feed curve and to determine the complex
cluster weights. The final structure employs 19 feeds for a total of 18 beams and
a linear flare at the output. Simulations at the design frequency showed a gain
loss of 2.4dB at 58°, a beam crossover level of —2.2dB and a radiation efficiency
of about 81%.

Due to its reduced profile, linear aperture and high scanning performance, the
design presents an attractive solution for highly integrated active antennas with

stringent coverage requirements.

6.2 Future Directions

The numerical models presented in Chapter 4 were based on the assumption of
an infinite parallel-plate environment. In a practical design where no absorbing
material or dummy ports are used, the internal field distribution is affected by
reflections at the metallic sidewalls, especially for large scan angles. Iterative
physical optics could be used for a more rigorous analysis of pillbox reflectors
and continuous PPW lenses taking into account this effect. At feed level, edge
diffraction must be considered to allow for an accurate characterization of elec-
trically small apertures and cluster feeds.

Further investigation is needed to determine the compatibility of the gap waveg-
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uide feed presented in Chapter 3 with other quasi-optical beamformers. All-
metal implementations of pillbox couplers, lenses based on artificial dielectrics
and geodesic lenses appear to be the most promising solutions. Parallel-plate
designs in which the low profile of the feed system is maintained are of inter-
est for stacked arrangements with corporate feeding. The resulting array of
beamformers would offer hybrid electro-mechanical beam scanning in two or-
thogonal planes. Furthermore, the proposed beamformer can be integrated with
a continuous transverse stub array to realize high-gain antennas with wide-angle
steering capability.

The lens beamformer described in Chapter 5 must be constructed and measured
to validate the proposed functional and technological concept. The structure was
developed with the goal to provide stable radiation patterns with high-crossover
over a field of view of £60°. In future work, lens and focal array can be designed

to implement an isoflux gain profile.
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Appendix A

Effects of Primary Aberrations on the
Radiation Pattern of a Line Source

In antenna problems, the term aberration is used to describe the departure of
the phase of a wavefront from a certain reference. Following the principle of
geometrical optics, rays can be traced from the phase center of a feed to the
aperture plane. The difference in path length between any arbitrary ray and a
reference ray, in most cases the ray passing through the center of the aperture,
can be defined as AL. The related phase aberration can then be written as

At = kAL, (A.1)

Assuming rotational symmetry, the path length error across the aperture plane
can be represented by a function of cylindrical coordinates (p, ¢). To provide a
more illustrative representation of the different types of phase aberrations, the
function AL (p, ¢) can be expanded into a power series with arguments p and
cos¢. This leads to a representation of the wavefront aberration function in
terms of so called Zernike polynomials, i.e., the aberration surface is described

by a set elementary functions orthonormal on a unit circle [97, pp. 527-532]:
AL(p,$) = S1pcosd + Syp* + S3p? cos (2¢) + S4p° cos (¢) + Ssp?, (A.2)

where only the five lowest-order terms of the power series have been retained.
These terms represent the five primary aberrations, also known as Seidel aberra-
tions. They are identified as distortion, curvature of field, astigmatism, coma
and spherical aberration. To better understand the effect of these phase terms
on the radiation from the aperture plane, the problem can be reduced to two

dimensions. In this case, the aperture field is described by a line distribution,

149



150 A. Effects of Primary Aberrations on the Radiation Pattern of a Line Source

and the error function therefore simplifies to
AL(p;(P) = Slx+52x2+53x3+54x4. (A3)

The term representing field curvature and astigmatism degenerate into one
single term since ¢ = 0, so that the five primary aberrations reduce to linear,
quadratic, cubic and quartic errors. Following the analysis in [111, pp. 186-192]
for a two-dimensional aperture of width D with a uniform field distribution

along v, the far-field pattern in the plane y = 0 can be described by

D/2

F(0) = / £(x)edksin0x' gy (A.4)

-D/2

where f(x) denotes the distribution over the aperture. Introducing the new
variables ¥ = 2x'/D and u = (rD/A)sin 0, the above expression reduces to

1
F(6) = %/f(f)eiufd;z (A.5)
-1

Assuming that the phase distribution only varies along the x direction, the

pattern function can be expressed as
b 1

Flu)= / A(x) el vl gz (A.6)
-1

where A(X) represents the amplitude and (%) the phase distribution across the

aperture.

Linear Phase Error

Including the first-order error term in the phase function leads to a pattern given
by

P(u):g

1
/ A(x) el k1% g5 (A.7)
-1
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Figure A.1: Effect of linear phase error on radiation pattern.

The introduced phase error does not disturb the pattern shape but shifts the
beam maximum to an off-axis angle

25
0, = si —1(—1) A8
0 =Ssin D (A.8)

or ug = kS;. A phase error coefficient of kS; = /4 implies that the phase i at
the edge of the aperture is equal to /4. The beam squint is accompanied by
a decrease in gain as the dimension of the projected aperture is reduced by a
factor of cos 6. The radiation pattern of a uniformly illuminated aperture with
linear phase variation is shown in Fig. A.1.

Quadratic Phase Error

Second-order aberrations give rise to a pattern described by
b 1
Pl =3 [ A7) ds (A9)
-1

As can be seen from Fig. A.2, a quadratic phase error is mainly reflected in
increased sidelobe levels, null filling between the sidelobes and decreased peak
directivity. This effect on the pattern is symmetrical about 6 = 0° since the
second-order term is symmetrical about x = 0. Moreover, it is found that the
main lobe becomes bifurcated, having two symmetrical off-axis maxima, when

S, becomes sufficiently large. Similar far-field patterns can be observed in
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Figure A.2: Effect of quadratic phase error on radiation pattern.

the principal plane of sectoral horn antennas with large flare angles, where
the constant phase contours reaching the aperture are rather cylindrical than
plane. Moreover, the patterns shown in Fig. A.2 bear resemblance to the field
distribution observed in the radiating near-zone of an antenna. This is due to the
fact that plane apertures appear curved to observation points in close vicinity,
which likewise leads to a Fresnel integral when evaluating the radiated fields.

Cubic Phase Error

Including the third-order error in the phase term leads to a radiation pattern
given by

1
F(u) = % / A(x) )5k T) 4 5 (A.10)
-1

The effect of cubic phase variation is a beam shift as in the case of a linear error.
Moreover, the pattern becomes asymmetric with respect to the main lobe, that is,
the sidelobes decrease on the side nearer to 6 = 0 and increase on the other side
of the main lobe. As seen from Fig. A.3, the tilt of the main lobe is accompanied
by a significant loss in gain at broadside. The gain loss and sidelobe level due
to cubic phase errors are shown in Fig. A.5. It should be highlighted that the
reduction in gain does not refer to the maxima of the tilted beams but to the

gain drop at broadside.
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Quartic Phase Error
For quartic phase variation the radiation pattern becomes
. 1
F(u)=> / A(x)el(niksssh) q (A.11)
-1

The effect of fourth-order errors is similar to that of quadratic ones. However,
it is clear from Fig. A.3 that the beam distortion is less pronounced since for
the same peak error, the total error over the aperture is less. The gain loss and
sidelobe level due to quartic errors are shown in Fig. A.5. It should be noted
that for S > 71/2, the first side lobe is almost entirely absorbed into a broadened
main lobe and can no longer be identified as secondary lobe.

Gain Calculation

The broadside gain of a two-dimensional aperture with symmetrical field distri-
bution f(X) is given by

2
' / f(%)dz
D~
Gmax = 1 11 (A.12)
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The gain loss can then be computed from
1 B
A(x)e PP g5
Gain Loss — gain With phase error _ - (A.13)
gain without phase error 1 ’

Note that the above equation is only adequate for predicting the gain drop due
second- and higher order phase errors. For linear phase variation, which in most
cases is not considered as an actual error, the relevant reduction in gain is still

equal to cos 0.
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Appendix B

Phase Error Analysis of Bifocal Lens Model

The constrained lens model shown in Fig. B.1 is considered. The lens contour is

determined by the path length conditions of the two focal points and given by

[11]
Y2
I=\1-%=

It can be shown that the relative error of the series expansion up to the second
term is smaller than 4.5% for F/D > 0.7.

With inner and outer lens contour being collocated the length of the transmission

Y y2_ 20 y4_ (B.1)

~
~

X = —ﬂoP

2F 8F3

lines is
W =apX. (B.2)

The path length error for a feed at an angular position ¢ on the focal arc with

radius F centered at the vertex of the lens is
Al =[F'+ W+ S]-[F + Wy] (B.3)

where S denotes the shortest distance between a point (X, Y) on the lens contour
and the wavefront. Simple geometry shows that

S=-Yb-Xa (B.4)

with a = cos¢ and b = sin¢. The distance between the feed location and an
arbitrary point on the lens contour is given by

F'= (X +aF2 + (Y + bF)?, (B.5)
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Figure B.1: Constrained bifocal model of a continuous PPW lens.

which can be rewritten as

2bY  b2Y? 2(a—ag)X
P’:F\/1+ by [ %t”, 2a-ao) (B.6)

F F? F

Using the approximate formula of (B.1) and expanding (B.6) into a power series

up to the fourth order gives

: 1 212 12]y2
P:P+bY+ﬁ[—aa0+ao+bo—b]Y

+%[aao+b2—1]Y3

1
+ 3F3 —aza% — a(—2a8 + 6a0b2 - 2a0bg +ag)— aé + a%(6b2 - Zbg +1)

- 5% + 6b%b5 — by | v*

(B.7)
Substituting (B.6) along with (B.2) and (B.4) into (B.3) leads to
Al = i[bz -b?]v?
2F 170
+i[aa0+b2—1]Y3
2F2 (B.8)

1
+— —aza(z) - a(—2a(3) +6agb® - 2a0b(2)) - ag + 413(6172 - Zb(z))

- 5b%+ 6bb3 — by | v*



Appendix C

Geometrical Optics Analysis of a
Two-Lens System

A system formed by two centered thin lenses is considered. Since the optical
system is supposed to act as a transmitting antenna, the goal is to form an image
at infinity at the output. The lenses may be either converging or diverging
and thus four configurations can be distinguished. Examining the different ray
diagrams shows that an image at infinity cannot be formed by a real object when
both lenses are diverging. Moreover, it can be shown that in the case where the
first lens is diverging!, the angle subtended by the final image (i.e., the beam
pointing angle) is much smaller than the angle subtended by the object, implying
a limited field of view. Hence, only the two configurations depicted in Fig. C.1
are considered. Referring to Fig. C.1(a) the image formation by the two lenses is
described by

1 1 1
- = (C.1a)
0,A] 0,A, OF,
1 1 1
(C.1b)

0,A, 0,A, O,F,

where distances measured to the left of the origins are negative. Furthermore,
the linear magnification of the first lens is given by

v AB_ O
1B 014

(C.2)

BN

1On receive, this configuration is equivalent to a Galilean telescope.
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LENS 1 LENS 2

i

I

I

I

I

I

I

— :

A’1 -Fl Al Ol (Pl F’l Oz w
(a)
LENS 1 LENS 2
& F\F, 4
Al 1:!1 01 Oz ¢2 i
" =\

(b)

Figure C.1: Image formation in a system formed by (a) two converging lenses,
(b) one converging and one diverging lens.

The angles subtended by object an image can be written as

A B A! B7

tan¢g, = it WSl }
141 014,

A’ B’ A’ B!
tan¢, = 1L } =1 }
0,A] O,F,

(C.3a)

(C.3b)

Solving (C.2) for A} B} and (C.1a) for O; A, and substituting both expressions

into (C.3b) gives

(C.4)
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with fl = OlFi and f2 = O2F’2
Letting O;A; = —gf;, where g = 1 refers to an object on the focal plane of the
first lens, (C.4) can be rewritten as

A1 By

tan ¢, = . (C.5)
b2 fr(1-g)
Moreover, the distance between the two lenses can be expressed as
l = OlArl - OZA’l (C6)

To form an image at infinity, the distance of the virtual image from the second

lens must equal its focal distance, i.e., —OzA'1 = f,. Thus,

f2 = l - OlArl (C7)
It can be shown that I

= _ 81

0,A] = P (C.8)

which by substitution into (C.7) leads to the required focal distance

f=l+ % (C.9)

for a desired object distance g. The angular magnification is then given by

tang, _ A1By f(l-g) _, (-9l (C.10)

tan¢2 N OlAl A]Bl gfl

Assuming a maximum lateral feed displacement of A;B; = D/2, the scan angle
predicted by (C.5) using (C.9) is

1 D/2
(1-gl+gh’

Based on (C.9) and (C.10) the two configurations from Fig. C.1 can be recognized:

(PZ(max) =tan (Cl 1)

1. For g <1 (i.e., the feed is placed between the first lens and its focal plane),
f2 > 0, which corresponds to a converging lens. Further, tan¢; > tan ¢, or

1> Po.

2. For g >1 (i.e., the feed is placed behind the focal plane of the first lens)
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and | < 014}, f, < 0, which corresponds to a diverging lens. Further,
tan({)1 < tan({)z or (Pl < (Pz.

The second configuration appears promising in that it provides a beam pointing
angle larger than the feed position angle. However, g > 1 leads to a larger axial
dimension, and thus to a smaller a; for A;B; = D/2. Parametric studies show
that for most practical values of f;/D, g and I, the magnification is not sufficient
to achieve the required exit angle.

The system formed by two converging lenses offers a wider field of view with a
more compact design and was therefore the preferred solution.
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