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ABSTRACT

This thesis describes an electrically thin surface used for electromagnetic
applications in the microwave regime. The surface is free-standing and its primary purpose
is to modify the phase distribution, or the phase and amplitude distribution of
electromagnetic fields propagating through it: it is called phase shifting surface (PSS) in
the first case, and phase and amplitude shifting surface (PASS) in the second case. For
practical applications, the surface typically comprises three or four layers of metallic
patterns spaced by dielectric layers. The patterns of the metallic layers are designed to
locally alter the phase (and amplitude in the case of the PASS) of an incoming wave to a
prescribed set of desired values for the outgoing wave. The PSS/PASS takes advantage of
the reactive coupling by closely spacing of the metallic layers, which results in a larger
phase shift range while keeping the structure significantly thin.

The PSS concept is used to design components such as gratings and lens antennas
which are presented in this document. The components are designed for an operating
frequency of 30 GHz. The PSS phase grating gives high diffraction efficiency, even higher
than a dielectric phase grating. Several types of lens antennas are also presented, which
show comparable performance to that of a conventional dielectric plano-hyperbolic lens
antenna with similar parameters. The PASS concept is used in a beam shaping application
in which a flat-topped beam antenna is designed.

This work demonstrates the potential for realising thin, lightweight and low-cost
antennas at Ka band, in particular for substituting higher-gain antenna technologies such as

conventional dielectric shaped lens antennas.



RESUME

La présente thése décrit une surface électriquement mince servant pour des
applications électromagnétiques en hyperfréquences. La surface est autoporteuse dans
I’espace libre et sa fonction principale consiste a modifier la distribution de phase, ou la
distribution de phase et d’amplitude des champs électromagnétiques qui la traversent :
dans le premier cas, on I’appelle surface a changement de phase; dans le second, on
I’appelle surface a changement de phase et d’amplitude. Pour des applications pratiques,
la surface est normalement constituée d’élements metalliques variables gravés sur trois ou
quatre couches, lesquels sont séparées par des couches de matériaux diélectriques. Les
éléments variables des couches métalliques sont ajustés partout sur la surface dans le but
de modifier la phase (et I’amplitude, le cas échéant) du front d’ondes incident pour obtenir
le front d’ondes émanent désiré. En utilisant des couches diélectriques trés minces par
rapport a la longueur d’onde, ces surfaces tirent profit du couplage réactif entre les
différentes couches de métallisation, lequel permet d’obtenir a la fois une large plage de
changement de phase et une structure trés mince.

Dans le présent document, le concept de surface a changement de phase est utilisé
dans le but de concevoir des réseaux de diffraction en phase et des antennes a lentille a la
fréquence de 30 GHz. Le réseau de diffraction obtenu a partir d’une surface a changement
de phase présente une efficacité de diffraction tres élevée, méme plus élevée que celle d’un
réseau de diffraction diélectrique. Plusieurs antennes a lentille réalisees a partir de ce
concept sont aussi proposées, lesquelles présentent des performances comparables a celles
d’une antenne a lentille diélectrique plano-hyperbolique ayant des parametres similaires.

De son c6té, le concept de surface a changement de phase et d’amplitude est utilisé dans



une application de formation de faisceau dans lequel une antenne ayant un faisceau
principal plat est réalisée.

Ce travail démontre la possibilité de concevoir des antennes en bande Ka trées
pratiques puisqu’elles sont minces, légéres et peu colteuses, surtout si elles sont utilisées
en remplacement d’antennes a gain élevé telles que des antennes a lentille diélectrique

conventionnelle.
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CHAPTER 1 Introduction

1.1 Problem Statement

Free-standing phase-correcting and/or amplitude-correcting structures are useful
devices for antenna applications. They are usually used to modify the incoming beam from
a feed antenna and transform it to obtain gain enhancement, beam shaping or beam
splitting. They are commonly used in antenna applications.

The antenna gain is proportional to the aperture size of the antenna. For gain
enhancement, it is usually required to increase the aperture size. This is usually done by
introducing a device of size larger than the feed antenna to be used for phase correction.
The best known application is the reflector antenna, for which the parabolic shape results
in uniform phase a given distance away from its surface. Lens antennas are another
example, operating like a reflector but in transmission. The resulting shape of the lens
antenna is a hyperbola.

Another way of increasing the gain of an antenna is by using multiple antenna
elements in an array configuration. Again phasing is important and maximum broadside
gain is achieved with uniform phasing. When such a control is possible, a uniform
amplitude as well as a uniform phase will ensure a maximum antenna gain. However, if the
beam is to be shaped to achieve some specifications, the amplitude and phase can be varied
at the price of a gain penalty. For example, a non-uniform amplitude weighting such as
binomial or Dolph-Chebyshev allow for sidelobes improvements. A linear phase
progression in an array results in beam tilting. Phased arrays are an example of a device

combining phase and amplitude correction for beam shaping and beam tilting; however



because they are integrating numerous active devices (typically one phase shifter and one
attenuator per element), their implementation is very high cost and, for that reason, their
deployment is limited.

This thesis focuses on free-standing phase correcting devices of the transmissive
type. The most common are lenses, Fresnel lenses and phase-correcting Fresnel zone plates
which, although they look physically different, have the same operation principle of
correcting phase of electromagnetic waves propagating through them. Other types of free-
standing phase correcting devices include phase gratings, which are commonly used as a
beam-splitting device. All the above-mentioned are usually made by machining of thick
dielectric slabs for microwave and millimetre-wave frequency applications. As a result,
they are difficult and expensive to fabricate, thick, heavy and bulky. For these reasons they
are not attractive and alternative technologies are commonly used. Lensing devices could
be useful for high-gain applications, but reflectors, reflectarrays or arrays of low-gain
elements are usually preferred for practical reasons even though lensing devices have
useful advantages over reflecting structures such as no feed blockage and higher
fabrication tolerances, and lower losses than arrays. The afore-mentioned practical
problems also arise with phase gratings and phase holograms, and therefore their
deployment is marginal. Amplitude gratings and amplitude holograms, which are
significantly lighter, thinner and lower-cost, are usually preferred, despite their poor
performance [I1ZU75], [LEVI01], [HIRV97].

Consequently, free-standing phase correcting devices suffer from a tradeoff
between performance and practicality, as highlighted in [GAGN10b]. The typical phase

correcting devices present good performance but low practicality, whereas the amplitude



approach could be used as an alternative to the phase approach, offering high practicality

but poor performance. This will be discussed in more details in Chapter 2.

1.2 Motivation

The ultimate goal would be to obtain a free-standing device for use at microwave,
millimetre wave or sub-millimetre wave frequencies having most of the advantages of the
traditional phase-correcting and amplitude-correcting devices yet few or none of their
disadvantages.

The idea of generating different phase shifts over the aperture of a free-standing
device from a thin flat dielectric sheet covered with conducting shapes comes from the
analogy with newspaper printing, where the grey tones are obtained using small black dots
of different sizes in a predetermined array [WATEG66a]. The ink on the paper in the
newspaper printing process corresponds to the metal on dielectric in this potential

microwave, millimetre wave or sub-millimetre wave phase-correcting concept.

1.3 Proposed Concept

In order to achieve phase shifting in a thin flat configuration as briefly described in
Section 1.2, a novel concept called phase shifting surface (PSS) is introduced in this thesis.
This concept has the physical advantages of amplitude-correcting free-standing devices
[GUOO02]: it is thin, flat, lightweight and low-cost. Yet its phase-correcting parameter can
be varied over a significant range while keeping the transmission amplitude high, resulting

in a good operational bandwidth. It is shown in this work that the performance of such



PSS-based free-standing devices could be as high as conventional devices that are bulkier,
heavier and more expensive.

A more generalised version of the PSS is the phase and amplitude shifting surface
(PASS), where both the transmission amplitude and transmission phase are varied over the
aperture of the free-standing structure. This concept can be used for beam shaping where
both the amplitude and phase need to be changed over the aperture surface. In that sense,
the PASS concept goes beyond the traditional concept of phase correction being separated
from the amplitude correction, and therefore it shows that such a device, along with its PSS

version, can be used for many different types of applications.

1.4 Thesis Objectives

The main objective of this thesis is to present the novel concept of a phase-shifting
surface (PSS) and its extension to a phase and amplitude shifting surface (PASS), as well
as proofs of concepts and comparison with existing technologies. The prototypes are
compared to conventional technologies in order to demonstrate the usefulness of the PSS
approach. Basic design rules are introduced. Limitations, essentially only of a bandwidth

nature compared to similar technologies, are investigated.

1.5 Thesis Organisation
This thesis is organised in eight chapters that are thoroughly described in this

section.



Chapter 2 sets the background of the present study. It presents a literature review of
the transmissive free-space phase shifting technologies as well as previously proposed
concepts to realise thin lenses.

Chapter 3 presents the PSS/PASS concept. It describes the approach used for
obtaining the desired behaviour. It presents the different unit cells used as well as the
simulation work involved.

Chapter 4 presents the first proof of concept based on a PSS, which consists in a
linear phase grating. This confirms the possibility of producing computer-generated
structures based on holography principles at microwave, millimetre wave and sub-
millimetre wave frequencies using a low-cost, mature and efficient fabrication process that
leads to a thin and lightweight structure.

Chapter 5 presents the first lensing proof of concept, which consists in a cylindrical
phase-correcting Fresnel zone plate antenna.

In Chapter 6, the PSS concept is applied to full (as opposed to just cylindrical)
lensing devices: in this case phase-correcting Fresnel zone plate antennas and Fresnel lens
antennas. A comparison with conventional lens technologies at Ka band is conducted. The
comparison reveals that the PSS-based lensing devices offer good performance with the
advantage of being low-cost, thin and lightweight.

Chapter 7 presents the first proof of concept of a PASS, which consists in a flat-
topped beam antenna.

The last chapter summarises the work, provides a general conclusion, describes

future work to be performed and lists the contributions of this thesis.



CHAPTER 2 Background

2.1 Introduction

This chapter presents some useful background information related to the novel
concepts of a phase shifting surface (PSS), a phase and amplitude shifting surface (PASS)
and some of their applications. Conventional lens antennas are presented in Section 2.2
whereas alternatives to conventional lens antennas are presented in Section 2.3. Section 2.4

focuses on microwave holography. The chapter is concluded in Section 2.5.

2.2 Conventional Lens Antenna Technologies

Traditionally, high-gain antennas designed for microwave applications have
consisted of reflectors, lenses, or planar arrays of low-gain elements. Each technology has
its strengths and weaknesses, and the requirements of the application will usually dictate
the type of antenna to be selected. A lens is a device that transforms an incoming
phasefront into some desired outgoing phasefront, usually from a spherical to a planar one
when used as a transmitting device, or the other way around as a receiving device.
Conventional dielectric lenses are shaped, generally leading to a plano-hyperbolic profile
which introduces the required phase delay for phase transformation and consequently
obtaining the desired output phasefront. The background of such lenses is given in
Appendix B.

Dielectric lens antennas, like reflector antennas, generally have a high radiation
efficiency and, for fixed-beam applications, have good electrical performance; however,

both types suffer from having a large volume. Lenses offer certain advantages over



reflectors, such as the elimination of aperture blockage by the feed antenna and reduced
sensitivity to manufacturing tolerances, both of which are important for higher frequency
designs. However, microwave lenses have the major disadvantage of occupying a large
volume because of their large thickness (especially for designs with small ratios of focal
length F to diameter D, commonly denoted as F/D ratios) and therefore they are bulky and

heavy.

2.3 Transmissive Free-Standing Phase Correcting Antennas
This section presents a survey of free-standing phase correcting lens antennas that

have been proposed for use in the microwave regime.

2.3.1 Shaped dielectric lens

The most common type of transmissive free-standing phase correcting device is the
dielectric plano-hyperbolic lens antenna (DPHLA) reviewed in Appendix B. It consists of
a shaped lens with no step function having a hyperbolic profile generally made out from
machining or moulding. At microwave frequencies, such lenses have a large electrical
thickness, especially for small F/D values. Figure 2.3-1 presents a shaped lens. The

aperture efficiency of a shaped dielectric lens is typically around 50%.

2.3.2 Fresnel lens and Fresnel zone plates
The overall lens thickness can be reduced by removing certain portions of the

dielectric based on a zoning technique. The resultant lens is known as a Fresnel lens or a



Figure 2.3-1: Dielectric plano-hyperbolic lens antenna (courtesy of CRC).

phase-correcting Fresnel zone plate. Fresnel lenses and phase-correcting Fresnel zone plate
antennas (PC-FZPA) are also reviewed in Appendix B. Although these lenses are thinner
than the corresponding DPHLA, they suffer from a reduced bandwidth and in many cases a
lower aperture efficiency resulting from a reduction of the phase correction efficiency.
Traditionally, PC-FZPAs are realised by concentric grooves in a material with uniform

dielectric constant. A PC-FZPA is shown in Figure 2.3-2.

Figure 2.3-2: Phase-correcting Fresnel zone plate antenna (courtesy of CRC).



A Fresnel zone plate antenna (FZPA), also reviewed in Appendix B, is another
alternative. It is not a phase correcting structure but rather an amplitude correcting one. It
can be made extremely thin, but its aperture efficiency is significantly reduced compared to
the phase-correcting lenses [HRIS00]. Typically, the aperture efficiency of an FZPA is

between 10% and 15%. An FZPA is presented in Figure 2.3-3.

2.3.3 Metallic waveguide lens

In the middle of the twentieth century, Kock introduced metallic waveguide lens
antennas [KOCK46] consisting of parallel conducting plates used as hollow waveguides to
control the phase velocity of the electromagnetic waves propagating through the plates.
They can be regarded as an early transmitarray concept, which will be discussed in Section
2.3.6. In this configuration, the wave passing through the plate has a higher phase velocity
than free-space, which is opposite to that of dielectric materials for which the phase

velocity is lower than in free-space. The motivation behind the use of metallic

Figure 2.3-3: Fresnel zone plate antenna.



waveguides is to reduce the weight of microwave lenses. However, they suffer from
thickness issues, bandwidth limitations and polarisation sensitivity. A prototype is shown

in Figure 1 of [KOCK48].

2.3.4 Artificial dielectric lens

Another notable study by Kock is that of artificial dielectric lenses [KOCK48]. The
concept of an artificial dielectric has been well documented by Cohn in [COHN54] and
will only be briefly explained here; for additional information on artificial dielectrics, the
reader can refer to [THOUGO] and [COLL91]. Artificial dielectrics consist of a series of
thin, parallel dielectric layers containing two-dimensional arrays of small metallic implants
whose size and spacing are small compared to the wavelength. The size of the metallic
implants and their spacing is designed to achieve a desired effective dielectric constant. A
lens designed using this concept typically requires many dielectric layers. It is not thinner
than a dielectric lens of equivalent dielectric constant, but can be designed of light-weight
material and can thus be lighter than a solid dielectric.

Kock’s idea was to reproduce the relative permittivity of a higher dielectric
material by inserting metallic implants (thin strips or disks) within a dielectric host of
lower relative permittivity, in this case foam (& = 1). The phase correction is achieved by
shaping the thick artificial dielectric the same way a dielectric material is shaped to
traditionally form a lens. Since foam is a fairly light material, the advantage is a significant
weight reduction, although the thickness is not reduced since the lens remains shaped, as
mentioned above. (The foam slabs can be made all of the same size, leading to a flat lens;

on the other hand, the strip distribution must ensure that the correct effective permittivity
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profile is achieved.) Figure 12 in [KOCKA48] presents a prototype of an artificial dielectric
lens.

In [ABEL93], an artificial dielectric which presents variable metallic implants
throughout the aperture of the lens is used to design a lens. Since a single layer was not
enough to allow for sufficient phase correction, many layers were inserted in cascade,
spaced by thick layers of low dielectric constant. Although this results in a flat lens, the
thickness remains particularly high. Figure 2.3-4 depicts this artificial dielectric lens.

In [PETOO03b], a uniformly thick PC-FZPA designed from artificial dielectric
principles is reported, in which the artificial dielectric constant is varied over the aperture
of the lensing device to achieve the desired phase correction. In this case, there are no
metallic implants to increase the dielectric constant; instead, the artificial dielectric is
obtained from perforation of the dielectric material and results in lower dielectric constant

in the perforated regions compared to the dielectric constant of the host material. The

Figure 2.3-4: Portion of an artificial dielectric lens antenna. Reprinted with
permission from [ABEL93]. © European Microwave Association, EUMA.
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fabrication process thus involves numerous perforations requiring different diameters, is
rather complicated and time-consuming. Furthermore, there is really no additional
thickness reduction obtained compared to a traditional grooved PC-FZPA. Figure 2.3-5

shows a photograph of a perforated dielectric lens prototype.

2.3.5 Flat lens antenna using microstrip patches

A limited amount of research has been carried out to significantly reduce the
thickness of phase-correcting lenses at microwave frequencies. The first true thin, flat
phase-correcting free-standing device was introduced in the mid 1980°s by McGrath
[McGR86] and was revisited in the mid 1990’s by Pozar [POZA96]. The concept makes
use of front and back layers of resonant microstrip patch antennas connected by varying
lengths of transmission lines. The length of the transmission lines is carefully adjusted at

every location on the surface in order to perform an overall lens function, i.e. to obtain the

Figure 2.3-5: Perforated dielectric lens prototype (courtesy of CRC).
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desired phase transformation between the incoming and outgoing wavefronts. The
prototype is a thin, single-piece free-standing device that uses the mature photolithographic
(wet chemical) etching process. However, it suffers from two major drawbacks: increased
complexity of fabrication, resulting either from the use of vias [McGR86] or a large
number of layers [POZA96], and quantisation error due to the fact that a single patch
antenna occupies a significant area of the lens aperture. Note that the microstrip patch sizes
are on the order of half a guided wavelength, and the separation between patches has to be
less than half a free-space wavelength to avoid grating lobes. This quantisation error
reduces the overall aperture efficiency of the lens. The reflection loss, transmission line
loss and bandwidth limitation are also of concern. An interesting point in [POZA96] is that
the author provides valuable explanations on the problem of using an FSS as a lensing
device, namely limited bandwidth and reduced phase shift range. The design element for

realising a flat lens antenna using microstrip patches introduced by McGrath is presented

in Figure 2.3-6.
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Figure 2.3-6: Design element for realising a flat lens antenna using microstrip
patches. Reprinted with permission from [McGR86]. © 1986 IEEE.
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2.3.6 Transmitarray

A transmitarray is a free-standing structure that is composed of an array of multiple
discrete elements used as a transmitting device. The name is inspired from the reflectarray,
but is used as a transmitting surface rather than a reflective surface. When made out of
printed metallic elements, both the reflectarray and the transmitarray are flat. As a
reflectarray can replace a conventional reflector, a transmitarray can replace a conventional
lens. However, a single layer is not enough to realise a significant phase shift; as a result,
many layers need to be cascaded to realise a good antenna operation.

Prototype transmitarrays consisting of a few dielectric sheets were demonstrated in
[CHAHO06], [CHAHO7] and [RYAN10] for single-band and dual-band, where the
constitutive layers are inspired by frequency-selective surface (FSS) elements. Figure 2.3-7
presents a four layer circularly polarised transmitarray operating at 30 GHz. Although
thinner than a traditional dielectric lens, one drawback with current transmitarray designs
is the requirement for an air gap between dielectric layers in order to maximize gain. This
increases the mechanical complexity of the design and does not allow for achieving an
optimum thickness reduction. In the cases mentioned above, the resulting structure is fairly
light and the thickness is reduced, but not to a point where it could be considered to be a

significantly small fraction of a wavelength.

2.4 Development and Application of Microwave Holography

A literature review relevant to the work presented in this thesis would not be

complete without mentioning some of the milestone work performed on holography since
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Figure 2.3-7: Four layer circularly polarised transmitarray antenna operating at
30 GHz (courtesy of CRC).
the 1960’s. Free-standing structures used at microwave frequencies for introducing a
desired phase shift profile are of great importance not only in lens antenna research but
also in microwave holography. In this section, the pioneering work on microwave
holography in general and microwave holography applied to the design of antennas are

addressed.
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2.4.1 Microwave holography and computer-generated holograms

In the 1960’s and early 1970’s, many papers on holograms were published,
including the milestone papers by Kock [KOCK68] and Goodman [GOOD71]. Even
though Kock’s paper [KOCKG68] is one of the first on microwave holography, the
foundations for practical microwave holograms was introduced by Brown and Lohmann
[BROWG9]. The latter reference describes computer-generated holograms which, unlike
conventional holograms, do not require the use of recording media and the interference of
beams for generating them, but rather numerical data. The concept was demonstrated at
optical wavelengths but is also easily applicable to non-optical wavelengths such as
microwave frequencies. This result is of significant importance for realising microwave
holograms since the absence of efficient sensitive recording media in the microwave
regime makes it difficult to generate holograms by interference means. Computer-
generated holograms are still widely used nowadays. The term computer-generated may
appear obsolete, but has been kept over the years [GOOD96] and, consequently, it will be

used in this thesis.

2.4.2 Kinoform and detour phase concept

In the late 1960°s and early 1970’s, some work was carried out to control the phase
of microwaves, although with only limited success and a high degree of complexity.
Nevertheless, it is worth mentioning the work performed on the so-called detour phase
concept, in which the phase is controlled by means of moving the position of lines or slits
within a hologram grating [TRIC70], [BROWG66]. The other relevant concept is that of the
so-called kinoform, which is similar to a hologram but operates only on the phase

(assuming a constant amplitude) [LESE69]. However, both the detour phase devices and
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kinoforms suffer from a lack of practicality due to the complexity for implementing the

phase shifting.

2.4.3 Antennas realised using holographic principles

Since it was difficult to implement phase holograms at microwaves, the research in
microwave holography rapidly focused on amplitude holograms. Although amplitude
holograms are much less efficient than phase holograms, binary versions of such
holograms turn out to be more efficient than the holograms with a continuous range of
amplitude transmittance [BROWG69]. This result discouraged the development of
holograms with a full range of control of the amplitude; instead the research focused on
binary holograms. This is true for both optical and non-optical wavelengths, including
microwaves, in which regime the realisation of binary holograms could be easily achieved
by means of a photolithographic (wet chemical) etching process; the presence of
metallisation corresponds to null transmittance and the absence of metallisation
corresponds to total transmittance. Work on the realisation of antennas using holographic
principles in the microwave regime is presented in [I11ZU75], [LEVI01], [HIRV97] and

[ELSHO4]. Figure 2.4-1 presents an antenna realised using the holographic principles.

2.5 Conclusions
In this chapter, background information relevant to the work on a phase shifting
surface (PSS) and a phase and amplitude shifting surface (PASS) was reported. In

particular, the work on alternative lens antenna technologies, including the work on
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Figure 2.4-1: Antenna realised using the holographic principles (courtesy of CRC).

artificial dielectric lenses, lenses made with microstrip patches, and transmitarrays. In
addition, some work on microwave holography was reviewed, including that on detour-
phase, kinoform and antennas based on amplitude holograms.

In the next chapter, the PSS/PASS concept will be described in detail. It will be
shown that this concept is applicable to the design of phase-correcting devices. These

designs are presented in Chapters 4 to 7.
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CHAPTER 3 PSS/PASS Concept

3.1 Introduction

This chapter presents the concept of the phase shifting surface (PSS), and the phase
and amplitude shifting surface (PASS). The PSS/PASS concept constitutes the major
contribution of the thesis. This chapter describes practical considerations for realising the
PSS/PASS, explains how the PSS/PASS operates and provides meaningful information
regarding the modelling.

The basic concept is presented in Section 3.2. The description of the unit cell — the
fundamental constituent of the PSS/PASS - is presented in Section 3.3. Two specific types
of unit cells — namely the strip and the square — are specifically described in Sections 3.4
and 3.5, respectively. The equivalent circuit model of the PSS/PASS unit cell is introduced
in Section 3.6. The PSS/PASS is discussed in Section 3.7. The chapter is concluded in

Section 3.8.

3.2 Basic Concept

As its name suggests, the phase shifting surface (PSS) is a free-standing surface or
screen that allows for controlled changing of the phase of an electromagnetic wave
propagating through it. The phase and amplitude shifting surface (PASS) acts in a similar
fashion, but in addition to providing a prescribed amount of phase shift, it also controls the
amplitude. In order to transform a radiated beam from a feed antenna to achieve certain
characteristics such as antenna gain enhancement or beam shaping, the PSS/PASS is made

non-uniform over its transverse cross-section, since every location on its surface has to
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provide different phase (and/or amplitude) shifts. In fact, the PSS/PASS surface is divided
into a rectangular lattice of unit cells, with each cell designed to provide a predetermined
amplitude weighting and phase shift. For this reason, the unit cell physical parameters are
of crucial importance since the combination of these physical parameters leads to different
phase (and/or amplitude) shift. The different unit cells are analysed independently by
electromagnetic simulations; the process is described in more detail in Section 3.3.1. The
combination of many different unit cells results in a final PSS/PASS design.

In traditional phase shifting designs, such as lenses or phase gratings, the phase
shifting is achieved by varying the thickness of a dielectric slab over the aperture of the
device, as outlined in Appendix B. In the optical regime, the wavelengths are short and this
traditional approach results in physically compact designs. It is well known that the
physical size needed to achieve a given phase shift is proportional to the wavelength,
assuming that the dielectric constant or index of refraction is unchanged. Consequently, as
the wavelength is increased, the physical size of the phase shifting structure will increase
proportionally, leading to bulky designs at microwave and millimetre wavelengths.

For the reason stated above, conventional lens antennas are still only marginally
practical in these wavelengths since they are thick, heavy and bulky. Furthermore,
conventional lens antennas require machining or moulding, which are expensive
fabrication processes when compared to other types of fabrication techniques in these
frequency bands, such as etching thin and flat conductor-clad sheets of dielectric material
through photolithographic (wet chemical) etching, mechanical etching, laser etching, or
conductive pattern printing using conductive ink on unclad thin and flat dielectric sheets.

Consequently, the idea would be to use the low-cost approach traditionally used in
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microwave engineering in order to design lens antennas. The lens would then be flat, with
a constant thickness. The dielectric constant of each layer of dielectric material could be
the same or could be different, although in the work presented hereafter it is the same
throughout. If multiple layers are to be used, their number would have to be limited in
order to reduce the complexity of fabrication, the thickness of the surface and the overall
weight. As a result, the material composition and thickness does not vary over the
transverse cross-sectional area of the free-standing device; what varies is the conductive
pattern, which locally (i.e. at the unit cell level) introduces an amplitude and phase change
to the transmission coefficient. This concept is different from the usual concept of a device
introducing a phase shift, although some previous alternative technologies, such as the
ones reported in Section 2.3, were based on a similar approach.

The idea of generating different phase shifts from a thin and flat dielectric sheet and
a photolithographic (wet chemical) conductor etching process is devised by analogy to
newspaper printing, where the grey tones are obtained from different size of small black
dots [WATEG66a] in a given, predetermined array. The ink on paper in the newspaper
printing process then becomes the metal on dielectric in the microwave PSS/PASS

structure developed in this thesis.

3.3 Unit Cell Design

This section describes the unit cell of the phase shifting surface (PSS) or phase and
amplitude shifting surface (PASS). The unit cell is the fundamental constituent of the
PSS/PASS. The analysis of the unit cells is of great importance: the dimensions of the

conducting elements of the unit cell are varied in order to obtain different results of
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transmission amplitude and phase. The arrangement of different unit cell elements over the
area of the PSS/PASS results in a free-standing device that is used to perform the desired
function.

Each unit cell has unique physical dimensions of conductor printed on the different
layers; these unique physical dimensions lead to a unique amplitude and phase for the
transmission coefficient. Different physical dimensions of conductors are used within a
unit cell to locally accomplish a given transformation of the electromagnetic wave. The
transverse cross-sectional location in the xy-plane of the PSS/PASS of the different unit
cells allows for achieving a given operation on the beam, such as gain enhancement or
beam shaping.

The different unit cells used in a PSS/PASS are analysed in the context of a
periodic structure, similar to the one shown in Figure 3.3-1. A periodic structure analysis
allows for significant reduction in computer resources and time, while leading to a good
comprehension of the local behaviour of the structure. This will be explained in further
detail in Section 3.3.1. From these unique electromagnetic properties, the different possible
types of unit cells allow for designing a complete structure such as a PSS or a PASS
without having to perform simulations or computations of the complete structure, which
would be extremely computer-intensive and time-consuming. This is why the analysis of
unit cells is of primary importance and constitutes the initial step in the design of

PSS/PASS structures.
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Figure 3.3-1: Front view of the square uniform periodic structure composed of square
unit cells with square metallic patches (the dielectric is shown in grey and the metal is
shown as hatched).

3.3.1 Case characterisation and periodic structure approach

The conductive elements on the different dielectric sheets constituting the
PSS/PASS have to be selected carefully. As a preliminary study, the first electromagnetic
simulations were conducted on square unit cells partially covered with centred square
patches [GAGNO08], similar to those shown in Figure 3.3-1. To perform such an analysis, it
is assumed that the structure is infinitely periodic since it constitutes a good way for
obtaining a behaviour of the unit cell. This kind of analysis assumes that the neighbouring
cells are identical to the single cell being studied; consequently there is no unpredictable

influence of the neighbouring cells. Of course, the result obtained constitutes an ideal case

where all cells are identical, which is not what occurs in a practical case since, in order for
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the local amplitude and phase to be different at every location on the surface (that is, for
different xy-locations), the PSS/PASS is designed to be constituted of unit cells with
different physical size of conductor. Since the PSS/PASS surface is electrically large, it is
impractical to analyze the full structure using numerical methods due to the large memory
storage and computational time requirements. Instead, the structure is analyzed using a
similar approach to the analysis of reflectarrays [HUANO7]. Each unit cell is analyzed
within an infinite periodic lattice of identical unit cells, which can be modelled through the
use of appropriate boundary conditions, described below. Such an analysis approach is
computationally more efficient and can be used to fairly accurately predict the result of the
actual PSS/PASS structure. In practice, the PSS/PASS is not an infinite array of identical
unit cells, and there will be some differences in the results. These differences will be
addressed later.

In terms of analysis, it is clearly not possible to consider an infinite structure in the
simulations. To overcome this problem, a special technique is used, such as that addressed
in the next paragraph. It is true that the infinite size of the periodic structure can be
truncated to a finite size containing a large number of cells. However, there will be an error
associated with the size of truncation. The number of cells required for a valid analysis
could be determined by convergence studies. Nevertheless, even though this approach may
lead to a marginal error for many unit cell elements, the size of the problem that has to be
analysed will be substantial and potentially reaches limits beyond the available memory
capacity of modern computers. Furthermore, for such sizable problems, the simulation

time may be of significant length.
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Instead, from periodic structure theory [CWIKO08], it is well known that it is not
required to simulate a complete infinite periodic structure, or even substantial part of it, in
order to obtain its electromagnetic behaviour. Using the differential equation-based
electromagnetic simulation methods to be used in this thesis, the behaviour may be
obtained by simply using appropriate electromagnetic boundary conditions around a single
unit cell from which the infinite periodic structure is constituted, as long as the following
rule is respected:

st (3.3-1)
1+pn9

-

where s is the unit cell size, Ay is the free-space wavelength and Gnax is the maximum angle
of the incident wave measured normal to the surface, i.e. from the z-axis. For a normal-
incident plane wave, Gnax = 0° and s < A; in the worst case, Gnax = 90° and s < Ao/2. This is
the condition where a single main beam is allowed in visible space.

In the electromagnetic simulations discussed in this chapter, the PSS/PASS is
positioned in the xy-plane, the electromagnetic waves incident on the structure are assumed
to be plane waves propagating in the +z-direction, the incident electric field is selected to
be polarised along the y-axis and the incident magnetic field is selected to be polarised
along the x-axis. The assumption of a normally incident plane wave constitutes an
approximation since, for most antenna applications, the incoming wave onto the structure
made of PSS/PASS is not plane and the angle of incidence is not necessarily normal. This
point will be addressed in Section 3.7.4. Nevertheless, the plane wave assumption in the
simulations is found to lead to good results, as will later be shown.

The simulations conducted on the structure were performed using a commercially-

available full-wave simulation package employing the finite-difference time-domain
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(FDTD) technique. The commercial package is called EMPIRE XCcel™ and is developed
by IMST GmbH [EMPI07]. This software package was used for its short simulation time,
broadband response and affordability. In the FDTD simulations conducted on the structure,
a single unit cell is simulated by placing perfect electric conductors parallel to the x-axis
and perfect magnetic conductors parallel to the y-axis at the unit cell boundaries, as shown
in Figure 3.3-2(a). This enforces normal-incidence plane-wave propagation and an electric
field polarisation along the y-direction. The unit cell size has to be electrically small, i.e.
less than a free-space wavelength for normal incidence and less than half a free-space
wavelength for any incidence angle, for such a configuration to be able to mimic the
infinite periodic structure shown in Figure 3.3-1 without the problem of generating

propagating higher-order Floquet modes. Consequently, these simulations allow for
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Figure 3.3-2: Front view of the unit cell with boundary conditions as used in the
simulations; (a) square two-dimensional unit cell with square conductive element, (b)
square two-dimensional unit cell with rectangular conductive element, (c) one-
dimensional unit cell with strip conductive element (the dielectric is shown in grey
and the metal is shown as hatched).
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obtaining the amplitude and phase of the transmission coefficient under the assumption of
an infinite periodic structure. In the most general case of a non-periodic structure, such as
for the current usage of the PSS/PASS, the infinite periodic assumption can be used to
translate the results to a local region of the multi unit cell structure corresponding to the
same unit cell dimensions. Proceeding in such a way usually leads to accurate results.

The parameters to be tuned in the unit cell simulations are shown in Figure 3.3-1.
In the simulations of the PSS/PASS unit cell, the unit cell size s was fixed while the patch
size a; was varied according to the range 0 < a; < s, where a; = 0 corresponds to the case
of the bare sample. This is the simplest form of PSS/PASS unit cell. More elaborate unit

cells, albeit based on this simple design, will be presented in Sections 3.4 and 3.5.

3.3.2 Choice of basic parameters
The parameters for which the present study was conducted are presented in the

following sections.

3.3.2.1 Frequency of operation

In order for the PSS/PASS concept to be practical, one must select a frequency
band at which PSS/PASS designs can show significant improvement in terms of size,
weight and cost compared to conventional technologies. Therefore, it was decided to use a
frequency of operation of 30 GHz, at which frequency the free-space wavelength Ao is
approximately equal to 10 mm. This operating frequency is in the Ka band, which is a
practical band for prototyping because of the size being neither too big nor too small, cost
being a good trade-off between lower material cost but higher miscellaneous parts cost,

mature photolithographic (wet chemical) etching process for the targeted frequency band,
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and adequate facilities for measurement. Furthermore, the Ka band includes the
multimedia satellite band, for which potential applications could be developed for the
PSS/PASS.

It is worth mentioning though that the above selection does not mean that the
PSS/PASS concept is strictly limited to this frequency band. In fact, the PSS/PASS could
potentially be scaled to be used at higher and lower frequencies for other types of

applications. This will be addressed in Section 3.7.2.

3.3.2.2 Unit cell size

Initially, s was selected to be equal to 1 mm, which is one tenth of a free-space
wavelength, 1o [GAGNO08]. This number was selected to minimise as much as possible the
quantisation error which occurs when s is large with respect to 4,. However, it was found
that, for such a small s, the tolerance of the photolithographic (wet chemical) etching
process used to fabricate the structure could not allow for small enough gaps g (see
Figure 3.3-1) between the patches to obtain a wide range of phases. It was then decided to
increase the value of s in order to overcome this problem, and therefore s was set equal to
3 mm. This value still meets the requirement of (3.3-1) regarding the propagation of
higher-order Floquet modes in the fast-wave region.

One of the problems arising with s = 3 mm is that the unit cell size is large with
respect to the required discretisation in the FDTD-based electromagnetic simulation
[EMPIO7] since a high density mesh is required in some areas of the unit cells where the
electromagnetic fields are strong. Consequently, the number of unknowns in the simulation
problem is high and the simulations require a large amount of memory (RAM) and a high

computer processor (CPU) speed, resulting in practical issues due to computer memory
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limitations and long simulation times. Since the simulations have to be repeated for many
different cases of patch size a;, the overall simulation time becomes huge. In
Section 3.3.3.2, a means of reducing the computation time by changing the unit cell

etching pattern is presented.

3.3.2.3 Relative permittivity and thickness

The thickness and relative permittivity of a dielectric sheet are crucial parameters
that need to be selected carefully while designing the PSS/PASS. For the PSS, the
thickness and relative permittivity must be chosen to assure that the amplitude of the
transmission coefficient is high when the sample is bare and also to ensure that the
amplitude of the transmission coefficient will remain high for the large range of patch sizes
needed to provide the required range of phase shifts. Choosing the thickness and relative
permittivity of the bare sample that produce an amplitude transmission coefficient that is
low will lead to sub-optimal cases for PSS applications. Surface plots of the amplitude and
phase in the thickness versus relative permittivity space, as shown in Fig. 3.3-3, may be
helpful in the selection of these parameters.

The addition of metallic elements onto and/or into (for the multilayer cases to be
discussed in Section 3.4) an initially bare dielectric sheet or slab will change its
transmission behaviour. It is reasonable to consider the infinitesimally small metallic
elements as resulting in similar behaviour as the bare sample. As the metallic elements
increase in size and/or density, the behaviour of the resulting structure will differ more and

more from that of the initially bare dielectric slab. Consequently, the bare case constitutes
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Figure 3.3-3: Transmission coefficient in the thickness vs relative permittivity space
for a frequency of 30 GHz; (a) Amplitude (in dB), (b) Normalised phase (in degrees).
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the starting point of the phase shift range that can be obtained from a dielectric slab with
metallic elements. Intuitively, one may want to choose the dielectric constant and thickness
in a region where the amplitude of the transmission coefficient is high (and remains high),
and the phase of the transmission coefficient varies significantly. From Figure 3.3-3, cases
with high thickness seem to have the potential for obtaining a large phase shift range while
maintaining a high amplitude transmission coefficient. However, large thickness cases are
not recommended because they are bulky, heavy and, since more material is required, more
expensive. Consequently, a compromise must be reached.

The thinner the structure, the more attractive it is in terms of weight and material
cost. However, if the structure is too thin, it will be difficult to obtain a good phase shift
range. Similarly, the dielectric constant of the structure must be wisely selected. A low
dielectric constant will not lead to a broad phase shift range while a high dielectric constant
will lead to a small practical phase shift range due to the low amplitude of the transmission
coefficient, either when bare or with conducting elements. After some preliminary studies,
the dielectric constant was selected to be 2.2 and the thickness between 1 mm and 1.5 mm.
From Figure 3.3-3, such values correspond to a region where the amplitude of the
transmission coefficient is high. Sections 3.4 and 3.5 will reveal that selecting a dielectric
material with the above mentioned parameters is not a problem for obtaining an acceptable
phase shift range.

The choice of thickness and relative permittivity has been presented here mostly
from an essentially qualitative point of view. In Section 3.6, more quantitative insight is

given for the selection of these parameters.
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3.3.3 Unit cell etching pattern
As previously mentioned, the initial unit cell etching pattern studied was that of a
square conductive patch within a square unit cell. In this section, this approach is revisited

and a new etching pattern based on a conductive strip is introduced.

3.3.3.1 Conductive square patch

The conductive square patch in a square unit cell lattice as shown in Figure 3.3-2(a)
is a logical choice since, due to their symmetry, square elements can be used to support
orthogonal polarisations. Furthermore, it will be shown in Section 3.5 that this
configuration is almost perfectly polarisation-independent; this is also confirmed from the
far-field measurement of a phase-correcting Fresnel zone plate antenna based on this unit
cell design and presented in Section 6.8.

The conductive square patch can be easily modified into a conductive rectangular
patch, as shown in Figure 3.3-2(b), while keeping the unit cell square. Such a configuration
would support orthogonal polarisations, but the amplitude and phase of the transmission
coefficient would be different for the two polarisations. This is an interesting concept that
can bring polarisation-dependent behaviour, such as different focal point in a lens design or
different beam shaping. This will be further addressed in Section 8.4.4.

Using square conductive patches in a square lattice, it is not possible to obtain a
significant phase shift range from a single layer of conductive pattern [GAGNO08].
Moreover, each case selected to provide a specific phase is at once also associated with
resultant amplitude; the phase and amplitude response are dependent. In order to improve
the phase shifting performance, a second layer of identical square conductive patches in the

same square lattice is added on the back of the dielectric sheet; no additional dielectric is
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added. This results in a more significant phase shift range. However, square element unit
cells require full three-dimensional simulation capabilities, which make them computer-

intensive, requiring a high memory (RAM) capability and a long computation time.

3.3.3.2 Conductive strip

In order to reduce the simulation time as well as the computer memory (RAM)
requirement, horizontal conductive strip elements rather than conductive patch elements
are used, although the square patch elements will be revisited in Section 3.5. Unlike patch
elements, strip elements extend to the boundary of the unit cell, on the left and right sides,
as shown in Figure 3.3-2(c). Since there is no variation of the incident field or the
geometry along the x-axis, the result is a one-dimensional unit cell rather than a two-
dimensional unit cell as it repeats itself along the y-axis only. In principle, this allows for
eliminating one dimension in the simulation and running the problem as a two-dimensional
one. To analyse the structure, a commercial finite-difference time-domain (FDTD)
simulation package [EMPIO7] is used. Since the simulation package is a three-dimensional
solver, it is not possible to run the problem as being intrinsically two-dimensional.
However, the structure can be assumed to be periodic along the x-axis as well. Since the
length of the strip equals that of the unit cell this simulates an infinitely long strip. This
permits one to exploit the commercial code’s periodic structure capability and the resulting
computational simplicity of being able to determine the fields on a single unit cell. This is
only a computational trick that produces useful results as it allows for significantly
reducing the length along the x-axis. Consequently, the results obtained will be
independent of the length of the unit cell along the x-direction. This has been confirmed by

simulating the same case with different values for the unit cell width along the x-axis and

33



obtaining the same results. To reduce the computation time, a very small value (roughly
A0/50) was used for the unit cell along the x-axis. Another possibility to further reduce the
simulation time is to implement an in-house code specifically written for this particular
problem. Alternatively, a different numerical method could be used, such as the finite-
element method (FEM) or the method of moments (MoM). This will be discussed further
in Section 8.4.1.

When the strip element used for the unit cell in Figure 3.3-2(c) is transposed into its
equivalent infinite periodic structure, the resulting structure is represented in Figure 3.3-4.

Assuming a structure that varies along the x-axis only, such as a linear grating or a
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Figure 3.3-4: Front view of the uniform periodic structure composed of strip elements
(the dielectric is shown in grey and the metal is shown as hatched).
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Figure 3.3-5: Front view of a non-periodic structure composed of strip elements (the
dielectric is shown in grey and the metal is shown as hatched).

cylindrical lens, a region of the periodic structure, say from A to A’, can be selected and
transposed into a non-periodic structure like the one shown in Figure 3.3-5. In the design,
the transmission coefficient result for the region from A to A’ is then considered locally in
the non-periodic structure of Figure 3.3-5. In other words, the result obtained with
Figure 3.3-4 can be transposed into the region from A to A’ of Figure 3.3-5. Even though a
structure varying only along the x-axis is being considered and explained here, this is
merely being done to generate design data, and the periodicity along the y-axis is not
retained when using such data in lens design. This will be demonstrated in the design of
full lenses in Chapter 6 and the concept will be demonstrated experimentally.

As mentioned earlier, the strip approach does present significant advantages over

the square approach in terms of simulations, which directly translates into faster designs.
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But it is not the only advantage of using such a configuration. The fact that the strip
constitutes a continuously varying shape along the x-axis — as opposed to the square, which
is quantised in both x- and y-axis — leads to less quantisation error. Furthermore, as
previously reported [SIEV08], the bandwidth is increased when the fields more uniformly
fill the volume of a unit cell, as is the case for a continuous strip compared to a discrete
patch. In Section 6.9, experimental results on full lenses confirm the bandwidth advantage
of the strip compared to the patch. Finally, because the element is strongly dependent on
the orientation of the polarisation, it potentially allows for a reduction of the cross-

polarisation level, but at the cost of a single-polarisation capability.

3.4 Strip Unit Cell

The following sections present the different cases that were studied in FDTD
simulations [EMPI07] for the strip elements with a unit cell size of s = 3 mm using a
dielectric constant of & = 2.2. In the simulations, the conductive layers were assumed
infinitesimally thin and perfectly conducting while the dielectric material was assumed to
be lossless. The normalised phase assumes that a bare case, i.e. a case with dielectric layer
only without any strips (strip width a; = 0 mm, where i is the layer number unless

otherwise specified), produces a phase shift of 0°. The frequency of simulation is 30 GHz.

3.4.1 Single layer
The simplest configuration consists of metallic strips on a single layer. In the
present case, the arrangement is similar to Figure 3.3-2(c) with strips on the front layer

only, as shown in Figure 3.4-1(a). In the simulation, the strips are assumed to be etched on
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a dielectric sheet of thickness h = 1 mm and relative permittivity of & = 2.2. The width of
the strip takes different values in the simulations, covering the range 0 < a; < 2.85 mm,
which corresponds to a gap of g1 = 0.15 mm, the minimum achievable by the etching
process used, since

g, =S—4a (3.4-1)
where i corresponds to the layer number corresponding to Figure 3.4-1, unless otherwise
specified. Figure 3.4-2 shows the simulated results of the transmission amplitude and

phase using three different graphical representations. Of particular interest is the
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Figure 3.4-1: Side views of different configurations of periodic structures composed
of strip elements; (a) single layer, (b) symmetrical double layer, (c) symmetrical three
independent layers, (d) four fully independent layers. The dielectric is shown in grey
and the metal is shown in black.
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Figure 3.4-2: Simulated transmission results for single layer with s =3 mm, h =1 mm

and & = 2.2 at 30 GHz; (a) amplitude versus strip width, (b) normalised phase versus
strip width.
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Figure 3.4-2 (continued): (c) amplitude versus normalised phase.

representation of Figure 3.4-2(c), where the strip width a; is not shown, but only the two
parameters of the transmission coefficient, i.e. the phase and the amplitude, respectively
along x and y. This view will turn out to be very useful when more than one physical
parameter is used as it allows for visualising the essential information in a single succinct
plot. The parameter information, i.e. the values of &;’s, is still known even if not shown.
Analysis of Figure 3.4-2 reveals that the amplitude and phase cannot be adjusted
independently. This is expected since there is only one physical variable parameter, i.e. a;.
Furthermore, the phase shift range obtained is quite marginal as less than 60° is achieved
for the complete strip width range, while the transmission amplitude is less than -3 dB for

phase shifts greater than 30°.
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3.4.2 Double layer

It is of course possible to etch layers of metallic strips on the front and back side of
a single dielectric sheet, as shown in Figure 3.4-1(b). As for the single layer case, the strips
are assumed to be etched on a dielectric sheet of thickness h = 1 mm and relative
permittivity of & = 2.2. Figure 3.4-3 presents in the same format as Figure 3.4-2 the
simulated results of the transmission amplitude and phase. As for the previous single layer
case, the amplitude and phase cannot be tuned independently since the front and back
layers were assumed to take the same value of strip width. The phase shift range obtained
is significantly better than for the single layer case, but it is still not sufficient to cover the
desired range of 360° while still maintaining a high amplitude of transmission coefficient
since the available phase shift range is only 135° if the transmission amplitude must be

higher than -3 dB.

3.4.3 Symmetrical three independent layers

By bonding multiple dielectric sheets together, it is possible to obtain layers of
conductive strips not only on the front and back side, but also between the bonded
dielectric sheets, as shown in Figure 3.4-1(c). The dielectric sheets each have a thickness
of d = 0.5 mm, taking into account the bonding film, leading to a final single piece
arrangement of thickness h = 1 mm. It is also assumed that the front and back layers have
the same strip width of a; and that the middle strips have a width of a,.

Figure 3.4-4 shows the simulated results for the symmetrical three independent

layers. Having two physical parameters allows for a representation of the results using two
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Figure 3.4-3: Simulated transmission results for double layer withs=3 mm, h=1
mm and & = 2.2 at 30 GHz; (a) amplitude versus strip width, (b) normalised phase
versus strip width.
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Figure 3.4-3 (continued): (c) amplitude versus normalised phase.

plots, as shown in Figure 3.4-4(a): at the top, a plot for the physical parameters a; and ay,
denoted Map of physical dimensions; at the bottom, a plot for the amplitude and
normalised phase of the transmission coefficient, similar to the ones presented in Figures
3.4-2(c) and 3.4-3(c), denoted Map of transmission coefficients. Each point on the Map of
physical dimensions corresponds to a point on the Map of transmission coefficients, and
vice versa. The correspondence is shown by colour arrows; for simplicity, the
correspondence is shown for a few points only. Note that the points on the Map of physical
dimensions reveal that all meaningful physically possible combination of strip width a; and

a, has been simulated for the database.
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Figure 3.4-4: Simulated transmission results for three symmetrical independent
layers of strips with s =3 mm, h =1 mm and & = 2.2 for different values of a; and a,
at 30 GHz; (a) Map of physical dimensions and Map of transmission coefficients; — a;
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mm,
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Figure 3.4-4 (continued): (b) amplitude vs normalised phase; — fixed a, value as a

function of a;, — fixed a; value as a function of a,. Values of a; are shown in red and
values of a, are shown in blue (units for a;’s are mm).

Another way of representing the results is by using a plot of the amplitude vs
normalised phase, as in Figure 3.4-2(c) and 3.4-3(c), with constant physical parameter
curves properly labelled. This has been done in Figure 3.4-4(b).

Figure 3.4-5 shows the top “envelope” of the curves in Figure 3.4-4. Analysis of
Figures 3.4-4 and 3.4-5 reveals good results when this structure is to be used as a PSS,
assuming maximum amplitude transmission is desired (which is the case). Different phase
shift range regions are labelled in Figure 3.4-5 and explained in Table 3.4-1, in which a
minimum amplitude constraint is given, along with the achievable phase shift range under

such constraints. In Table 3.4-1, the maximum and minimum phase shifts correspond to
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Figure 3.4-5: Best case of amplitude of the transmission coefficient for three
symmetrical independent layers of strips for different values of normalized phase for
e =22,h=1mmand s =3 mm obtained from FDTD simulations at 30 GHz; the
regions labelled A to E are described in Table 3.4-1.

absolute values. Region A, for example, represents a phase shift range of 100° from —75°
to —175°, the amplitude of the transmission coefficient is nearly 0 dB, which corresponds
to perfect transmission. A phase shift range from 0° to —295° results in a minimum
amplitude of —1.15 dB or 87.6%. The values were considered for a minimum amplitude of
—2.2 dB, allowing for a phase shift range of 305°. Consequently, it is to be noted that the
entire 360° phase shift range is not achieved for this configuration. However, this
configuration is very useful and practical, and it will be used for designing many phase-
shifting components to be described in Chapters 4, 5 and 6.

Before proceeding to Section 3.4.4, which examines the 4-layer structure shown in

Figure 3.4-1(d), the electric field of the 3-layer structure is studied in some detail. This not
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only provides increased insight into PSS operation but will facilitate the discussion on its
equivalent circuit model in Section 3.6.

The electric field of different cases of symmetrical three independent layers are
presented in Figures 3.4-6 to 3.4-9. As mentioned in Section 3.3, the electric field incident
on the PSS/PASS is polarised along the y-axis, i.e. Ex =0, E, # 0, E, = 0. The introduction
of conductive strips will result in a component of the electrical field parallel to the z-axis
(E2) close to the conductor. Away from the conductor, the electric field is purely polarised
along the y-axis, whether it is before or after the PSS/PASS layer. Note that the component
of the electric field along the x-axis, Ej, is initially null and will remain null.

In Figure 3.4-6, the first case is presented, which consists of an air sample.
Figure 3.4-6(a) shows no variation within the structure profile, which consists of air only:
no dielectric material or metal is present. This results in a uniformly constant amplitude of
Ey, at every location, as is shown from the surface plot of Figure 3.4-6(b) and the plot of
Figure 3.4-6(d). Moreover, the phase of E, varies linearly, as shown in Figure 3.4-6(e).
This case is therefore that of a plane wave propagating in the +z-direction. Figure 3.4-6(c)

also points out that E; is zero everywhere.

Table 3.4-1: Regions of phase shift range for three symmetrical independent layers of
strips for given minimum amplitude of transmission coefficient. This information is
shown graphically in Figure 3.4-5.

Region Minimum Minimum Maximum Phase Shift
Amplitude (dB) | Phase Shift (°) | Phase Shift (°) Range (°)
A ~0 =75 -175 100
B -0.2 —-65 -185 120
C -0.4 —-60 -280 220
D -1.15 0 —295 295
E -2.2 0 -305 305
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Figure 3.4-6: Electric field distribution for the case of air obtained from FDTD

simulations at 30 GHz; (a) Structure profile (white is air, showing air only), (b)
Surface plot of E, in dB(V/m), (c) Surface plot of E; in dB(V/m).
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The case of a bare dielectric sample is presented in Figure 3.4-7, in which the
amplitude of Ey is independent of y but, unlike the case of an air sample presented in
Figure 3.4-6, there is a variation along z. This variation is not significant however, as
shown in Figure 3.4-7(b) and 3.4-7(d). The amplitude variation of E, preceding the
structure, i.e. for negative z values, is that of a standing plane wave. The amplitude of E, is
unchanged a certain distance past the PSS/PASS structure and beyond, and only the phase
varies as shown in Figure 3.4-7(e). Once again, there is no conductor in this case and
consequently E; is zero everywhere, as shown in Figure 3.4-7(c).

Figure 3.4-8 presents the case where a; = 0.05 mm and a, = 2.85 mm, in which the
amplitude of Ey is now dependent of both y and z, as shown in Figures 3.4-8(b) and
3.4-8(d). Interestingly, Figure 3.4-8(e) shows that the phase of E, at the input and output,
away from the PSS/PASS layer, are identical, regardless of the value of y. Because of the
presence of conductive material, E; is no longer equal to zero at the PSS/PASS layer,
although it remains null at the input and output, i.e. away from the PSS/PASS layer. This is
presented in Figures 3.4-8(c) and 3.4-8(d). In this study, a PEC sheet is placed in the
middle of the gap, but it could also be placed in the middle of the strip. Note that E; is zero
at y = #0.5ns (where n is an integer and s is the unit cell height), which respects the
boundary conditions regardless of the location of the PEC sheet (middle of the gap or
middle of the strip).

Figure 3.4-9 presents the case where a; = 2.55 mm and a, = 2.85 mm, where once
again the amplitude of E, is dependent of both y and z, as shown in Figures 3.4-9(b) and

3.4-9(d). It is noticed in this case as well that the phase of E, at the input and output, away
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Figure 3.4-7: Electric field distribution for a bare sample with & =2.2, h=1mm, s =
3 mm (a; = 0 mm and a; = 0 mm) obtained from FDTD simulations at 30 GHz; (a)
Structure profile (white is air, grey is & = 2.2), (b) Surface plot of E, in dB(V/m), (c)
Surface plot of E; in dB(V/m).
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51



1
EO'S
£ 0
>-0.5
-1
'1'§5-4-3-2-10123456
z (mm)
(a)

0 1 2 3 4 5 6
z (mm)

(b)

z (mm)

(©)

Figure 3.4-8: Electric field distribution for the case & =2.2, h=1mm,s=3mm, a; =

0.05 mm and a, = 2.85 mm obtained from FDTD simulations at 30 GHz; (a) Structure

profile (white is air, grey is & = 2.2, black is metal), (b) Surface plot of Ey in dB(V/m),
(c) Surface plot of E; in dB(V/m).
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(c) Surface plot of E; in dB(V/m).
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from the PSS/PASS layer, are identical, regardless of the value of y. Figure 3.4-9(c) shows
that E; is very strong between the strips, resulting in a series capacitance; this point will be
addressed in further detail in Section 3.6. The amplitude of Ey is however very weak

between the strips, as shown in Figure 3.4-9(b). Again, E; is zero at y = +0.5ns.

3.4.4 Four fully-independent layers

The number of layers can be further increased in an attempt to improve the range of
controllable transmission amplitude and phase combinations. However, using too many
layers will significantly add to the fabrication complexity of the structure and may become
unattractive due to the extra thickness and weight. Furthermore, the bandwidth will suffer
if too many strip layers are used; this will be further investigated in Section 3.7.3.
Regardless of these considerations, it was decided to experiment on the four layer structure
shown in Figure 3.4-1(d). The dielectric sheets, including the bonding film (when it
applies), each have a thickness of 0.5 mm, leading to a final single piece arrangement of
thickness h = 1.5 mm. For this particular case, the strip width a; is independent for each
layer. Figure 3.4-10 shows the simulated results of the transmission amplitude and phase.
A “cloud” of points is used here as it would be too difficult the show any dependency
while using four different physical parameters. Figure 3.4-10 shows that this four layer
configuration allows the achievement of a phase shift range of a full 360°, as well as an
impressive potential for high amplitude transmission for PSS applications and variable

amplitude transmission for different phase values for PASS applications.
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Figure 3.4-10: Simulated transmission results for four fully-independent layers of
strips with s =3 mm, h = 1.5 mm and & = 2.2 at 30 GHz in the amplitude vs
normalised phase domain.

For the case of maximised amplitude of the transmission coefficient (always the
constraint when the structure is to be used as a PSS only), the phase shift range is clearly
better than for the three symmetrical layers. Figure 3.4-11 shows the envelope and
Table 3.4-2 summarises the main results. It is important to note that almost perfect
transmission is realised for a phase shift range of 250° and that the entire phase shift range
of 360° is obtained with worst-case transmission amplitude of —1.7 dB. This is a significant
achievement.

The 4-layer structure will be utilised in the design of a PSS lens antenna in

Section 6.7. It will also be used for the flat-topped beam antenna design in Chapter 7. In

the latter case, it is used as a PASS.
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Figure 3.4-11: Best case of amplitude of the transmission coefficient for four
independent layers of strips for different values of normalized phase for & = 2.2, h =
1.5 mm and s = 3 mm obtained from FDTD simulations at 30 GHz.

3.5 Square Unit Cell

This section presents FDTD simulations [EMPI07] for the square unit cells with
centred square conductive elements. Although some simulations were previously
conducted on single and double layer cases [GAGNO8], this section will focus on a
symmetrical three independent layer configuration with unit cell size s = 3 mm along both
the x- and y-axis, dielectric constant of & = 2.2 and total thickness h = 1 mm, similar to
Figure 3.4-1(c). A front view, showing only the front layer, would be similar to
Figure 3.3-2(a); a similar illustration is presented in Figure 3.5-1 for the finite-element

method (FEM) simulations to be discussed below to complement the FDTD ones. In the

simulations, the conductive layers were again assumed infinitesimally thin and perfectly
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Table 3.4-2: Regions of phase shift range for four fully-independent layers of strips
for given minimum amplitude of transmission coefficient.

Minimum Minimum Maximum Phase Phase Shift Range
Amplitude (dB) Phase Shift (°) Shift (°) ®)
~0 -50 -300 250
-0.2 40 -325 285
0.7 0 =335 335
-1.7 0 -360 360

conducting while the dielectric material was assumed to be lossless. As for the case of strip
unit cells, normalised phase assumes that a bare case produces a phase shift of 0°. The
frequency of simulation is 30 GHz.

Because high density meshing is required due to the presence of rapidly-varying
fields in the unit cell, simulations require many unknowns, which increases the simulation
time and computer memory (RAM) requirements. For this reason, only a few different unit
cell cases were simulated, unlike the strip-based cases of Section 3.4 for which many cases

were simulated, facilitated by a shorter simulation time since fewer unknowns were

Master 2

o/

[

L,

- ] \
\ Slave 1

Slave 2

Master 1

Figure 3.5-1: Front view of the square two-dimensional unit cell with square
conductive element, showing boundary conditions as used in the FEM simulations
[HFSSO07].
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needed. Figure 3.5-2 presents the simulated results of the transmission amplitude and
phase using a cloud of points, obtained from the FDTD simulations. Some of these cases
were also simulated using a commercially available FEM software package [HFSSO07],
which confirmed the FDTD results. Figure 3.5-2 shows that the phase shift range is about
the same as for the 3-layer strip-based unit cell of Section 3.4.3 with similar amplitude
levels.

The interest in the square-element based unit cell is that this unit cell can be used
for dual-polarisation or circular polarisation applications. The reason is that the squares
have 90° rotational symmetry, and thus any two orthogonal polarisations would be

supported. The strip-based elements presented in Section 3.4 are not rotationally
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Figure 3.5-2: Simulated transmission results for symmetrical three independent
layers of square patches withs=3 mm, h=1mm and & = 2.2 at 30 GHz in the
amplitude vs normalised phase domain.
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symmetrical and consequently are polarisation-dependent. Furthermore, for square
elements, the transmission coefficient is almost independent of the roll angle = with respect
to the fixed polarisation of the feed, as shown in Figure 3.5-3 for FEM simulations
performed on a case with a; = 24 mm and a, = 2.24 mm. The amplitude and angle
discrepancy is marginal and can be attributed to the meshing of the structure. The roll
angle 7 is defined in Figure 3.5-1. Unlike the FDTD simulations performed using
[EMPIQO7], FEM simulations performed with [HFSS07] do not use PEC/PMC boundary
conditions. Instead, master and slave boundary conditions are used, which allows for
oblique incidence and tilted polarisation, unlike the FDTD model that permits vertical
polarisation and normal incidence only.

The fact that the polarisation is independent of the roll angle is now demonstrated
theoretically. Considering the incident electric field on a PSS/PASS, denoted Ejn, and the
electric field transmitted through the PSS/PASS, denoted Eians, the general relationship
between the two can be established as

E_ =TE (3.5-1)

trans inc
where T is the transmission coefficient. This is also the equation for a polarisation-
sensitive case.

Assuming the incident field Ej,c as being a plane wave propagating along the
z-direction with no electric field component along the z-axis, Ei,c has components along the

x- and y-axis only. Thus, Ej,. can be decomposed as

E -Ea+EA (3.5-2)
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Figure 3.5-3: Simulated transmission results for symmetrical three independent
layers of square patches with a; = 2.4 mm, a; =2.24 mm,s=3mm,h=1mm and & =
2.2 as a function of the roll angle rat 30 GHz; (a) Amplitude, (b) Phase.
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where E, and Ey depend on the roll angle z. If the structure is not rotationally symmetrical,
then the transmission coefficient would not be the same along the x- and y-axis, such that

Eyans = T,E& +T,E4, (35-3)

trans
where Ty and Ty are the transmission coefficients of the x- and y-components, respectively.
Since the structure has 90° rotational symmetry, it can be stated that

T=T, =T (3.5-4)

X y
Substituting this in (3.5-3) yields

E

trans =TEXaX +TEyé.y =T|_Exé'x + Eyay (35'5)
The terms in brackets are equal to Ei,c as defined in (3.5-2), and therefore (3.5-5) becomes

E,..=TE (3.5-6)

trans inc
which is the same result as (3.5-1). Therefore, according to (3.5-6), whichever values of E,
and Ey are used, or whichever roll angle is used, the transmission coefficient is unchanged,

which means that the structure is independent of the polarisation, as was the case in

(3.5-1).

3.6 Equivalent Circuit Model

In this section, an equivalent circuit model for the PSS/PASS is derived. Visual
inspection of the geometry of the PSS/PASS in Figure 3.4-1 as well as the fields in
Figure 3.4-9, intuitively suggests an equivalent circuit model for the unit cell of the PSS.
Considering Figure 3.4-1(c) for a 3-layer symmetrical PSS, and knowing that a normal-
incidence plane wave is propagating along the z-direction with electric field polarised

along the y-axis, the equivalent circuit shown in Figure 3.6-1 is obtained. The shunt
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Figure 3.6-1: Equivalent circuit model for the unit cell of a 3-layer PSS.

capacitance results from the charge accumulation at the edge of the strips of two adjacent
unit cells, located on the same layer, but separated by a gap along the y-axis. The shunt
capacitance C; depends on the front and back strip widths, a;, while shunt capacitance C,
depends on the middle strip widths, a,. Shunt inductances, in series with these
capacitances, should also be present due to current flowing along the y-axis on the metallic
strips, however their values are negligible for the frequencies of interest and consequently
are of importance only at much higher frequencies. For this reason, these shunt inductances
were not included in the equivalent circuit model. Keep in mind that the actual model is
accurate from very low frequencies (close to DC) to frequencies beyond the desired
frequency of operation; however it will not accurately predict the behaviour of the
PSS/PASS beyond that point. More details on the accuracy of the equivalent circuit model
will be provided in Section 3.7.

The shunt capacitances C; and C,, and series inductance L, also model the
transmission-line like characteristics of the dielectric layers. The inductance L is easily

approximated theoretically (see e.g. [SIEV08]) as

L =pd = p, pyd (3.6-1)
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where u is the permeability, s is the relative permeability, u is the free-space
permeability and d is the layer thickness, which corresponds to half the total thickness h
for the case of a 3-layer PSS/PASS. Consequently, for dielectric material, & = 1 and
therefore L is independent of the material. However, the capacitances are dependent on the
relative permittivity of the dielectric material. It is also found that the series inductance L is
not affected by the strip width variations, which is consistent with (3.6-1). Since
d = 0.5 mm, the series inductance will have a theoretical value of L = 0.628 nH for the case
of a 3-layer PSS/PASS shown in Figure 3.6-1.

The series capacitance Cj represents the capacitance between the strips in the same
unit cell but on different layers (that is, with different z-values). Referring to Figure 3.4-9,
the electric field, which is polarised along the y-direction before the PSS/PASS (E,
component only), is bent between two consecutive strips within the same unit cell,
providing a z-component of the electric field (E;). Such a behaviour of the electric field is
similar to a parallel-plate capacitance in series, labelled C; in Figure 3.6-1. The capacitance
Cs depends on both a; and a,. Since the structure is physically symmetrical, as described in
Section 3.4-3, the equivalent circuit is also symmetrical. Table 3.6-1 shows the influence
of the physical parameters on the components of the equivalent circuit model.

The parameter extraction capability of a commercial software application [ADS06]
was used to determine the value of the equivalent circuit components, utilising as input
data the reflection and transmission coefficients of full-wave electromagnetic simulations

obtained from the FDTD analysis using [EMPI107].
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Table 3.6-1: Influence of the physical parameters on the electric components of the
equivalent circuit model.

& Uy h S a; or gx a, or g,
C, v v v v
C, v v v v
Cs v v v v v
L v v v

Numerical values of these components are found to be of the same order of
magnitude, and so the equivalent circuit is a meaningful model of the physical reality. It is
the combination of the shunt capacitance, series inductance and series capacitance that
makes it possible to obtain different transmission amplitude values for the same phase
shift, allowing for independently choosing the transmission amplitude and phase. In other
words, some contributions of C;, C;, C3 and L will result in different values of both
amplitude and phase of transmission coefficient, some of which present very high
amplitude of transmission coefficient for a given phase shift. It is important to note that the
contribution of the series capacitance Cs3 is non-negligible and, without it, it would not be
possible to get high amplitude transmission for a broad range of phase shift values. The
equivalent circuit is apparently a topology that can exhibit the non-minimum phase
properties [BODE45] required to allow somewhat independent control of the amplitude
and phase characteristics that is required here.

An equivalent circuit model was successfully obtained for many different physical
configurations using [ADS06]. Table 3.6-2 presents a few cases obtained with a three
symmetrical layer PSS using the equivalent circuit model of Figure 3.6-1. Note that the
inductance L is unchanged for all cases, as expected,; its value is close to the approximate

value of 0.628 nH obtained with (3.6-1). Also note that the series capacitance Cs is zero
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when there are no metallic strips (a; = az = 0), which is also expected since the electric
field then does not have any component along the z-axis anywhere in this case (it remains
completely polarised along the y-axis, as shown in Figure 3.4-7). Finally, it is important to
mention that the shunt capacitances are not zero in the latter situation; rather their
contributions are used to model the transmission line model of the bare dielectric.

The broadband behaviour of the case with an ideal transmission phase of —270° is
presented in Figure 3.6-2. The results obtained from full-wave simulations using
[EMPI107], as well as the circuit model of Figure 3.6-1 with values from Table 3.6-2
extracted using [ADS06] are compared. The values of the components of the equivalent
circuit were optimised from frequencies close to DC up to 45 GHz. The results reveal an
excellent agreement between the full-wave simulations and equivalent circuit model from
DC to 35 GHz. Because of their low amplitude values (transmission coefficient below
=35 dB), the results between 35 GHz and 45 GHz are not displayed since they are
meaningless in this case. At this point, it is important to mention that the behaviour of the

PSS/PASS appears to be very similar to that of a low-pass filter, for which the order is

Table 3.6-2: Ideal and simulated transmission values at 30 GHz for physical
parameters a; and a; and the component values for the equivalent circuit model
(normalised impedance of 7y = 377 Q).

Ideal normalised transmission phase (°) 0 -90 -180 =270
Ideal transmission amplitude (dB) 0 0 0 0
Simulated normalised transmission phase (°) 0 -89.3| -1756| -264.8
Simulated transmission amplitude (dB) —0.437 0| -0.049| -0.098
a; (mm) 0 2.32 2.54 2.83
az (mm) 0 2.00 2.85 2.83
L (nH) 0.596 0.596 0.596 0.596
Cy1 (pF) 0.004 0.028 0.032 0.059
Cz (pF) 0.011 0.021 0.078 0.072
Cs (pF) 0 0.015 0.023 0.024
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results using the extracted values from Table 3.6-2.
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related to the number of layers. In this case, three conductive layers separated by two
dielectric layers are used, resulting in an order of 5. The analogy with a low-pass filter
should not be a surprise since the equivalent circuit model of Figure 3.6-1 is indeed similar
to a low-pass filter, except for the series capacitances Cs. This analogy with a low-pass
filter has other implications, which will be addressed in Section 3.7. However, it was found
that further extending the simulation bandwidth far beyond the frequency of operation
reveals that the structure is not a perfect low-pass filter since the transmission amplitude
increases repeatedly as the frequency increases. This is also not a surprise since the circuit
model was obtained for a given band only and the shunt inductance was neglected.
However, this shunt inductance is of importance far beyond the frequency of operation and
constitutes one of the reasons why the transmission amplitude does not remain low
throughout the band beyond that covered by the circuit model. Nevertheless, this does not
cause any problem regarding the validity of the current model from DC to frequencies
beyond the frequency of operation. The model is accurate and meaningful within that
frequency range. It is also pointless for the current study to try to extend the validity of the
current circuit model; however this option may be considered in the future if one thinks the
PSS/PASS can be operated beyond the frequency of validity of the current model. The
important thing is to keep in mind that, although the circuit model behaves like a low-pass
filter, the PSS/PASS is actually not necessarily behaving that way. The equivalent circuit
model was discussed in this section mainly to provide increased insight into the ability of
the PSS/PASS structure to allow the near-independent control of its transmission

amplitude and phase coefficient.
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3.7 Further Considerations of the PSS/PASS Structures
In this section some further discussion on the performance of the PSS/PASS

structure is provided.

3.7.1 Number of layers and bandwidth

As mentioned in Section 3.6, the PSS/PASS circuit model is similar to a low-pass
filter, albeit not precisely so. However, for the purpose of the present considerations on the
number of layers and bandwidth, it will be treated as a low-pass filter. That being said,
there is a direct relationship between the number of stages or the order of the low-pass
filter circuit model and the number of layers in the PSS/PASS. In Section 3.4, it was shown
that when too few layers are used, the PSS/PASS cannot achieve a large enough phase
shift range. Consequently, it is tempting to increase the number of layers, which showed to
provide a broader phase shift range. From filter theory, increasing the order of a filter
results in a smaller transition band between stopband and passband, which corresponds to a
more abrupt slope between stopband and passband [RORA97]. This is important to
mention since a PSS operates very close to the transition region and a PASS operates close
or in the transition region; recalling that the frequency of operation is
30 GHz, see Figure 3.6-2. The PSS and PASS operate at this point because it is the region
where the phase changes significantly with the physical parameters. However, increasing
the number of layers results in bandwidth limitations since the transition region becomes
smaller. Regarding the latter statement, the effect of changing the number of layers from 3
to 4 for the case of a PSS lens antenna is addressed experimentally in Chapter 6, where it

shows that the bandwidth reduction is non-negligible. The optimum number of layers for
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the design of a PSS/PASS is probably around 3 or 4 layers since fewer layers do not result
in a large enough phase shift range and more layers will present a significant bandwidth
reduction. However, this is not necessarily bad news since it forces the designer to keep the
number of layers small, which is beneficial for practical considerations such as thickness,

weight and fabrication complexity.

3.7.2 Use of PSS/PASS concept at other frequency bands

By looking at Figure 3.6-2, which represents a typical case of transmission
coefficient over frequency, it is seen that, for very low frequencies approaching DC, the
transmission amplitude is unity and the transmission phase is null, consequently the
structure behaves like a slab of air. At very high frequencies, the transmission amplitude
decreases, even though there are some bands where the transmission amplitude is unity or
close to it. Note that these bands are not predicted by the equivalent circuit model of
Figure 3.6-1. As mentioned is Section 3.7.1, the PSS/PASS structure has a behaviour
similar to that of a low-pass filter, except for these passbands at frequencies beyond the
validity of the equivalent circuit model in Figure 3.6-1.

As stated in the Section 3.7.1, the PSS/PASS is designed to operate near and at the
transition region between the passband and the stopband. Consequently, it is not possible
to use the same structure with the same dimensions of unit cell size s and thickness h to
operate in the same region at another frequency. Alternatively, the same configuration can
be made to work at other frequency bands by performing minor modifications to it, such as
scaling. If the same unscaled structure is used at lower frequencies, the operation will be
taking place in the passband region where the transmission amplitude is high, therefore it

will not be possible to have any PASS applications, but most important the phase will be
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relatively constant if physical dimensions of the strips or patches (a;’s) are changed, and no
interesting phase shift range can be achieved. If the same structure is used at higher
frequencies, the operation will most likely take place in the stopband region where the
transmission amplitude is low, therefore it will not be possible to have any high-efficiency
PSS/PASS application. It is true that some passbands exist at higher frequencies, but the
possibility of operating at these passbands has not been investigated. Furthermore,
operating the PSS/PASS at these frequencies would lead to large unit cells with respect to
the wavelength, which would have bad consequences for the quantisation as well as
potential problems regarding the unit cell size, as stated by (3.3-1).

From filter theory [POZA98], for the case of a low-pass filter, all electric
components of the filter can be scaled up in values in order to lower the cutoff frequency.
This can be accomplished here for the PSS/PASS. From (3.6-1), the only way to increase L
is by increasing the thickness h of the PSS/PASS structure. However, increasing L will
reduce the value of the series capacitance Cs. In order to increase Cs, either the strip or
patch size has to be increased, or the dielectric constant has to be increased, or both. If the
size is increased, this requires increasing the unit cell size as well. Furthermore, in order to
scale the shunt capacitances C; and C, as well, there may not be any other option than
increasing the unit cell size s.

Figure 3.7-1 presents the transmission coefficient for two cases obtained from full-
wave simulations [EMPI107]. The first case is the one presented in Figure 3.6-2 and in the
last column of Table 3.6-2, producing a normalised phase shift of —270° at 30 GHz with

s=3mm, a;=2.83mm, a, =2.83mm, h=1mm and & = 2.2. The second case is a case
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scaled up in size by a factor of three, resulting in dimensions of s = 9 mm, a; = 8.49 mm,
az = 8.49 mm, h = 3 mm, the same relative permittivity & of 2.2, and a normalised phase
shift of —270° at 10 GHz. Note the pass bands in Figure 3.7-1(a) at frequencies much
higher than the operating frequency. When the frequencies are normalised, the two curves
are almost identical, as shown in Figures 3.7-1(c) and 3.7-1(d), except for the very low
amplitude region. It is believed that the discrepancy is caused by numerical noise of the
full-wave simulation, which is highly present in the unscaled case.

The same exercise can be performed for a PSS/PASS made to operate at higher
frequencies. For this to happen, the cutoff frequency must be increased as well. This is
accomplished by lowering the values of the electric components. Again the intuitive
analysis starts with the series inductance L, which has to be decreased in this case. This is
done by reducing the thickness h of the PSS/PASS structure. However, this will increase
the value of the series capacitance Cs. In order to decrease Cs, either the strip or patch size
has to be decreased, or the dielectric constant has to be decreased, or both. If the size is
decreased, this requires decreasing the unit cell size as well. Furthermore, in order to scale
the shunt capacitances C; and C,, there may not be any other option than decreasing the
unit cell size s. A similar analysis as the one presented in Figure 3.7-1 would show that the
scaling can be done for operating at higher frequencies by scaling down the dimensions of
the unit cell. Therefore, it is shown that the scaling of the electric components, and the

scaling in frequency, is intuitively done by changing the size of the physical parameters.
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3.7.3 Electromagnetic wave type and oblique incidence

In the analysis and electromagnetic simulations performed on the PSS/PASS unit
cell, it has been assumed up to this point that a normally-incident plane wave with the
electric field vertically polarised on the structure, as enforced by the boundary conditions
shown in Figure 3.3-2, is used. However, this is only rigorously true if the actual incident
electromagnetic fields are normally incident, of the plane-wave type and vertically-
polarised.

This assumption is the same as that made in the design of reflectarrays, but it
remains an assumption and does not fully represent the actual situation. The reader can be
convinced of that statement by considering any such structure, fed by a closely located
feed antenna, to figure out that, although the polarisation statement is true, the wave
incident on the structure, here the PSS/PASS, is generally neither of the plane-wave type
nor normally incident. Figure 3.7-2 presents propagating wavefronts from a finite-sized
antenna feed onto a planar lens structure, showing that the incidence wave is not a plane
wave and that the angle of incidence of the rays is not normal except for the centre of the
lens structure. In fact, the angle of incidence of the rays increases away from the middle of
the lens structure. As for the type of wave, before the electromagnetic simulation tools
became widely available, all lenses and reflectors were designed using the geometrical
optics approximation where any point on the structure was treated locally using ray
tracing, i.e. localised plane wave. This is a valid approximation as long as the local
regions, i.e. unit cells, are made sufficiently small that the wave appears plane within their
area. Furthermore, the PSS/PASS is not made to have a uniform unit cell on its surface,
whereas the simulations to set up the database assume uniform unit cells. This is another

source of discrepancy.

76



Figure 3.7-2: Propagating wavefronts from a feed antenna onto a planar lens
structure.

For small electric size periodic structures, the wave incident on the PSS/PASS can
be assumed to be of the plane wave type, i.e. without any amplitude or phasefront
curvature within the unit cell. For analysing periodic structures, current full-wave
electromagnetic simulation engines generally support plane wave incidence only.
Therefore such a type of excitation is commonly assumed, especially since the results
obtained usually provide a very good assumption.

A uniform periodic structure — i.e. a periodic structure for which all the cells are
identical — is also generally accepted as it provides acceptable results. Furthermore, it is not
reasonable to assume each and every cell case to be analysed with neighbouring cells
having different physical parameters — as it would be the case in a real life implementation
— because it would require an enormous amount of data to be generated.

The angle of incidence is another parameter that could be accounted for in

generating a database for PSS/PASS designs. However, the amount of data to be generated
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would be impractically large, as is the case for the neighbouring cells addressed in the
preceding paragraph.

Nevertheless, for small focal length to diameter ratios (F/D), the angle of incidence
can be a critical factor that may not be neglected. The FDTD simulation package used for
the simulations [EMPI07] supports only normal incidence angles for the analysis of
infinite periodic structures; it cannot support oblique incidence angle. However, the FEM
simulation package [HFSS07] does support oblique incidence angles when modelling
plane wave incidence on an infinite periodic structure.

Figure 3.7-3 presents results of four different types of unit cells with different
incidence angles for a symmetrical three-independent layer strip configuration. It is the
amplitude of the field propagating directly through the structure that is shown in
Figure 3.7-3. The two common polarisation types are presented in Figure 3.7-3: parallel
polarisation, as shown in Figure 3.7-4(a), and perpendicular polarisation, as shown in
Figure 3.7-4(b) [COLL92]. The different cases presented have phase shift steps of 90°.
From Figure 3.7-3, the first thing to be noticed is that the smaller phase shift steps are more
stable as the incidence angle increases, especially for the parallel polarisation. For the
parallel polarisation cases, the amplitude and phase are fairly stable with incidence angle,
at least up to 70°, except for the —270° case. For the perpendicular polarisation, the
PSS/PASS is significantly less stable, and the amplitude deteriorates rapidly for all cases

except for the —180° case, while a similar degradation is obtained for the phase, except for

the 0° case.
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Figure 3.7-4: Representation of oblique incidence for different cases of symmetrical
three independent layers; (a) parallel polarisation shown along the side view,
(b) perpendicular polarisation shown along the top view for the strip case,

(c) perpendicular polarisation shown along the top view for the patch case. The
dielectric is shown in grey and the metal is shown in black.

Figure 3.7-5 presents results of four different types of unit cells with different
incidence angles for a symmetrical three-independent layer patch configuration. Again the
two common polarisation types are shown: parallel polarisation, as shown in
Figure 3.7-4(a), and perpendicular polarisation, as shown in Figure 3.7-4(c). The different
cases presented have phase shift steps of 90°. From Figure 3.7-5, the first thing to be
noticed is that the smaller phase shift steps are less prone to amplitude and phase change as
the incidence angle increases, especially for the parallel polarisation. For the parallel

polarisation cases, the amplitude and phase do not vary much as the incidence angle
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Figure 3.7-5: Simulated transmission coefficient for different incidence angles for a
symmetrical three-independent layer square patch configuration; (a) Amplitude in
dB for parallel polarisation, (b) Phase in degrees for parallel polarisation;
—a; = 0mm, a; =0 mm (0°); a; =2.4mm, a; =2.2 mm (-90°); a; = 2.6 mm,
a; = 2.84 mm (-180°); — a; = 2.84 mm, a; = 2.84 mm (-270°).
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Figure 3.7-5 (continued): (c) Amplitude in dB for perpendicular polarisation, (d)
Phase in degrees for perpendicular polarisation; — a; = 0 mm, a; = 0 mm (0°);
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changes, at least up to 70°, except for the —270° case. For the perpendicular polarisation,
the PSS/PASS has clearly more variation in the amplitude, however in all cases the phase
does not vary significantly.

By comparing the strip results from Figure 3.7-3 to the patch results from
Figure 3.7-5, it is found that the parallel polarisation cases are very similar. However, the
perpendicular polarisation cases are significantly different. In fact, the square patch cases
present a much stronger amplitude and phase stability over the incidence angle compared
to the strip cases. This is an important advantage that could be of significant importance in
the realisation of PSS lensing structures with small focal length distances. In fact, lenses
based on the PSS concept with focal length to diameter ratio of 0.5 are reported in Chapter
6. In Section 6.9.1, two 3-layer PSS 90° phase-correcting Fresnel zone plate antennas (PC-
FZPAs) — one realised with strips and the other one with square elements — are compared.
The comparison — based on experimental results — suggests that the PSS PC-FZPA made

of square elements is less sensitive to oblique incidence.

3.7.4 Classification of PSS/PASS
In this section, the relation of the PSS/PASS structures to artificial dielectrics,
metamaterials and frequency selective surfaces is briefly discussed. The discussion stresses

the uniqueness of the PSS/PASS concept and how it is different to any of these.

3.7.4.1 PSS/PASS vs artificial dielectric

As mentioned in Section 2.2, artificial dielectrics [COHN54] have been used in the
past for realising structures such as lenses. Usually the artificial dielectric is obtained by

periodically embedding metallic implants [KOCKA48], but it is also possible to obtain an
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artificial dielectric by changing the relative permittivity. This has been reported in
[PETOO03], in which a slab of high relative permittivity has been perforated to reduce the
resulting relative permittivity in some area of the lens.

One may look at the PSS/PASS as an artificial dielectric based on metallic
implants. However, in all cases of artificial dielectric, the implants are repeated
periodically along the direction of propagation and the thickness is significantly larger than
one tenth of a wavelength with a significant number of repetition or layers. The PSS/PASS
is too thin to be considered an artificial dielectric and the metallic implants are not repeated
along the direction of propagation since they are of different size on each of the metallic
layers. Furthermore, an artificial dielectric implies an equivalent relative permittivity, as
reported in [COHN54] and [BROWS55], whereas the PSS/PASS is simplified in terms of an
equivalent circuit model of lumped elements instead of an equivalent relative permittivity

(and relative permeability).

3.7.4.2 PSS/PASS vs metamaterial

A metamaterial is an engineered material that exhibits behaviour that can usually
not be found in nature. It usually refers to a left-handed material, i.e. a material with
negative permittivity and permeability. The concept was first reported in the late 1960°s
[VESEG8], but brought back in the late 1990°s [PEND99] and has been the subject of
intensive research since the beginning of the 21% century. However, metamaterials are
controversial [MUNKQO09], and there is no clear consensus whether the negative
permittivity and permeability behaviour truly occurs [SPIE09], and whether metamaterials

proper could really be practical.
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The intention here is not to take a position on whether metamaterials exist or not,
but rather to make a statement as to whether the PSS/PASS is a metamaterial or not. From
the author’s point of view, the PSS/PASS is not believed to be a metamaterial. The
behaviour of the PSS/PASS can be explained using a simple circuit model. This also
happens to be one of the arguments of the filter and networks group debating in [SPIE09]:
this group claims that the metamaterial concept is used to explain things that could be
explained in other ways. In Section 3.6, it was clearly demonstrated that the behaviour of
the PSS/PASS could be explained by a simple circuit model over a reasonable frequency

band, therefore it is not necessary to explore the PSS/PASS as a metamaterial.

3.7.4.3 PSS/PASS vs artificial impedance surface

An artificial impedance surface is a surface designed with a specific impedance
using a periodic structure approach backed with a ground plane. The concept of an
impedance surface has been used quite a lot in surface wave applications; however that of
artificial impedance surface was introduced by Sievenpiper and others in the late 1990°s
[SIEV99]. The artificial impedance surface is usually of high impedance value or designed
to reproduce a magnetic conductor, with a reflection phase of 0°, which is different from
the 180° reflection phase obtained from a uniform sheet of metal. This has several
advantages for some antenna applications, such as a dipole over a ground plane, for which
the overall thickness of the antenna can be reduced [SIEVO08]. Artificial impedance
surfaces can also be used to reduce surface waves, to design antennas based on holographic
principles or as a reflectarray.

As for the PSS/PASS, the unit cell size of the artificial impedance surface is

subwavelength in size, however the artificial impedance requires a very small unit cell size

86



with respect to a wavelength in order to operate efficiently (typically one tenth of a
wavelength [SIEV99]) whereas the unit cell size of the PSS/PASS can work efficiently for
any size (as long as it is less than half a free-space wavelength, in order to avoid grating
lobes). Although the PSS/PASS and the artificial impedance surface could be similar at
first sight, they are actually quite different and must be differentiated. The major difference
between the artificial impedance surface and the PSS/PASS is that the artificial impedance
surface is a reflective surface, with a conductive layer on the back, whereas the PSS/PASS
is a transmissive surface. Furthermore, the reflection of the artificial impedance surface is
always unity (if no losses are present). In cases where the impedance surface varies with
position, the surface impedance is varied by changing the dimensions of the local
elements; however, this surface does not attempt to perform any amplitude transformation
since it is a reflective surface. Consequently, the capability of shifting the phase and
amplitude independently is one unique aspect of the PASS. The PASS allows for
controlling both the amplitude and phase, in transmission, whereas the artificial impedance

surface only permits phase control with total amplitude, in reflection.

3.7.4.4 PSS/PASS vs frequency selective surface (FSS)

A frequency selective surface or screen is a resonant structure that allows for
transmitting the wave energy over some specific frequencies while blocking it at others
[MUNKOO], [CWIKO08]. In that sense, it consists of a structure that is designed to control
the amplitude of an incoming wave, but as a function of frequency. The PASS/PSS is not
designed for frequency selectiveness but to apply a spatial amplitude and phase

transformation to an incident wavefront. It may act as a filter over frequency, as shown in
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Section 3.6, but this is incidental. Furthermore, the PSS/PASS is a non-resonant structure,
unlike the FSS.

Another point to mention is that the PSS/PASS is designed specifically for reactive
coupling between the different layers. This is not the case for frequency selective surfaces.
Generally, when multiple layers are cascaded, each layer is treated independently and the

interaction between layers is purposefully reduced [BIRBOS].

3.8 Conclusions

In this chapter, the PSS and PASS concepts were thoroughly described. The way
the structure was implemented was clearly demonstrated. Simulation data sets — to be used
in design of PSS or PASS devices — were provided. The behaviour of the PSS/PASS was
fully explained, backed by an equivalent circuit model. Finally, the uniqueness of the
concept was validated by comparison with other concepts that could be thought to be the
same.

In Chapters 4 to 6, the PSS concept will be applied to the design of phase-
correcting devices, including lenses. In Chapter 7, the PASS concept will be applied to the
design of a flat-topped beam antenna. All of these implementations show convincing
experimental results confirming that the PSS/PASS could be used for designing free-

standing structures to be used as viable alternative for many current applications.

88



CHAPTER 4 PSS Linear Binary Phase Grating

4.1 Introduction

The phase shifting surface (PSS) was initially developed to address the real-estate
and high-cost problems of free-standing phase-correcting devices such as lens antennas at
microwave, millimetre wave and sub-millimetre wave frequencies. The PSS concept is not
limited to antenna applications and can therefore be applied to other applications such as
phase holograms. As for lenses, an ideal phase hologram would be thin, flat, light and low-
cost.

Phase holograms make use of the phase-shifting surface (PSS) concept rather than
the phase and amplitude shifting surface (PASS) concept. In using the PSS approach, the
amplitude of the transmitted wave is maximised, so that one can use such a surface for
recording phase holograms without any amplitude constraint, as suggested in [BROW69].

This chapter presents the first application of the phase-shifting surface (PSS). It
consists of a linear binary phase grating. A grating is a periodic structure that can be
considered as a hologram and, consequently, for which the theory of holography can be
applied. In Section 4.2, the theory for linear gratings is presented. Section 4.3 presents the
generation of linear gratings. Section 4.4 shows the reconstruction of the desired waves.
The design of linear gratings is presented in Section 4.5, while the characterisation is done

in Section 4.6. The chapter is concluded in Section 4.7.
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4.2 Theory of Linear Gratings

A grating is a structure that is used to split an incoming beam into several outgoing
beams traveling in different directions. The number of beams and their direction of
propagation depend on the grating period. From a holographic viewpoint, a linear grating
is generated from the interference between two plane waves. In this section, the recording
of a hologram and the reconstruction of the desired wavefront is presented in detail for
such a case. In particular, it is shown that reconstructed wavefront Uc is almost always not
equal to the desired wavefront Up, but necessarily contains a term proportional to it. The
basic theory of holography, which is provided in Appendix A, is applied to the case of two
plane waves interacting with each other. As done in Appendix A, any unimportant constant

for the current problem is neglected [GOOD71].

4.2.1 Recording phase

In the simplest application of holography, the desired wavefront is a plane wave.
The same carterian space as in Appendix A is assumed here, i.e. the hologram or recording
medium is located in the xy-plane so that the hologram or recording medium is normal to
the z-axis. It is assumed here that the direction of propagation of the desired plane wave is
in the xz-plane, propagating at an output angle ® with respect to the z-axis, normal to the
hologram plane, as shown in Figure 4.2-1. Thus the field distribution at the plane of the
hologram or recording medium resulting from the desired wavefront is given by Up, which

is defined as follows:

sin®

U, (X, y) = exp[- jk(sin®)x]= exp{— j272'( }x} —exp[- j2rax]  (4.2-1)
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Note that, because the wave is propagating in the xz-plane, its field distribution Up has no
dependency along the y-axis. Still, the Up(x,y) syntax is kept in order to keep in mind that
the present problem takes place in a three-dimensional environment (with two-dimensional
grating), such that a dependency along the x- and y-axis is possible (the actual case simply
being a special case). The same was done in [GOOD71].

At this point, it is important to note that, unlike what is shown in Figure A.2-1, the
output angle @ is in the xz-plane because the wave is propagating in this plane. The reader
should refer to Figure 4.2-1 showing a top view (xz-plane view) with properly defined
output angle ®. In (4.2-1), the other variables are k, the wave number, and «, the spatial
frequency.

The spatial frequency is related to the grating period A according to
a=— (4.2-2)
The variables ®, A (and a) and the wavelength A are related according to
Figure 4.2-1 and
. A
sin®d=—=al (4.2-3)
A
In the current case, the reference wavefront is taken as a plane wave propagating along a

direction normal to the plane of the hologram, which corresponds to a propagating angle

equal to zero and thus leads to
U (X, Y)|,_, =exp[- jk(sin 0)x]=exp[0]=1 (4.2-4)
In application, however, illumination with an oblique incidence wave generates normal

plane wave and vice versa.
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Figure 4.2-1: Plane wave incidence on a hologram plane, showing the relationship

between @, 1 and A.

From (4.2-1) and (4.2-4), the variables in (A.2-1) and (A.2-2) defined in Section A.2 are

found to be
a=1
#(X,y) =k(SINnD)x = 27ax
A=1
y(xy)=0
Inserting (4.2-1) and (4.2-4) in (A.2-6) gives

1(X,y) =2+ 2cos(-27ax)
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Note that (4.2-5a) and (4.2-5c) are chosen as unity for simplicity. Normalisation of (4.2-6)

leads to the amplitude transmittance T of the hologram, such that:
T(x,y) = %[1+ cos(— 27zax )] (4.2-7)

The transmittance T defines the pattern of the hologram.

Holograms generated from (4.2-7) are generally named analog holograms since the
transmittance is a smoothly varying function of position over the hologram surface. Such
holograms can generally be easily generated at optical wavelengths using photographic
films. They cannot be realised easily at microwave frequencies because of the absence of
practical recording materials. However, the PSS concept introduced in Chapter 3 allows for
generating a type of hologram very close to an analog hologram. Nevertheless, at these
frequency bands, and even for computer-generated holograms at optical wavelengths,
holograms take on what is commonly known as a binary form and, for this reason, are
called binary holograms. It will be shown in Section 4.3.2 that an analog hologram is not
necessarily more efficient (and in some cases may be less efficient) than a binary
hologram.

Binary holograms can be either amplitude holograms or phase holograms. Both

cases are generated from a redefined equation given in [HIRV97] as:

(4.2-8)

T _Joif 0<T(x,y)<b
o (% Y) = 1if b<T(x y) <1

where Tg is the binary transmittance and b is the threshold. In [HIRV97], more complex
transmittance T and binary transmittance Tg equations are presented, taking into account a
weighting function. If this weighting function is uniform, equations in [HIRV97] become

identical to (4.2-8) for b = 0.5.
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For an amplitude hologram, the null transmittance Tg(x,y) = 0 is created by metallic
strips and the total transmittance Tg(x,y) = 1 through the absence of metallic strips (i.e.
transmission through air or the thin substrate layer used to support the hologram
[HIRVIT7]). This can be achieved using conventional photolithographic (wet chemical)
etching, which is a mature and low-cost technology.

It is also possible to use (4.2-8) to generate a binary phase hologram. In this case,
two different phase regions are used rather than two different amplitude regions. The phase
regions are associated to the 0 and 1 values of (4.2-8). The phase shift is usually introduced
by changing the thickness of a dielectric material. This process generally implies
machining, which is more costly than conventional photolithographic (wet chemical)
etching and results in a bulkier structure at microwave, millimetre wave and sub-millimetre
wave. For this reason, amplitude holograms are generally preferred in these bands.
However, by using the PSS concept, it is possible to generate a phase hologram using
conventional photolithographic (wet chemical) etching process resulting in a thin, light and
compact multilayer structure with high transmission amplitude.

It is interesting to mention that a mask similar to an amplitude hologram can be
used at optical wavelengths to etch off part of a dielectric recording medium and
consequently produce a phase hologram [LEE79]. This is currently not a practical
fabrication procedure for holograms which operate at the frequencies of interest in this

thesis.
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4.2.2 Reconstruction phase
The desired wavefront can be reconstructed by illuminating the hologram (defined
by T or Tg, or similarly by I since T oc | ) with the reference wave Ug, but since Ug is unity
in this case (because a normal incidence plane wave is assumed):
Uc (%, y) < T(X,Y) (4.2-9)

Inserting (4.2-7) in (4.2-9):
1 1 . 1 .
Uc(x,y):E+Zexp[—127mx]+zexp[127zax] (4.2-10)

which can be separated in three components, as follows:

Ue (%) = 2Us(x,) +3U4 (%) +3U.(.9) (4.2-11)
where:
U,(x y) =1 (4.2-12a)
U, (x,y) = exp[- j27ax] (4.2-12b)
U, (x,y) = exp[j2zex] (4.2-12c)

The subscript in (4.2-11) and (4.2-12) will become evident in Section 4.3.

From (4.2-12), it is seen that [GOOD71]:

e The term Uy is related to the reference wave Ug and its corresponding wavefront

propagates in the same direction, i.e. normal to the hologram plane.

e The term U_; is related to the desired wave Up, its corresponding wavefront is a
duplicate of the desired wavefront used to generate the hologram, as seen in (4.2-1),

and it propagates at an angle ®.

e The term Uy is similar to the term U_; and its corresponding wavefront propagates

at an angle —®.
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Mathematically, a perfect reconstruction of the wavefront would be obtained if only the
desired term U.; could be obtained in (4.2-11). Practically, a perfect reconstruction is
possible if the propagating angles of the different wavefronts are highly different from
each other. If the output angle @ is zero, all the terms will propagate along this direction
and the term U_; cannot be recovered. Similarly, if the angle @ is small, Uy, U.; and U;
cannot be separated. On the other hand, if the output angle @ is different (and far enough)
from zero, all the wavefronts propagate in different directions. The wavefront associated
with the component U.; is then the only component propagating in the desired direction @,
and can be easily recovered.

The existence of the term U; is very interesting and could have been easily
predicted. To demonstrate this, consider the case of a binary amplitude hologram. Since
the hologram grating generated by the interference of two plane waves is composed of
periodic dark (metallic) and clear strips, and because the reference plane wave is normal to
the hologram, it is clear that, for a grating made to obtain propagation at an angle @, there
will also be a beam of equal weighting propagating at an angle -® since the grating cannot
determine which angle (® or -®) it was designed for. In other words, (4.2-10) would have

been the same if the hologram were generated for a propagation angle -®.

4.2.3 Phase grating vs amplitude grating

An amplitude hologram is characterised by a constant phase and variable
amplitude. As stated in Section 4.2.2, in its binary version, which was found [BROW69] to
be more efficient than its continuous or grey counterpart, the transmission is either unity or

null; the unity transmission assumes clear material and the null transmission is created by
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blocking the incoming wave using obstacles. This can be achieved using conventional
photolithographic (wet chemical) etching process, where the unity transmission
corresponds to the regions where there is no metal and the null transmission corresponds to
the region where the metal is present. Since the photolithographic (wet chemical) etching
process is a mature and low-cost technology, amplitude holograms are very attractive,
especially at microwave, millimetre wave and sub-millimetre wave frequencies. However,
even though binary amplitude holograms are more efficient than continuous amplitude
holograms, binary amplitude holograms realised in this way suffer from poor diffraction
efficiency (i.e. the amount of power in the desired diffracted beam divided by the total
power) of no more than 10% [BROWSG9]. Nevertheless, microwave holograms are
traditionally of the amplitude type ([11ZU75], [KOCK®68], [LEVI101]).

A phase hologram is characterised by a constant unity amplitude and a variable
phase [BROWG69]. The phase is usually introduced by changing the thickness of a
dielectric material. This process generally implies machining, which is more costly than
conventional etching and results in a bulkier structure at microwave, millimetre wave and
sub-millimetre wave. Other techniques were developed to record the phase while trying to
reduce the thickness and fabrication cost ([BROW66], [TRIC70]), but they also suffer
from major drawbacks, including complexity and size. For these reasons, amplitude

holograms are generally preferred in these bands.

4.3 Generation of Linear Grating

In this section, a linear hologram grating is generated using different techniques to

obtain an output beam propagating at ® = 45°. As stated previously, a normal-incidence
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plane wave is considered for the reference beam. Figure 4.3-1 presents the setup used by
the linear grating. From (4.2-3), the resulting spatial frequency is « :1/(\/5/1). Inserting
this value of « into the transmittance equation (4.2-7) will lead to the grating shown in
Figure 4.3-2. The binary hologram would be generated from (4.2-8), as shown in
Figure 4.3-3 for a threshold b = 0.5. According to (4.2-2), this leads to a period of
A=+21=1424. Consequently, since the threshold is b = 0.5, the dark and clear strips

both have width of 0.7 4.

4.3.1 Phase grating

A parallel between the previous results in Section 4.2.2 and [LEE79] can be made
for the case of a phase grating. In [LEE79], the diffraction efficiency of multiple beam
gratings is discussed for the case of binary phase gratings. The phase profile of the grating

is presented as a Fourier series [LEE79]:

Undiffracted beam

Desired beanw/lirror beam

Hologram grating ‘T’
@ E .IIA
Reference beam gL —

Figure 4.3-1: Linear grating with normally-incident reference beam and desired
beam propagating at angle ®@; binary version shown, with grey used for clear regions
are black used for dark regions in the amplitude grating; grey used for —-180° and
black used for 0° for the phase gratings. Details of the PSS phase grating reported in
Table 4.5-1.
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Figure 4.3-2: The linear grating generated by the interference between two plane
waves, with an output angle ® = 45°,

f=3 Wexp[janx/A] (4.3-1)

m=—o0

where m corresponds to the diffracted beam order and gA is the width of the grating
regions introducing a phase of -6. The medium intrinsic phase is +6, thus the total phase
shift is 26. In [LEE79], it is also mentioned that, for M phase shift transitions within the
period of a phase grating, there will be M + 1 diffracted orders. For cases where M > 3, the
gratings are modulated. Otherwise, there are only two transitions (M = 2), resulting in three
diffracted orders. Note that, for simplicity, the summation in (4.3-1) can be reduced for the

range of m values based on M.
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Figure 4.3-3: The binary version of the grating in Figure 4.5-2, using b = 0.5.

The three orders present in the phase grating proposed in this section are
m = -1, 0, 1, where m = 0 is the undiffracted beam, and m = £1 are the first-order diffracted
beams. The subscripts in (4.2-11) and (4.2-12) were chosen to correspond to m, so that the
Un’s are shown there. The result in (4.2-12) is in agreement with [LEE79]. If an amplitude
analog transmittance function is used, the power in each beam will be as expressed by
(4.2-10), subject to the assumptions in (4.2-5a) and (4.2-5c¢). This will be shown in
Section 4.4.

In [LEE79], equations for calculating the amplitude of the beams are also presented
for binary phase gratings. For the case of the undiffracted and first-order beams, the

amplitudes are:
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a, = (29 -1)sin@ + jcosd (4.3-2a)

a,=a,=2 Sin7(Z’zq)sin 0 (4.3-2b)
where +6 corresponds to the phases to be introduced, as mentioned previously. The value
of q is related to that of b; for two transitions in a grating period, g = 0.5 if b = 0.5 in
(4.2-8). From (4.3-2), the amplitude in the undiffracted beam can be made null if g = 0.5
and 8= 90°; this would also maximise the amplitude in the first-order beams since it will
make a; and a_; equal to 2/ or 0.6366.

If multiple beams are desired, it is possible to adjust both q and & in an attempt to

equate the amplitudes in the beams [LEE79].

4.3.2 Amplitude grating

Binary holograms, if properly constructed, can achieve better diffraction
efficiencies than analog holograms. From (4.2-11), analog holograms have an undesired
undiffracted beam of amplitude greater than the desired diffracted beam, which is not the
case, say, for binary phase holograms with q = 0.5 and &= 90° since the undiffracted beam
component becomes null.

The comparative study between an analog hologram and different threshold levels
for binary amplitude holograms has recently been addressed by [PETOO08] for the case of
an elementary hologram where similar conclusions were drawn. Moreover, [PETO08]
showed that using a digitizing rule based on the argument of U, (x,y)+U;(X,Y)
presented in (A.2-3) of Appendix A would lead to better results than using any threshold b

presented in (4.2-8). According to [PETOO08], the best cases for a threshold are obtained
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for b = 0.5. The proposed digitizing rule in [PETOO08] leads to a Fresnel zone plate
configuration.
Based on the material presented earlier in Section 4.3, the following gratings are

generated:

e Analog grating with a transmittance as shown in Figure 4.3-2.

e Binary phase grating having g = 0.5 and 8 = 90°, which would correspond to the
grating in Figure 4.3-3 having the white (clear) regions with a phase shift of, say,

0° and the dark regions with a phase shift of 180°.

e Binary amplitude grating having q = 0.5 and @ = 90°, which would correspond to
the grating in Figure 4.3-3 having the clear regions with a perfect transmittance and

the dark regions with no transmittance (i.e. metallised).

4.4 Desired Wave Reconstruction

The desired wave reconstruction is first studied using a mathematical analysis
implemented in MATLAB [MATLO3]. The number of periods used is 50. For the three
gratings described in Section 4.3, the amplitude of the field Uc is obtained in the far field.
To do so, the technique described in [BAGG93] is used. The results are presented in
Figure 4.4-1. These results are normalised to the case of a plane wave occupying the same
number of periods, i.e. the same size. Table 4.4-1 presents the beam amplitude results for

the three gratings analysed.
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Figure 4.4-1: The field amplitude in the far-field of the hologram generated by the
interference between two plane waves with 50 periods and ® = 45°; — Analog
grating; — Phase grating; Amplitude grating.

The analog hologram, which results from directly applying (4.2-7), offers the worst
performance of the three cases studied. This could be explained by the fact that such a
hologram has significant contributions from components that will not add constructively in
the far-field. Note that the beam amplitudes are almost as predicted by (4.2-11), i.e. ¥4, %,
Y4 for a1, ap, a1, respectively. Despite the fact that it blocks half of the incoming field, the
amplitude hologram produces a similar undiffracted beam level as the analog hologram but
slightly improved first-order diffracted beams levels. Finally, the phase hologram performs
much better than the two other holograms, with amplitude levels about two times higher
compared to the two other cases for the first-order diffracted beams and no power in the

undiffracted beam. This result is no surprise and could have been determined from the

equations in [LEE79], but is confirmed here.
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Table 4.4-1: Amplitude of the beams.

a1 dp di
Analog grating 0.21 0.51 0.21
Binary phase grating 0.51 0 0.51
Binary amplitude grating 0.26 0.5 0.26

4.5 Design of Linear Gratings

Three binary gratings are fabricated and measured at 30 GHz: an amplitude grating,
a dielectric phase grating and a PSS phase grating. Since Section 4.4 revealed that analog
gratings are less efficient than binary gratings, it was decided not to design an analog
grating. The fabricated gratings are shown in Figures 4.5-1 to 4.5-3. The amplitude grating
was easily etched on low-cost FR4 where opaque regions were used for the null
transmission and clear regions were used for the total transmission. The FR4 substrate is
only used to support the metal strips, and full-wave electromagnetic simulations using
[EMPI107] revealed that the FR4 had only a marginal effect on the results. The dielectric
phase grating was machined from a block of Plexiglas. It is composed of different
thicknesses for the different regions such that a 180° phase difference is obtained between
the two regions. The PSS phase grating was designed based on the PSS concept introduced
in Chapter 2. The 3-layer symmetrical configuration of Section 3.4.3 was used. As for the
dielectric phase grating, the PSS phase grating consists of phase shift regions out-of-phase
by 180°. The PSS grating realises the 180° phase shift by using two high-transmission
cases from Figure 3.4-4. Along the width (x-axis), the grating geometry is constant within

each 180° phase shift region. In each 0° phase shift region, the conductors are simply
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Figure 4.5-1: Photographs of the linear amplitude grating fabricated on 28 mil FR4
with 9 periods.
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Figure 4.5-2: Photographs of the linear dielectric phase grating machined in Plexiglas
with 9 periods.
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Figure 4.5-3: Photographs of the linear PSS phase grating fabricated on Rogers 5888
with 9 periods.
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omitted (a; = 0 mm and a, = 0 mm); in each 180° region, a; = 2.55 mm and
a; = 2.85 mm. Table 4.5-1 provides more details on the design values of the PSS phase
grating.

Due to material thickness availability and the need for a bonding film, the total
thickness was not exactly 1 mm and the middle metal layer was not perfectly located in the
centre, as described in Chapter 3. Furthermore, the conductive layers are not made of
perfect conductor and are not infinitesimally thin, and the dielectric material has losses
associated to it, although these losses are low. The final phase grating composition is as
follows:

e 0.017 mm copper layer (front layer).
e 0.508 mm low loss dielectric material with & = 2.2.
e 0.017 mm copper layer (middle layer).
e 0.1016 mm low loss bonding film with & = 2.7.
e 0.381 mm low loss dielectric material with & = 2.2.
e 0.017 mm copper layer (back layer).
This gives a total thickness of about 1.04 mm, which is close to the 1 mm used in the

simulations.

Table 4.5-1: Design values of the PSS phase grating at 30 GHz.

Region Ideal Ideal Simulated Simulated a a,
Transmitted Transmitted Transmitted Transmitted (mm) | (mm)
Phase (°) | Amplitude (dB) | Phase (°) | Amplitude (dB)

B | 0 0 0 ~0.437 0 0

-180 0 -178.2 —-0.073 2.55 | 2.85
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4.6 Characterisation of Linear Gratings

The gratings are measured in a free-space quasi-optical measurement system
described in [GAGNO3]. The free-space quasi-optical measurement system is initially
calibrated using the procedure summarised in [GAGNO3],[GAGNO05] and detailed in
[GAGNO2]. Photographs of the setup are presented in Figure 4.6-1, showing the amplitude
linear grating under test. The system was calibrated with the two phase-corrected feed-
horns facing each other, as shown in Figure 4.6-1(a) (albeit with the grating removed). The
phase-corrected feed-horns collimate the beam to a size significantly smaller than the
grating and ensure that quasi-plane waves are present at the input and output of the grating.
The small-size beam allows one to neglect the diffraction at the edge of the grating. After
the system is calibrated, the output phase-corrected feed horn, used as a sensor, was moved
along the azimuth plane (xz-plane) at different receiving angles in order to collect data
while the input phase-corrected feed horn was used for illuminating the grating with a
normal incidence, acting as a plane wave reference beam. This is shown in Figure 4.6-1(b).

The transmission coefficient measurement results for the three linear gratings are
shown in Figure 4.6-2. The 0 dB level corresponds to total transmission obtained without
any device inserted and the two phase-corrected feed-horns of the quasi-optical
measurement system facing each other (0° normal incidence), as obtained from calibration.
For clarity, only the beams resulting from the n = -1 and n = 0 spatial harmonics are shown
in Fig. 4.6-2; the negative angles, and consequently the n = +1 spatial harmonic, have been
omitted. Measurements were performed at every degree for positive angles up to 60°,

which is the limit set by the measurement system and cable length.
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Figure 4.6-1: Photographs of the free-space quasi-optical measurement system used
to characterised the linear gratings; (a) normal incidence state, also used for
calibrating the system, (b) arbitrary incidence state.
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From Figure 4.6-2, it is seen that the amplitude grating had much poorer

performance compared to the phase gratings: the transmitted power in the n = -1 spatial

harmonic is lower by 3.7 dB compared to the undesired n = 0 spatial harmonic (which is

the undiffracted beam). Also from Figure 4.6-2, it can be seen that the thin PSS phase

grating has a better performance than the dielectric phase grating. This is attributed to the

fact that the PSS phase grating has a higher transmission through its surface and lower

reflection since the phase-shifting cases selected for the design were specifically chosen to

reduce the mismatch at the air-PSS interface. The dielectric phase grating was not

optimised to minimise reflection in this case; however even if this would have been done

there is no guarantee that the mismatch would have been reduced as much as for the case

Normalized Amplitude of Transmitted Power (dB)

10

20 30 40 50 60
Angle (degrees)

Figure 4.6-2: Normalized amplitude of transmitted power as a function of angle for
three phase gratings obtained from measurements in a free-space quasi-optical
measurement system at 30 GHz; + Thin PSS phase grating, O Dielectric phase

grating, x Amplitude grating.
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of the PSS phase grating since uniform dielectric does not allow independent control of the
amplitude and phase as does the PSS.

Table 4.6-2 shows the maximum level of transmission coefficient measured in each
of the beams. Table 4.6-3 shows the fraction of power for each beam based on the results
from Fig. 4.6-2 and Table 4.6-2. The diffracted beam column shows the fraction of power
in the beams resulting from both the n = -1 and n = +1 spatial harmonics. The results are
quite impressive for the thin PSS phase grating, showing that 78% of the incident beam is
actually being transmitted in the two desired diffracted beams corresponding to the n = -1
and n = +1 spatial harmonics. This value, corresponding to the diffraction ratio for the
desired beams, is within 4% of the idealised theoretical value, that is within 2% if we

consider each individual beam separately.

4.7 Conclusions

This chapter presented the first proof of concept of the PSS. The concept consisted
in a simple binary phase grating, and proved to be conclusive. The experimental results
showed that the PSS phase grating has a higher diffraction efficiency than a traditional

phase grating at Ka band, with results close to the theoretical values. The results obtained

Table 4.6-2: Transmission coefficient for each beam at 30 GHz.

Gratings Diffracted Beams Undiffracted Beam
(n=41) (n=0)

Thin PSS Phase Grating -4.1dB -12.1 dB

Dielectric Phase Grating -5.1dB -10.0dB

Amplitude Grating -11.4 dB -7.7dB
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Table 4.6-3: Fraction of power in each beam at 30 GHz.

Phase Gratin Diffracted Undiffracted Reflected and/or
g Beams (n = £1) Beam (n = 0) Higher-Order Beams

Thin PSS_ Phase 8% 6% 16%
Grating

D|electr|_c Phase 6206 10% 28%
Grating

Amplitude 14% 17% 69%
Grating

Idealized Theoretical
0, 0 0,
Analysis [LEE79] 82% 0% 18%

in this chapter clearly show that the binary phase grating designed using the PSS is indeed
a phase shifting surface in the sense that it behaves as a phase grating rather than as an

amplitude grating.
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CHAPTER 5 PSS Cylindrical Lens Antenna

5.1 Introduction

This chapter presents the second application of the phase shifting surface (PSS),
namely to implement a 90° phase correcting cylindrical Fresnel zone plate antenna.
Cylindrical lens antennas are briefly addressed in Section 5.2. A traditional 90° phase
correcting cylindrical Fresnel zone plate antenna is described in Section 5.3, followed by
the PSS version of the type of same lens in Sections 5.4 and 5.5. Section 5.6 concludes the

chapter.

5.2 Cylindrical Lens Antennas

Unlike the traditional full lenses, traditional cylindrical lenses are a type of lens that
is used to collimate the beam in one plane only, rather than performing a full three-
dimensional collimating of the beam. As a result, the cross-sectional shape of the lens is
cylindrical. Consequently, any type of lens, like the one stated in Appendix B, can be of
the cylindrical type. This is done by keeping the geometry unchanged along one axis and

modifying the lens along the other, according to the prescribed equation (see Appendix B).

5.3 Cylindrical Phase-Correcting Fresnel Zone Plate Antenna

A cylindrical dielectric 90° phase-correcting Fresnel zone plate antenna (PC-FZPA)
has been previously designed using (B.3-4) and (B.3-6) and built from a material with
relative permittivity of & = 3 using a machining technique [KADRO5]. The operating

frequency is 30 GHz. The lens has a focal length F of 76.2 mm and a size D of 152.4 mm
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for an F/D ratio of 0.5. Since the structure has a phase correction of 90°, P = 4. From (B.3-
4), this results in a step thickness s of 3.42 mm. Using (B.3-5), the thickness of the
dielectric PC-FZPA is 10.26 mm. A backing section of thickness equal to 4.74 mm is used,
resulting in a total lens thickness of 15 mm. Figure 5.3-1 shows the physical dimensions of
the dielectric PC-FZPA, where the zones were calculated from (B.3-6). Figure 5.3-2 shows
a photograph of the dielectric PC-FZPA. Measurement results for this lens antenna will be

reported in Section 5.6.

5.4 Generation and Design of PSS Cylindrical 90 Degree PC-FZPA

A cylindrical 90° PC-FZPA based on the symmetrical three independent layer strip
PSS of Section 3.4.3 is designed in this section. The zones are made identical to the ones
from the traditional dielectric grooved PC-FZPA, i.e. obtained from (B.3-6) and shown on
the left side of Figure 5.3-1 (the right side shows the profile, which is not relevant here).
Figure 5.4-1 presents the cylindrical PSS PC-FZPA setup. The details of each phase-shift
zone are provided in Table 5.4-1. The frequency of operation is 30 GHz. Figure 5.4-2
provides photographs of the cylindrical PSS PC-FZPA. Note that the electric field is
vertically polarised in Figure 5.4-2. The lens collimated the beam in the H-plane only. As
mentioned in Chapter 3, the PSS structure based on strips, like the one used here, is
polarisation dependent. Consequently, this lens is only designed to operate in one
polarisation and, unlike traditional dielectric lenses, it will not work properly if rotated by
90° in an attempt to collimate the beam in the E-plane. A different design would be

required for such a case.
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Figure 5.3-1: Front and side view of a cylindrical dielectric 90° phase-correcting
Fresnel zone plate antenna. Reprinted with permission from [KADRO05]. © 2005
IEEE.
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Figure 5.3-2: Photograph of the cylindrical dielectric 90° phase-correcting Fresnel
zone plate antenna (PC-FZPA) reported in [KADRO5].

In Figure 5.4-2, it is seen that the unit cell of height s is repeated vertically (i.e.
along the E-plane) in each zone. In Figure 5.4-2(b), the unit cell height s is identified for
better understanding and the zones are shown by white vertical dashed lines. The phase
shift introduced in each zone is shown at the bottom of the figure by the color code used in
Table 5.4-1. Furthermore, since the cell height is less than half a free-space wavelength,
the structure respects the rule given in (3.3-1) on periodic structure theory. Therefore, there
will not be any undesired beam diffraction occurring within a single zone. Along the
H-plane (horizontally), the unit cell is constant in each zone, but varies from one zone to

another. It is along this axis that the phase correction is achieved.
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Figure 5.4-1: Cylindrical lens antenna design; the details of different zones are
provided in Table 5.4-1 for the cylindrical PSS PC-FZPA case.

Table 5.4-1: Design values for the cylindrical PSS PC-FZPA.

Zone Ideal Ideal Simulated Simulated a1 a

Transmitted | Transmitted | Transmitted | Transmitted | (mm) | (mm)
Phase (°) Amplitude Phase (°) Amplitude
(dB) (dB)
B 0 0 0 -0.437 0 0

o -90 0 -89.3 0 2.32 | 2.00
-180 0 -175.6 -0.049 254 | 2.85

-270 0 -264.8 -0.098 2.83 | 2.83

5.5 Measurement of Cylindrical 90 Degree PC-FZPAs

The far-field radiation patterns of the cylindrical dielectric PC-FZPA and the

cylindrical PSS PC-FZPA were measured in a far-field anechoic chamber. The two
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Figure 5.4-2: Photographs of the cylindrical PSS PC-FZPA; (a) showing ruler and

electric field orientation, (b) showing unit cell height and zones (see details in
Table 5.4-1).
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PC-FZPAs have precisely the same size of 152.4 mm by 152.4 mm. This allows a
comparison between the two structures. A feed horn with 14.4 dBi of gain is used to feed
the two cylindrical PC-FZPAs, resulting in an edge taper of 14 dB. The feed horn is
initially placed at a location close to the focal point, then adjusted to lead to the maximum
boresight realised gain. This procedure is repeated for both PC-FZPAs.

Although the cylindrical PSS PC-FZPA was designed for operation at 30 GHz, the
best results are obtained at slightly lower frequencies, mainly in the frequency range from
29 GHz to 29.5 GHz. Figure 5.5-1 presents the measured H-plane co-polarisation far-field
radiation patterns at the frequency of 29.5 GHz. Recall that the H-plane is the plane in
which the beam is collimated by the lens. Figure 5.5-1 clearly shows that both the

dielectric PC-FZPA and PSS PC-FZPA produce beam collimation since the gain of these

30 T . . . .

—_ [\
< <

o=

Realised Gain (dB1)

-10

Angle (Degrees)

Figure 5.5-1: Measured H-plane co-polarisation far-field radiation patterns of the
cylindrical PC-FZPAs and feed horn at 29.5 GHz; — PSS PC-FZPA, — Dielectric
PC-FZPA, Feed horn.
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two antennas is about 6 dB higher than the feed horn alone (also shown in Figure 5.5-1).
Furthermore, the boresight realised gain is almost identical. The only difference is that the
main beam is slightly wider, and the sidelobe levels lower, for the PSS PC-FZPA.
Figure 5.5-1 also reveals a minor pattern asymmetry. This may be caused by a slight off-
axis displacement of the feed horn with respect to the lens in the plane perpendicular to the
direction of propagation (the z-axis). The cross-polarisation levels are below the —20 dBi
level for all cases over the angular range shown, consequently they do not appear in
Figure 5.5-1.

Figure 5.5-2 presents the measured boresight realised gain as a function of
frequency. Recall that the realised gain takes into account the impedance mismatch at the

input of the antenna. From 28.6 GHz to 29.7 GHz, the gain performance of the PSS

25 T T T
@20 .
k=
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;«3’ 15f o et et
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%8 29 30 31 32

Frequency (GHz)

Figure 5.5-2: Measured boresight gain of the cylindrical PC-FZPAs and feed horn;
— PSS PC-FZPA, — Dielectric PC-FZPA, Feed horn.
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PC-FZPA is higher than that of the dielectric PC-FZPA. However, from about 30 GHz, the
PSS PC-FZPA suffers from severe boresight gain degradation caused by the bandwidth
limitation of the PSS (as discussed in Section 3.7.1). As expected, the dielectric PC-FZPA
has a wider gain bandwidth. Nevertheless, the gain bandwidth of the PSS PC-FZPA is at

least 5%, which is still more than acceptable for many different types of application.

5.6 Conclusions

The cylindrical PSS PC-FZPA offers equal or better performance compared to the
cylindrical dielectric PC-FZPA over a 1.1 GHz bandwidth at Ka band, which is beyond the
requirements for many different applications in this frequency band. Moreover, there is a
significant cost, weight and thickness reduction in the case of the PSS PC-FZPA compared
to other phase-correcting lenses, such as a dielectric PC-FZPA. Therefore, it is believed
that there is a niche for the use of a thin PSS realization of a lens antenna.

Finally, the work presented in this chapter has been previously reported in a

transactions paper ([GAGN10b]).
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CHAPTER 6 PSS Lens Antennas

6.1 Introduction

This chapter presents the third application of the phase shifting surface (PSS),
which consists of different types of lens antennas, mostly phase-correcting Fresnel zone
plate antennas and Fresnel lenses based on the PSS concept. Some generalities are
presented in Section 6.2. In Section 6.3, prototypes of some of the traditional lens antennas
introduced in Section 2.3 are presented. Section 6.4 describes some theory to be used for
designing flat lenses. Section 6.5 describes how the theory developed in Section 6.4 and
the PSS concept described in Chapter 3 are applied to the design of full lenses. This
approach leads to thin flat profile lenses and allows for maximising the transmission
amplitude for gain enhancement. In Sections 6.6, 6.7 and 6.8, different implementations of
PSS phase-correcting Fresnel zone plate antennas (PC-FZPA) are reported. The discussion

is presented in Section 6.9 and the Chapter is concluded in Section 6.10.

6.2 Generalities

All of the lenses presented in this chapter have a focal length F of 76.2 mm and a
diameter D of 152.4 mm, which result in an F/D ratio of 0.5. The design frequency is
30 GHz. The pyramidal horn shown in Figure 6.2-1 is used as the antenna feed in all cases.
The radiation patterns of the pyramidal feed horn are presented in Figure 6.2-2, showing a
gain of approximately 11 dBi. When trying to measure the cross-polar pattern, the resultant

shape as shown in Figure 6.2-2 was not what one expects from a horn antenna, and is thus
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Figure 6.2-1: Photograph of pyramidal horn used as the feed antenna for the lenses
presented in this chapter.

considered to be noise. The actual cross-polar levels are below this. For an F/D = 0.5, this
feed horn has a resulting edge taper close to 10 dB, which is close to the optimum trade off
between taper efficiency and spillover efficiency for maximizing the illumination
efficiency [GOLD97]. The reflection coefficient of the feed horn is presented in Figure
6.2-3. A good match is shown through the frequency band; in particular, the reflection
coefficient is below -15 dB at 30 GHz.

All antennas are measured in an anechoic chamber following the same procedure

and under the same conditions. The distance between the transmitting and receiving
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Figure 6.2-2: Measured far-field radiation patterns of the pyramidal feed horn at 30
GHz.
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Figure 6.2-3: Measured reflection coefficient of the pyramidal feed horn.
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antennas is 5 metres. The gain transfer method is used as the calibration procedure, using
Hughes 45821H-2020 standard gain horn as receiving antenna for calibration and
transmitting antenna. During calibration, the aperture of the standard gain horn on the
receiving side is located at the centre of the azimuth rotation axis. After calibration the
receiving standard gain horn is removed and replaced by the antenna under test, namely
one of the lens antennas. The transmitting antenna remains the same. The position of the
lens antenna under test is then adjusted so that its aperture is as close as possible to the
centre of the azimuth rotation axis.

For each of the lenses, the pyramidal horn was positioned close to the focal point
(see Figure 6.4-1) and its location then carefully adjusted to produce a maximum gain at
30 GHz for each case. The pyramidal feed horn of Figure 6.2-1 was mounted on the main
part of the measurement jig. Four Plexiglas posts were attached to the main jig to support a
flat piece of foam, on which the lensing device under test was fixed with adhesive tape.
Foam was used for its low relative permittivity close to unity, therefore mimicking a free-
space environment. Figure 6.2-4 shows a lens antenna under test (here a Fresnel zone plate
antenna or FZPA) in the far-field anechoic chamber. Note that the measured gain reported
in this thesis is the realised gain, which takes into account the effect of the return loss.

Some near-field measurements were also conducted on two PSS-based lens
antennas. The near fields were scanned at a distance of 10 cm from the physical aperture of
the lens. The reported results in Sections 6.6 and 6.8 are back-projected local fields at the
output surface of the physical aperture. The measurement scanning was performed on a
span of 58.4 cm x 58.4 cm. Not all antennas were measured in the near-field measurement

system due to time constraints and resource availability.
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Figure 6.2-4: Photograph of a lens antenna under test in the far-field anechoic
chamber (here an FZPA is shown).

6.3 Conventional Lens Antennas

In this section, three conventional lens antenna technologies are selected in order to
perform a comparative study of their experimental performance and physical
characteristics of each other as well as with thin flat PSS antennas introduced
subsequently. The three types of antenna are a dielectric plano-hyperbolic lens antenna
(DPHLA), a dielectric phase correcting Fresnel zone plate antenna (PC-FZPA) and a
Fresnel zone plate antenna (FZPA). These antennas were initially introduced in
Section 2.3. Theoretical information relative to these three types of antennas is presented in

Appendix B.
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The three following subsections present brief design guidelines for these three lens
antennas. The fourth subsection presents far-field measurement results for these

conventional antennas.

6.3.1 Dielectric plano-hyperbolic lens antenna (DPHLA)

The DPHLA shown in Figure 6.3-1 is designed using the well-known expression
for single-surface lenses given by (B.2-5) and found in the literature [GOLD97]. The
material used is Plexiglas, which has a relative permittivity & of 2.56. The profile of the
lens is given in Figure B.2-2. A backing section of thickness t, = 3.5 mm is added on the
flat size in order to maximise the gain at 30 GHz [GAGNO09], which leads to a total

thickness of 41.876 mm. The thickness of the backing section is optimised using a

Figure 6.3-1: Dielectric plano-hyperbolic lens antenna (DPHLA).
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commercial finite-difference time-domain electromagnetic simulation software package
[EMPI107]. Note that, in the optimisation process, no loss is assumed in the dielectric lens
and the antenna used to feed the lens is an open waveguide. In the current study, the feed
antenna is a small horn of the same waveguide type as the open waveguide, consequently

the thickness of the backing section may not be fully optimised in this case.

6.3.2 Dielectric phase-correcting Fresnel zone plate antenna (PC-FZPA)

The dielectric PC-FZPA shown in Figure 6.3-2 was previously reported in
[PETOO06]. In [PETOO06], different dielectric PC-FZPA designs are reported for different
relative permittivities. The thickness of the backing section was optimised the same way as

for the DPHLA. Only the best case from [PETOO06] is presented here for comparison

Figure 6.3-2: Dielectric phase-correcting Fresnel zone plate antenna (PC-FZPA).
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purposes. This case corresponds to a 90° phase correction, relative permittivity & of 5.8
and backing thickness to = 2.66 mm. The step height is calculated using (B.3-4) and leads
to s = 1.78 mm. Consequently, the total thickness is 8 mm. The rings’ radii are calculated

using (B.3-6). The cross-section and front views are presented in Figure 6.3-3.

6.3.3 Fresnel zone plate antenna (FZPA)

The FZPA shown in Figure 6.3-4 is designed according to Section B.4 of
Appendix B. The opaque zones are made of metal while the transparent zones are those
where the metal is etched off using a conventional photolithographic (wet chemical)
etching process. A very thin layer (t = 0.127 mm) of FR4 material with relative
permittivity & ~ 4.2 is used to support the metal pattern. Full-wave electromagnetic
simulations performed with [EMPI07] confirmed that the FR4 layer has a marginal effect
on the electromagnetic performance of the FZPA. Figure 6.3-5 presents cross-section and
front views of the FZPA. Table 6.3-1 presents the radii values of the FZPA, calculated

from (B.3-6) with P = 2.

6.3.4 Far-field measurement results

The far-field radiation patterns for these three conventional lensing devices are
presented in this section. Figure 6.3-6 presents the H-plane co-polarisation results while
Figure 6.3-7 presents the E-plane co-polarisation results. The boresight gain over
frequency is presented in Figure 6.3-8. Comments on the measured performance will be
given when comparing it to that of the lens antennas realised using PSS structures in

Section 6.9.
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Figure 6.3-3: Sketch of the PC-FZPA with F/D = 0.5; (a) Cross-section view, (b) Front
view. Reprinted with permission from [PETO06].
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Figure 6.3-4: Fresnel zone plate antenna (FZPA).

6.4 Phase Shifting Surface Flat Lens Theory

An expression for the required phase correction ¢ imparted by the phase-shifting
surface (PSS), at each point over its aperture, in order to achieve a lens antenna behaviour
IS next described. In order to maximise the far-field gain, the PSS must apply a different
phase correction at each point so that the phase is uniform everywhere over its output
surface. Using Figure 6.4-1, a principle similar to the one presented in Section B.2 can be
applied here. Using a ray-tracing type approach, one finds that the required condition,
similar to (B.2-2), can be expressed as

27 2
F_-o¢ =<"R-— 6.4-1
i Po 2 ¢ (6.4-1)
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(b)

Figure 6.3-5: Sketch of the FZPA with F/D = 0.5; (a) Cross-section view, (b) Front
view; see Table 5.2-1 for radii values.

Table 6.3-1: Radius values for the FZPA.

ri (mm)
28.05
40.30
50.11
58.72
66.60
73.97

OO WN|FP|=—

133



Realised Gain (dBi)

1 |
_—
W O h

3—%0 25 =20 -15 -10 -5 0 5 10 15 20 25 30
Angle (Degrees)

Figure 6.3-6: Measured H-plane co-polarisation far-field radiation patterns of the
conventional lensing antennas at 30 GHz.
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Figure 6.3-7: Measured E-plane co-polarisation far-field radiation patterns of the
conventional lensing antennas at 30 GHz.
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Figure 6.3-8: Measured boresight gain of the conventional lensing antennas.

from which the required phase correction ¢ at each point over the lens aperture can be
determined. In (6.4-1), Ao is the free-space wavelength, F is the focal length, and R is the
distance from the focal point to a point on the lens. The term ¢ is the required phase
correction in the middle of the lens, for normal incidence angle, and is assumed to be zero.
The fact that R and ¢ in (6.4-1) are functions of the radiation angle &, is best shown
explicitly:

2 2w
——F="=R(0)-4(0) (6.4-2)

0 0

Because the PSS lenses are flat, R is not the unknown, as it is the case in Section B.2 for a
shaped lens. Instead, the unknown here is the required phase correction ¢. The term R can

simply be found from trigonometry to be
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Focal point

Figure 6.4-1: Side view of a PSS lens antenna, this specific case showing a 3-layer

PSS.

F
R(8)=——
©) cosd

Inserting (6.4-3) in (6.4-2) gives

2 2r F
TSF =" g(0)
Ao A, cos@

Simplification of (6.4-4) yields

2r F 2r
HO)="~——~"=F
Ay COSO A,

that reduces to

27 1
¢@=%(554j

and hence

27F (1-cos@
#0) = A [ cos 6 j
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6.5 Phase Shifting Surface Flat Lens Implementation

Equation (6.4-7) is used to design the thin flat phase-shifting surface phase-
correcting Fresnel zone plate antennas (PSS PC-FZPAs). In order to realise the phase
distribution over the aperture, the lens aperture is divided into Ny x Ny rectangular cells of
dimensions Ax x Ay, as shown in Figure 6.5-1. This process leads to quantisation of the
aperture distribution and, unless Ax — 0 and 4y — 0 (which is usually not the case), this
process also leads to quantisation error. Each cell is assigned an index m and a position

(xm, Ym) corresponding to its centre, as shown in Figure 6.5-1. The position (Xm, Ym) also

3 (xm:}’m)

A H = o — = i -

i
"

L
e

X
D >
\ [
\ / TAy
\ /.
\, /.
\ 7
N Vs
\‘\ /'I
O O SO e O A I R 5 R
A 2 T O O O T O O T e~ B gt L T T T AL N T T
/ —{ |e—
Aperture Ax

Figure 6.5-1: Quantisation of the circular lens aperture in rectangular cells.
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corresponds to the location at which the required phase is sampled. An algorithm is used to
minimise the difference between the implemented phase correction (available from a
database such as that in Figures 3.4-4, 3.4-5, 3.4-10, 3.4-11 and 3.5-2) and the ideal
continuously varying phase correction at every position (Xm, Ym) on the lens aperture
surface for the different implementations of PSS PC-FZPA presented in Sections 6.6, 6.7
and 6.8. The algorithm is simply based on minimising the phase error by selecting the
phase correction from the available data set, which is specific for each PSS configuration.
The data sets are graphically represented in Sections 3.4 and 3.5, but in the implementation
a look-up table is used. The whole process is automated and implemented in MATLAB
[MATLO3]. The output consists of the physical dimensions referred to as a;’s in Chapter 3
for each element of index m. The physical parameters are then imported into a CAD tool
for generating files to be used for fabricating the masks used in the photolithographic (wet

chemical) etching process.

6.6 Polarisation-Sensitive 3-Layer PSS PC-FZPAs

The PSS transmission data for the polarisation-sensitive symmetrical three
independent layer case presented in Section 3.4.3 is used to design the PSS PC-FZPAs in
this section. Since the gain is maximised for the highest values of transmission coefficient,
only the combinations of local dimensions (ai;, a;) which give the highest transmission
amplitude for a required transmission phase are selected as potential candidates for the
realisation of PSS PC-FZPAs. These results are extracted from the cases presented in

Figure 3.4-5. A modified version of Figure 3.4-5 is presented in Figure 6.6-1, where only
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the selected cases needed for the three different PSS PC-FZPA realisations to be described
shortly are shown.

Three polarisation-sensitive 3-layer PSS PC-FZPAs are designed with 90°, 45° and
quasi-continuous phase correction schemes. The expression quasi-continuous is used to
denote the fact that the PSS allows for continuous phase compensation in the —305° to
0° phase range only, as explained in Section 3.4.3. From the data provided in Figure 6.6-1,
three different sets of phase shifts, corresponding to the three desired phase-correction

schemes, are generated.
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Figure 6.6-1: Highest transmission coefficient amplitude for three symmetrical
independent layers of strips for different values of normalised transmission
coefficient phase for & = 2.2, h =1 mm and s = 3 mm obtained from FDTD

simulations at 30 GHz. The data is used to realise PSS PC-FZPA with 90 degree
phase correction (), 45 degree phase correction (¢, m) and quasi-continuous phase
correction (—).
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The implementation is done according to the guidelines provided in Section 6.5.
This unit cell has a fixed height of s = 3 mm and consequently Ay, the subdivision
dimension along v, is equal to s, namely A4y = 3 mm. Along x the unit cell is made
continuous, as explained in Section 3.3. Consequently the dimension Ax can be chosen as
desired. In this case, the value is chosen to be 0.1 mm as a compromise for improving the
quantisation error and limiting the computer resources required for generating the layout.

Unlike the traditional grooved dielectric PC-FZPAs presented in Section B.3, the
thickness of the PSS PC-FZPA is independent of the phase correction implemented. In
fact, the thickness is constant and equal to the thickness of the PSS itself. Recall that
(6.4-7) is used in the implementation of PSS PC-FZPAs, which has no thickness
implications. Therefore, there is no physical disadvantage in increasing the number of
steps (what would correspond to increasing P in a dielectric PC-FZPA); increasing the
number of steps simply translates into increasing the number of cases in the database or set
of available steps, which results in smoother phase shift variation. Indeed, the fact that
three different PSS PC-FZPA realisations are investigated next, namely the 90°, 45° and
quasi-continuous cases, allows for examining the effect of the number of steps in a similar
manner as would be the case for looking at the effect of P in a dielectric PC-FZPA (in
which case 90° would correspond to P = 4, 45° would correspond to P = 8 and quasi-
continuous would correspond to P — oo or an implementation close to that of a Fresnel
lens, keeping in mind that only correcting phases from —305° to 0° can be implemented).

The 90° phase correction PSS PC-FZPA uses the phase values shown by diamonds

() in Figure 6.6-1; the 45° phase correction PSS PC-FZPA uses the phase values shown

by diamonds () and squares (m) in Figure 6.6-1; the quasi-continuous phase correction
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PSS PC-FZPA uses the continuous line of data in Figure 6.6-1, i.e. all the available cases
in the extracted database of highest amplitude.

Photographs of the three PSS PC-FZPA realisations are shown in Figure 6.6-2. As
the number of steps increases, i.e. as the phase correcting step decreases, the resulting
metallisation pattern varies in a smoother way (as opposed to a somewhat staircase
variation), which suggests a smoother, more continuous, phase-shifting behaviour.

Figures 6.6-3 and 6.6-4 respectively present the H-plane and E-plane co-
polarisation radiation patterns obtained from measurements at 30 GHz for the three
polarisation-sensitive 3-layer PSS PC-FZPAs. Figure 6.6-5 presents the measured
boresight gain over frequency for the same three lenses.

Figure 6.6-6 presents the back-projected measured near-fields at the output surface
of the aperture at the frequency of 30 GHz for the polarisation-sensitive 3-layer quasi-
continuous PSS PC-FZPA. The near-fields were measured using a planar near-field
scanner as described in Section 6.2.

The reflection coefficient of the polarisation-sensitive 3-layer quasi-continuous
PSS PC-FZPA is presented in Figure 6.6-7. It shows that a return loss of 10 dB or higher is
obtained over the frequency band; in particular, the return loss is 19.5 dB at 30 GHz and
reaches levels higher than 20 dB from 30.05 GHz to 30.3 GHz.

Experimental results are discussed in Section 6.9. The comparison is done for
results presented within this section, and also for results of the conventional lenses
presented in Section 6.3 and for results of other PSS PC-FZPA realisations presented in

Sections 6.7 and 6.8 that follow.
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Figure 6.6-2: Photographs of the polarisation-sensitive 3-layer PSS PC-FZPAs;
(a) 90 degree phase correction, (b) 45 degree phase correction.
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Figure 6.6-3: Measured H-plane co-polarisation far-field radiation patterns of the
polarisation-sensitive 3-layer PSS PC-FZPAs at 30 GHz.
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Figure 6.6-4: Measured E-plane co-polarisation far-field radiation patterns of the
polarisation-sensitive 3-layer PSS PC-FZPAs at 30 GHz.
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Figure 6.6-5: Measured boresight gain of the polarisation-sensitive 3-layer PSS PC-
FZPAs.
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Figure 6.6-6: Measured near-fields at the surface of the aperture for the polarisation-
sensitive 3-layer quasi-continuous PSS PC-FZPA at 30 GHz; (a) Amplitude (in dB),
(b) Phase (in degrees). The physical boundary of the antenna is shown as an overlaid

dashed line.
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Figure 6.6-7: Measured reflection coefficient of the polarisation-sensitive 3-layer
quasi-continuous PSS PC-FZPA.

6.7 Polarisation-Sensitive 4-Layer PSS Fresnel Lens Antenna

The PSS transmission data for the polarisation-sensitive fully-independent 4-layer
case presented in Section 3.4.4 is used to design the continuous PSS PC-FZPA in this
section. As for the three cases in Section 6.6, only the combinations of local dimensions
(ai’s) which give the highest transmission amplitude for a required transmission phase are
selected. These results correspond to the cases presented in Figure 3.4-11. A single
polarisation-sensitive 4-layer PSS PC-FZPA is designed to implement a continuous phase
correction scheme. Note that the expression continuous is used here since the polarisation-
sensitive PSS with four fully-independent layers allows for continuous phase
compensation in the whole range from —360° to 0°, as detailed in Section 3.4.4. Because

the phase correction is continuous, this is similar to the Fresnel lens case presented in
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Appendix B (with P — o) and explains the title of this section. Figure 6.7-1 shows a
photograph of the polarisation-sensitive 4-layer PSS Fresnel lens antenna.

Figure 6.7-2 presents the H-plane co-polarisation radiation patterns at 30 GHz for
the polarisation-sensitive 4-layer PSS Fresnel lens antenna; the E-plane co-polarisation
radiation patterns are presented in Figure 6.7-3. Figure 6.7-4 shows the boresight gain over
frequency. A discussion of these results is delayed until Section 6.9 for reasons given at the

end of Section 6.6.

6.8 Polarisation-Insensitive 3-Layer PSS 90 Degree PC-FZPA

The PSS transmission data for the polarisation-insensitive 3-layer PSS presented in
Section 3.5 is used to design the 90 degree PC-FZPA in this section. Only four
combinations of local dimensions (a;, az) which lead to high transmission amplitude are
selected. These selected cases, presented in Table 6.8-1, lead to a 90° phase correction.
Since the simulations of square element cases are lengthy compared to the strip cases, only
a single example is designed as a proof of concept. In fact, the cases used are not fully
optimised due to simulation time constraints. They are nevertheless acceptable in both
amplitude and phase. Figure 6.8-1 shows a photograph of the polarisation-insensitive
3-layer PSS 90° PC-FZPA.

The effect of altering the roll angle z of the lens (shown in Figure 3.5-1) with
respect to the fixed feed or fixed electric field polarisation is also investigated. Figure 6.8-2
presents the radiation patterns at 30 GHz for the polarisation-insensitive 3-layer PSS 90°

PC-FZPA for multiple roll angles as indicated in the insets. Figure 6.8-3 shows the
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Figure 6.7-1: Photograph of the polarisation-sensitive 4-layer layer PSS Fresnel lens
antenna; (a) Front view, (b) Back view.

148



W
N

Realised Gain (dBi)

—— 1 —_ = N W
nh O th © O O h O h O
1 T 1 1 Ll 1
1 1 1 1 1 1

OIS
wn O
T T
1 1

T
1

-30

_330 -25 20 -15 -10 -5 0 5 10 15 20 25 30
Angle (Degrees)

Figure 6.7-2: Measured H-plane co-polarisation far-field radiation pattern of the
polarisation-sensitive 4-layer PSS Fresnel lens antenna at 30 GHz.
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Figure 6.7-3: Measured E-plane co-polarisation far-field radiation pattern of the
polarisation-sensitive 4-layer PSS Fresnel lens antenna at 30 GHz.
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Figure 6.7-4: Measured boresight gain of the polarisation-sensitive 4-layer PSS
Fresnel lens antenna.

Table 6.8-1: Design values for the polarisation-insensitive 3-layer PSS 90 degree PC-

FZPA.

Ideal Ideal Simulated Simulated a1 a

Transmitted Transmitted Transmitted Transmitted (mm) (mm)
Phase (°) | Amplitude (dB) | Phase (°) | Amplitude (dB)

0 0 0 -0.437 0 0
-90 0 -95.0 -0.006 2.40 2.20
-180 0 -180.4 -0.258 2.60 2.84
=270 0 -276.4 -0.274 2.84 2.84

boresight gain over frequency for different roll angles. It is seen that the roll angle has only

a marginal effect on the boresight gain and gain bandwidth of the polarisation-insensitive

3-layer PSS 90° PC-FZPA.
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Figure 6.8-1: Photograph of the polarisation-insensitive 3-layer layer PSS 90 degree
PC-FZPA.

Figure 6.8-4 shows the measured realised boresight gain and maximum cross-
polarisation level against the lens roll at the frequency of 30 GHz. Small sketches
representing the tilted polarisation-insensitive 3-layer 90° PSS PC-FZPA are added on top
of the plot to help visualise the roll angle. From Figure 6.8-4, it is seen that there is a
marginal gain degradation of about 0.25 dB when the lens is tilted from 0° to 45°. The
cross-polarisation was also measured and it was found that its maximum level increased by
13.5 dB as the lens is tilted from 0° to 45°, reaching a maximum value of 5.5 dBi. The
maximum cross-polarisation ratio is still within an acceptable range for the worst-case

value of 5.5 dBi at 45°, with a value of —24 dB.
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Figure 6.8-2: Measured far-field radiation patterns of the polarisation-insensitive 3-
layer 90° PSS PC-FZPA at 30 GHz; (a) 0° roll angle, (b) 15° roll angle.
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Figure 6.8-2 (continued): (c) 30° roll angle, (d) 45° roll angle.
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Figure 6.8-3: Measured boresight gain of the polarisation-insensitive 3-layer 90° PSS
PC-FZPA for different roll angles.

Figure 6.8-5 presents the back-projected measured near-field pattern at the output
surface of the aperture at the frequency of 30 GHz for the polarisation-insensitive 3-layer
90° PSS PC- FZPA. Details on the near-field measurements are provided in Section 6.2. A
roll angle of 0° is used in the measurements. Figure 6.8-6 shows a photograph of the
polarisation-insensitive 3-layer 90° PSS PC-FZPA under test in the near-field
measurement facility.

The reflection coefficient of the polarisation-insensitive 3-layer 90° PSS PC-FZPA
is presented in Figure 6.8-7. It shows that a return loss of 10 dB or higher is obtained over
the entire frequency band, except for a small bandwidth near 32 GHz. At 30 GHz, the
return loss is 16.6 dB.

Further discussion on the results provided in this section to follow in Section 6.9.
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GHz; — Realised gain, — Maximum cross-polarisation level.

6.9 Discussion of the Measured Performance of the Five Different PSS
PC-FZPA Realisations

In this section, the results presented in Sections 6.3, 6.6, 6.7 and 6.8 are compared
and discussed. Table 6.9-1 provides a concise summary of the most important results for

all conventional and PSS lenses presented in this chapter.
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Figure 6.8-5: Measured near-fields at the surface of the aperture for the polarisation-

insensitive 3-layer 90° PSS PC-FZPA at 30 GHz; (a) Amplitude (in dB), (b) Phase (in

degrees). The physical boundary of the antenna is shown as an overlaid dashed line in
each case.
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Figure 6.8-6: Photograph of polarisation-insensitive 3-layer 90° PSS PC-FZPA under
test in the near-field measurement facility.

6.9.1 Polarisation-sensitive vs polarisation insensitive PSS PC-FZPAs

To begin with, the polarisation-sensitive (strip elements) and polarisation-
insensitive (square patch elements) 3-layer PSS 90° PC-FZPAs are compared. For the
polarisation-insensitive case, the results with roll angle == 0° are used here. Although the
gain values and cross-polarisation levels are similar, the 1 dB gain bandwidth drops from
7.4% for the polarisation-sensitive case down to 5.9% for the polarisation-insensitive case.

This can be explained by the field concentration, which is higher for the polarisation-
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Figure 6.8-7: Measured reflection coefficient of the polarisation-insensitive 3-layer
90° PSS PC-FZPA.
insensitive (square elements) PSS 90° PC-FZPAs, and tends to reduce the bandwidth
[SIEVO08]. Therefore, there seems to be a tradeoff between enhanced polarisation
flexibility and bandwidth. The fact that the gain values are similar is unexpected since the
polarisation-insensitive cases are not as optimised as polarisation-sensitive cases. It could
be that the marginal suboptimal dataset (see Table 6.8-1) is compensated by the reduced
sensitivity of the polarisation-insensitive cases to oblique incidence angles compared to the

polarisation-sensitive cases, as discussed in Section 3.7.3.
6.9.2 3-layer polarisation-sensitive PSS PC-FZPAs comparison

Considering the polarisation-sensitive (strip elements) PSS PC-FZPAs, a

comparison is performed between the three polarisation-sensitive 3-layer PSS PC-FZPAs
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Table 6.9-1: Summary results for lens antennas

Dielectric

Dielectric :
Description plano-hyperbolic phase-correcting | Fresnel zone plate Phase-shifting surface phase-correcting Fresnel zone plane antenna
Fresnel zone antenna
lens antenna
plane antenna
Acronym DPHLA PC-FZPA FZPA PSS PC-FZPA
Diameter - D 1524
(mm)
F / D ratio 0.5
Fabrication - Single layer . .
technique Machining etching Multilayer etching
Dielectric material Plexiglas Lavarock FR4 Rogers RT/duroid® 5880
Relative 256 5.8 4.2 (Substrate) 2.2 (Substrate)
permittivity — &
Number of layers N/A 1 3 4
(Trm') thickness 41.876 8.0 0.127 1.05 1.06 1.05 1.07 157
Weight (q) 435.3 250.9 55 44.9 45.2 455 45.6 67.7
Unit cell type N/A Square Strip
. . o None; amplitude o o P .
Phase correction Continuous 90 correction only 90 45 Quasi-continuous Continuous
Maximum gain * +
(dBi) - 29.6 @ 31.8 GHz 24.0 @ 29.8 GHz 30.0 @ 29.9 GHz 29.9 @ 29.8 GHz 30.5 @ 30.8 GHz 30.4 @ 30.4 GHz 30.3 @ 32 GHz
(Gd?al?)@ 30 GHz 30.1 28.9 23.7 29.9' 29.8 29.7 29.9 29.3
Maximum cross-
polarisation level ) _ £ oot
@ maximum gain 8.8 8.4 5.3 -7.2 -6.1 -12.7 -1.5
(dBi)
Maximum cross-
polarisation level 0.27 6.6 -13.9 -8.0" -8.9 -7.2 -12.9 -1.8
@ 30 GHz (dBi)
1 dB Gain N
bandwidth (GHz) - 3.1 3.6 1.8 2.2 1.6 2.5 2.3
1 dB Gain “
bandwidth (%) - 9.7 12.1 5.9 7.4 5.2 8.2 7.2
Photograph 6.3-1 6.3-2 6.3-4 6.8-1 6.6-2(a) 6.6-2(b) 6.6-2(c) 6.7-1
Section 6.3 6.3 6.3 6.8 6.6 6.6 6.6 6.7
Trace color [ — - -
; 6.3-6 6.3-6 6.3-6 6.6-3 6.6-3 6.6-3 6.6-7
(Ff'gr“trf:cfgzrr‘)ces 6.3-7 6.3-7 6.3-7 oo 6.6-4 6.6-4 664 691 | ST2 80
6.3-8 6.3-8 6.3-8 ) 6.6-5 6.6-5 6.6-5 6.9-2 ) )

“Theoretically, the hyperbolic lens has no bandwidth limitation. The gain increases with frequency, as is clear from Figure 6.3-7, since the electrical size increases.
"Results for the square element phase-correcting phase-shifting surface lens antenna are those for the case of a 0° roll angle (7= 0°).
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presented in Section 6.6. The first noticeable aspect is that, when the phase correction is
improved or the phase correction step is decreased (which would result in increasing P for
a dielectric PC-FZPA), there is a slight trend towards increasing the gain, reaching a
maximum of 29.9 dBi at 30 GHz for the PSS quasi-continuous PC-FZPA. It is worth
mentioning that this value is only slightly less than that of the DPHLA of 30.1 dBi. The
PSS 45° PC-FZPA and the PSS quasi-continuous PC-FZPA have maximum gain values of
respectively 30.5 dBi and 30.4 dBi, whereas the maximum gain of the PSS 90° PC-FZPA
is 29.9 dBi, so roughly 0.5 dB less. This therefore confirms the gain improvement that can
be obtained by reducing the size of the phase-correcting step.

Furthermore, for some frequencies between 29 GHz and 31 GHz, the gain of the
PSS 45° PC-FZPA and the PSS quasi-continuous PC-FZPA is higher than the gain of the
DPHLA, in which cases the aperture efficiency is higher than 45%. The cross-polarisation
levels are also significantly lower for the PSS PC-FZPAs than the DPHLA, with an
improvement of 7.5 dB or higher at 30 GHz.

The 1 dB gain bandwidth also increases with a reduction of the phase-correction
step size, reaching a value of 8.2% for the PSS quasi-continuous PC-FZPA compared to
7.4% for the PSS 90° PC-FZPA. The PSS 45° PC-FZPA shows a significant gain
bandwidth reduction compared to the other two cases, which is attributed to the fact that its
maximum gain at 30.5 GHz is significantly higher than all the other points for this
particular configuration. Nevertheless, Figure 6.6-5 clearly shows a bandwidth
enhancement as the phase correction step is decreased. The maximum 1-dB gain

bandwidth for PSS PC-FZPAs is thus obtained for the PSS quasi-continuous PC-FZPA, for
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which an 8.2% value is reported. This is beyond the requirements for many applications at
Ka band, as well as other bands.

Finally, it is worth mentioning that reducing the phase correcting step in PSS
PC-FZPAs does not lead to any major drawbacks, as is the case for PC-FZPAs where such
a reduction leads to an increased thickness, weight and volume, as well as an increased
manufacturing complexity. For the PSS PC-FZPAs, changing the phase correcting step
simply results in a modified etching pattern without affecting the fabrication process. The
design is not more complicated, even though the required database necessitates more

simulated cases.

6.9.3 3-layer vs 4-layer polarisation-sensitive PSS PC-FZPAs

Since it has been established that the smallest phase correcting step leads to the best
results, it is next worth comparing two similar PSS PC-FZPAs that have a different number
of layers. The polarisation-sensitive 3-layer PSS quasi-continuous PC-FZPA is therefore
compared to the polarisation-sensitive 4-layer PSS continuous PC-FZPA. Recall from
Section 3.4.3 that a 3-layer PSS continuous PC-FZPA is not possible because of the phase
shift range of the symmetrical three independent layer PSS; this is one of the reason why a
4-layer PSS first discussed in Section 3.4.4 is considered.

Figure 6.9-1 presents the measured boresight gain over frequency for the
polarisation-sensitive 3-layer PSS quasi-continuous PC-FZPA and the polarisation-
sensitive 4-layer PSS continuous PC-FZPA. These results are directly taken from

Figures 6.6-5 and 6.7-4 but superimposed here for better comparison.
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Figure 6.9-1: Measured boresight gain of the polarisation-sensitive 3-layer PSS quasi-
continuous PC-FZPA and the polarisation-sensitive 4-layer PSS continuous PC-
FZPA.

Surprisingly, although the phase correction covers a wider range in the
polarisation-sensitive 4-layer PSS continuous PC-FZPA case, this translates into a
marginal maximum gain drop, as shown in Figure 6.9-1. The gain drop could be attributed
to a number of factors:

e The additional layer causes increased losses (dissipation and ohmic) even though it
is known that the dielectric material has a fairly low loss tangent and that copper,
which has a high conductivity, is used as the conductor.

e Although this has not been studied, the 4-layer PSS implementation could be more
sensitive to the angle of incidence.

e By comparing Figure 6.7-1 with Figure 6.6-2(c), the 4-layer PSS continuous PC-

FZPA metallisation pattern is not as smooth as that of the 3-layer PSS quasi-
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continuous PC-FZPA. In fact, the metallisation pattern is characterised by a larger
number of abrupt transitions between low metal concentration and high metal
concentration. It is believed that the electromagnetic model, which assumes an
infinite periodic structure, cannot realistically be applied in these regions, leading
to erroneous results. More will be said in Section 6.9.4 on this topic, with near-field
measurement results presented as support.

More noticeable is the 1 dB gain bandwidth reduction, which drops from 8.2% for
the 3-layer PSS quasi-continuous PC-FZPA case down to 7.2% for the 4-layer PSS
continuous PC-FZPA case. This bandwidth reduction could easily be attributed to the
increasing number of layers resulting in a reduced transition band, as remarked in
Section 3.7.1. It can therefore be assumed that the number of layers should be kept as small
as possible since the 3-layer PSS quasi-continuous PC-FZPA, despite a slightly poorer
phase-correction implementation, provides increased electromagnetic performance

compared to a 4-layer PSS continuous PC-FZPA.

6.9.4 Near-field measurement analysis

In order to further investigate the behaviour of the PSS PC-FZPAs, near-field
measurements were conducted on two of them, namely the polarisation-sensitive 3-layer
PSS quasi-continuous PC-FZPA and the polarisation-insensitive 3-layer PSS 90°
PC-FZPA. The results were presented in Figures 6.6-5 and 6.8-5. From these figures, it is
noticed that the phase is fairly constant over the aperture, which is desired in order to
maximise the gain. However, over the aperture region the amplitude does not

monotonically roll off as it would be expected; more specifically, the amplitude is
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characterised by ripples. The location of these ripples is of interest and, for that reason, the
near-field intensity was overlaid with the phase correction profiles along the two principal
axes in Figures 6.9-2 and 6.9-3. The horizontal axes in these figures cover the region of the
physical aperture only. For both cases, the maxima in the ripples correspond to the normal
field roll off caused by the lens feed antenna. It is seen that when the phase correction is
near 0° (bare sample) or of large value (generally close to —270°), the minima in the ripples
occur. This is attributed to a combination of two factors:

e The cases producing large phase shift, namely close to —270°, are more sensitive to
the angle of incidence, as shown in Figure 3.7-3 and 3.7-5, particularly for the
amplitude.

e The transition when the phase shift changes from 0° to large values (generally close
to —270°) is physically realised by an abrupt transition between a bare (unclad)
region and a region with high metal concentration, where it is believed that the
electromagnetic model, which assumes an infinite periodic structure, cannot
realistically be applied.

The presence of these ripples is expected to contribute in degrading the
performance of the PSS PC-FZPAs, but experimental measurements confirm that the
performance of these PSS PC-FZPAs is nevertheless good. Potential improvements could
be realised by taking into account the angle of incidence rather than using normal plane
wave incidence results over the entire aperture of the PSS PC-FZPAs, but this would

require the generation of an enormous amount of data. Another possible improvement
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Figure 6.9-2: Measured near-field intensity at the surface of the aperture and phase
correction for the polarisation- sensitive 3-layer quasi-continuous PSS PC-FZPA at
30 GHz; (a) y = 0 mm, (b) x = 0 mm; — Field intensity, — Phase correction.
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Figure 6.9-3: Measured near-field intensity at the surface of the aperture and phase
correction for the polarisation-insensitive 3-layer 90° PSS PC-FZPA at 30 GHz;
(@ y=0mm, (b) x=0mm; - Field intensity, — Phase correction.
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could be realised if PSS PC-FZPAs with larger phase shift range — typically greater than
360° — could be achieved. However, it is not certain how this could be achieved at this

stage.

6.9.5 PSS PC-FZPA vs conventional lens antennas

In this section, the 3-layer PSS quasi-continuous PC-FZPA is compared to the
conventional lens antenna technologies presented in Section 6.3. The measured results
given there confirm that the DPHLA offers the best performance (except for cross-
polarisation, in which case the PSS PC-FZPAs are superior) with virtually no bandwidth
limitation and the highest gain at 30 GHz, even though this gain is only marginally better
than that of the PSS PC-FZPAs, including the 3-layer PSS quasi-continuous PC-FZPA.
However the DPHLA is expensive and time-consuming to fabricate by machining and it
suffers from large thickness and heavy weight. In fact, the 3-layer PSS quasi-continuous
PC-FZPA is about ten times lighter, 40 times thinner and has significantly better cross-
polarisation performance compared to the DPHLA.

The dielectric PC-FZPA - for which it is important to mention once more that it is
not a PSS-based structure — offers acceptable thickness reduction and is almost half the
weight of the DPHLA; however its gain is reduced by roughly 1 dB at 30 GHz and the
cross-polarisation is significantly increased. Furthermore, sharp grooves, which are
required in the different zones, are more difficult to machine than a smooth hyperbolic
surface. When comparing the dielectric PC-FZPA to the 3-layer PSS quasi-continuous PC-
FZPA, the only advantage of the dielectric PC-FZPA is its 1 dB gain bandwidth, which is

9.7% instead of 8.2%, all other criteria being significantly worse, including a gain
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reduction of almost 1 dB, a weight of about five times heavier and a thickness superior by
about eight times.

The FZPA — which is also not a PSS-based structure — is the thinnest and the
lightest of all the reported technologies. In fact, it is about eight times thinner than the
3-layer PSS quasi-continuous PC-FZPA and eight times lighter. On the other hand, despite
its good cross-polarisation performance and larger bandwidth, it suffers from a significant
gain degradation: its gain is about 6 dB less than the gain of the 3-layer PSS quasi-
continuous PC-FZPA proposed in this thesis.

The far-field performance of the PSS PC-FZPAs is even more impressive when
considering the practical aspects of its design. Even though the DPHLA offers virtually
unlimited gain bandwidth, it is expensive and time-consuming to fabricate, especially
when machined. Additionally, it suffers from large thickness and heavy weight. On the
other hand, any PSS PC-FZPAs design can easily be mass-produced at low cost using a
conventional photolithographic (wet chemical) etching process. Furthermore, its physical
parameters make it a very attractive alternative. Despite its smaller bandwidth, having a
maximum value of 8.2% for the 3-layer PSS quasi-continuous PC-FZPA, PSS PC-FZPAs

are viable alternatives and serious potential candidates for many applications.

6.10 Conclusions

The far-field performance of five different PC-FZPAs based on the PSS concept
developed in this thesis was reported in this chapter. These PSS PC-FZPAs were compared
to conventional lens antenna technologies. It is found that PSS PC-FZPAs offer impressive

far-field performance compared to other lens antenna technologies. This performance is
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even more impressive when considering the practical aspects of their design. In fact, PSS
PC-FZPAs have thicknesses in the range of 0.1-0.154 in addition to being flat, light and
easily fabricated using a low-cost conventional photolithographic (wet chemical) etching
process. In particular, the 3-layer PSS quasi-continuous PC-FZPA offers equal or better
performance compared to the DPHLA over a 1.5 GHz bandwidth at Ka band. Clearly, PSS
PC-FZPAs are a viable alternative for many applications, such as terrestrial wireless point-
to-point communications and low-cost ground terminal antennas for satellite
communications.

Finally, the work presented in this chapter has been previously reported in antennas
and propagation conferences ([GAGNO09], [GAGN10c], [GAGN10d]) as well as in a peer-

reviewed periodical ([GAGN10a]).
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CHAPTER 7 PASS Flat-Topped Beam Antenna

7.1 Introduction

Chapters 4, 5 and 6 showed that the concept of the phase shifting surface (PSS) can
be applied successfully to free-standing phase correcting devices like lenses. As mentioned
in Chapter 3, this concept implies that only the phase is corrected, and maximum
transmission amplitude is usually desired to maximise the aperture efficiency of the device.
However, some applications like beam shaping require that both a phase-shifting and
amplitude-shifting mechanism be implemented at the surface of the device. This chapter
presents an application of the phase and amplitude shifting surface (PASS) to design a lens

antenna with a flat-topped beam.

7.2 Local Electric Field Determination from PASS Data

The first step in the process of generating a desired antenna beam pattern is to
determine the required local electric field distribution on the output surface for a given far-
field radiation pattern. In this particular example, the far-field radiation pattern is that of a
flat-topped beam antenna, in which the main beam is made maximally flat from —20° to
+20° and the side lobes are minimized. The antenna is made to operate at 30 GHz. There
exist different synthesis methods for obtaining the far-field radiation patterns from the
local electric field distribution and vice versa. The method used here is the one reported in
[ELLI88] to provide a flat-topped beam pattern as described above, which is based on a
scalar pattern prediction model. A continuous circular aperture distribution of diameter

equal to 152.4 mm is used in this case. The desired rotationally symmetric amplitude and
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phase distributions are shown as the blue curves in Figure 7.2-1. The strip unit cell with
four fully-independent layers, presented in Section 3.4.4, is used to implement the flat-
topped beam antenna.

In order to realise the phase and amplitude distribution, the aperture of the PASS is
divided into Ny x Ny rectangular cells of dimensions 4Ax x Ay, as shown in Figure 6.5-1.
However, the contribution of the feed horn to the amplitude and phase of the electric field

at the output of the PASS also has to be taken into account, which can be done as follows:

Eau (X, ¥)=Touss (x,¥)- Ein(x,y) (7.2-1)
where Ej, is the incoming electric field at the input surface of the PASS, Tpass IS the
complex transmission coefficient through the PASS and E, is the outgoing electric field at
the output surface of the PASS. Ei, thus depends on the feed antenna, and E, is the
desired field at the output of the PASS for a prescribed far-field radiation pattern. The
PASS must then implement a transformation between E;, and Eoy. All variables in (7.2-1)
have an x and y dependency since they are non-uniform and consequently different at every
location on the surface of the PASS located in the xy-plane. In fact, the structure is
discretised the same way as the PSS lensing devices in Section 6.5, and so (7.2-1) can be

rewritten as

E;]Jt (Xm' ym) = TPIT/]\SS (Xm' ym) Elf: (Xm' ym) (72-2)
To find the contribution of the PASS at every discretised location (Xm, Ym), (7.2-2)

must be reorganised as follows:

m E(;TJ X Ym
TPASS (Xm ) ym) = % (72_3)

171



<
O
T
1

e

~]
T
I

itude
e
(@)

A
o
~
T
L

00 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Radius (mm)

(@)

180 T T T T T T T T T T T T T T
150 .
120F 1

W
S
T
I

[
(=)
T

Phase (Degrees)
=

|

[N

=]
T

HL ﬁ

_1800 5 10 I5 20 25 30 35 40 45 50 55 60 65 70 75 80

Radius (mm)

1
O
(=)

T

o

W

<
T

(b)
Figure 7.2-1: Electric field distribution at the PASS for a 40° beamwidth flat-topped
beam antenna at 30 GHz; (a) amplitude, (b) phase; — Ideal (using [ELL188]),

—— Calculated (from the dataset results of Figure 3.4-10, with step size of 3mm).
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which consists of dividing the amplitudes of the electric fields and subtracting the phases.
In other words, the incoming electric field from the horn must be divided (in the complex
domain) from the desired outgoing electric field in order to obtain the contribution from
the PASS. At the plane where the PASS is to be located, the local electric field from the
horn is known from full-wave electromagnetic simulations conducted with [HFSSO07].

The synthesised complex transmission coefficient Tpass™ (Xm, Ym) is sampled at the
centre of the given cell, located at (Xn, ym). In other words, the PASS structure is used to
provide the amplitude and phase values for each cell with index m. It is assumed that the
amplitude and phase values are constant over the entire area of the cell, given by Ax x Ay,
as shown in Figure 6.5-1. The resulting PASS is thus a quantised version of the original
continuous case. Moreover, the different cases to be implemented at the PASS are selected
from the dataset of results for the strip unit cell with four fully-independent layers, which
is shown in Figure 3.4-10. Figure 7.2-2 shows the database of results as in Figure 3.4-10,
in which a curve of Tpass Varying with the radius was overlaid. In this case, however, the
radius information is lost, but the benefit is that it allows for visualising if there are enough
points in the database to allow for a reasonable realisation of the ideal case by the
implemented complex transmission coefficients. Since the desired phase is a relative value,
the desired phase includes a variable reference phase value that allows for moving the
curve (from left to right) in Figure 7.2-2. The curve of desired values can then be adjusted
to match the simulated cases as much as possible; this was done in Figure 7.2-2. It is to be

noted that it is more crucial to match the values with higher amplitude.
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Figure 7.2-2: Transmission results for the four fully-independent layers dataset at 30

GHz (see Figure 3.4-10); (a) Amplitude span of 25 dB, (b) Amplitude span of 10 dB; ¢
Simulated cases, — Desired values for ideal implementation.
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Figure 7.2-2(a) presents an amplitude span of 25 dB in order to allow for displaying
the complete curve of Tpass; Figure 7.2-2(b) repeats the plot with the same amplitude span
as in Figure 3.4-10, for which the curve of Tpass is not fully displayed due to an amplitude
span limited to 10 dB. The curve begins at the point of 0 dB amplitude, for which the
radius is zero. The curve exhibits a quick variation at the low amplitude values, which
correspond to a radius ranging from about 10 mm to 15 mm for which the phase changes
rapidly: Figure 7.2-1 gives an insight of this rapid phase variation.

In Figure 7.2-2, not all cases of desired values coincide perfectly with a simulated
case of transmission coefficient. To minimise the error, the following error function is

defined:
=2 T (Xt Yo ) (7.2-4)
where
£y =[Re(Tsime (x,.y,))- Re(T (x,,,y,, )

+ im{r = (., v )= Im(T O, v ) (7.2:5)
The function ¢'is minimised by adjusting the reference phase of the desired curve.

The red curves in Figure 7.2-1 show the calculated electric field distribution (with a
step size of 3 mm) obtained from the best match of the simulation data and best reference
amplitude and phase, i.e. by minimising the errors using (7.2-4) and (7.2-5). Since the unit
cell height s =3 mm or 4y = 3 mm, the red curves in Figure 7.2-1 are fairly realistic along
the discretised direction (y-axis or vertical); however the discretisation along the x-axis is
made as small as possible to mimic a continuously varying unit cell. In this case, Ax is

chosen to be 0.2 mm. The curves for this value are presented in Figure 7.2-3. It is seen, in
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both Figures 7.2-1 and 7.2-3, that the calculated curves do not perfectly match the ideal

curves. This is of course going to affect the actual radiation pattern, as discussed next.

7.3 Far-Field Patterns from Local Electric Field Distribution

By knowing the electric field distribution at the output surface of the aperture of the
PASS structure, denoted E; in Section 7.2, the expected scalar field pattern F(6,¢) of the
flat-topped beam antenna can be calculated. In the computation of F(&,¢), the contribution
of each unit cell composing the output surface of the aperture is considered using
elementary array theory [STUT98], resulting in a quantised distribution that is

mathematically expressed as
F(@, ¢) _ Fe (0, ¢) Z a, ejy/m ejkcxmsinecow ejkcymsinﬁsingb (73_1)

where o, is the amplitude and 4, is the phase, which correspond to Eq,. Equation (7.3-1)
IS a scalar equation that does not account for polarisation. In calculating the field pattern
with (7.3-1), one can consider the aperture of the PASS as a planar array composed of
elements corresponding to rectangular cells with uniform phase and amplitude over each

cell. The radiation pattern of such a single element is given by

k,A
sin[kozAxsin 6 cos ¢] sin(ozysin Gsin ¢j

F.(0.9)= (7.3-2)
—9=X sin @ cos ¢ koﬁsinesimj
2 2
The directivity is given by the following equation [STUT98]:
2 2
D(O.6) = 4rlF0.9)|*  Ax|F(0.9)| (7.3-3)

”\F(e,@\ o TT\F(Q,@\ “sin ded ¢

The directivity defined in (7.3-3) uses the scalar field pattern.
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Figure 7.2-3: Electric field distribution at the PASS for a 40° beamwidth flat-topped

beam antenna at 30 GHz; (a) amplitude, (b) phase; — Ideal (using [ELL188]),
— Calculated (from the dataset results of Figure 3.4-10, with step size of 0.2 mm).
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Figure 7.3-1 shows the ideal and calculated radiation patterns, which were
determined using (7.3-1) to (7.3-3). The calculated radiation patterns show higher ripples
in the main beam and higher side lobes than the ideal case. This results from the difference
in the ideal and calculated transmission coefficients at the aperture of the PASS, as shown
in Figures 7.2-1 and 7.2-3. Nevertheless, the ripples remain fairly small and the sidelobes

are fairly low for the calculated cases.

7.4 Design and Measurement of the Phase and Amplitude Shifting
Surface for Flat-Topped Beam Radiation Pattern

The dataset in Section 3.4.4, more particularly the cases shown in Figure 3.4-10,
were used to generate the PASS shown in Figure 7.4-1. Equations (7.2-4) and (7.2-5) were
used to select the appropriate cases from the dataset in Figure 7.2-2 to produce the aperture
distribution in Figure 7.2-1 and Figure 7.2-3, and the radiation patterns of Figure 7.3-1.

The antenna used to feed the PASS aperture is a feed horn with 14.4 dBi of gain,
the same as the one used for the cylindrical PC-FZPAs described in Section 5.5. The
separation between the feed horn and PASS is 132 mm.

The far-field radiation patterns of the flat-topped beam antenna were directly
measured in an anechoic chamber. The results are presented in Figure 7.4-2. The near-
fields were measured at a distance of 12 cm using a planar near-field scanner. Figure 7.4-3
shows the surface plots of the local fields back-projected to the aperture surface of the flat-
topped beam antenna. Figures 7.4-4 and 7.4-5 present cuts along the x- and y-axis,

respectively. The ideal and calculated results are presented in Figures 7.4-4 and 7.4-5 for
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Figure 7.3-1: Far-field radiation patterns of the PASS flat-topped beam at 30 GHz;
(a) H-plane, (b) E-plane; — Ideal, — Calculated.
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i

(b)

Figure 7.4-1: Photograph of the polarisation-sensitive four-layer PASS flat-topped
beam antenna; (a) Front view, (b) Back view.
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Figure 7.4-2: Measured far-field radiation patterns of the PASS flat-topped beam at
30 GHz; — H-plane, co-pol; — H-plane, X-pol; — E-plane, co-pol;
— E-plane, X-pol.

the discussion that follows in Section 7.5. Additional details on the far-field and near-field

measurements are provided in Section 6.2.

7.5 Discussion

In this section, the results presented in Section 7.4 are compared and discussed.
From Figure 7.4-2, the cross-polarisation levels are seen to be at the —20 dBi level and the
gain in the main beam is fluctuating around 10 dBi, which corresponds to at least 30 dB
cross polar discrimination. This is a good result for the cross-polarisation, which is
expected since similarly good results were obtained with the PSS PC-FZPAs presented in

Chapter 6.
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Figure 7.4-3: Measured near-fields at the surface of the aperture for the PASS flat-
topped beam antenna at 30 GHz; (a) Amplitude (in dB), (b) Phase (in degrees). The
physical boundary of the antenna is shown as an overlaid dashed line in each case.
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Figure 7.4-4: Electric field distribution at the PASS along the x-axis for a
40° beamwidth flat-topped beam antenna at 30 GHz; (a) Amplitude, (b) Phase;
— ldeal (using [ELL188]), — Calculated (from the dataset results of Figure 3.4-10,
with step size of 0.2 mm), Near-field measurement.
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Figure 7.4-5: Electric field distribution at the PASS along the y-axis for a
40° beamwidth flat-topped beam antenna at 30 GHz; (a) Amplitude, (b) Phase;
— ldeal (using [ELL188]), — Calculated (from the dataset results of Figure 3.4-10,
with step size of 3 mm), Near-field measurement.
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Figures 7.4-4 and 7.4-5 presented the electric field distribution at the aperture for
the ideal, calculated and measured cases. Recall that the ideal distribution was generated
from the method reported in [ELLI88] and that the calculated distribution was obtained
from the best match of the simulation data and best reference amplitude and phase. The
measured data were obtained from near-field measurements. It is first noticed that the
phase agreement is good. The measured results for radii located between 15 mm and
30 mm have values in the expected range although the slopes appear opposite. The
measured amplitude behaviour generally follows the ideal trend; however, the values of
amplitude are not always as expected. The discrepancies between the expected and
measured amplitude values are attributed to the sensitivity of the PASS to the angle of
incidence, which was previously addressed in Section 3.7.3.

Figure 7.5-1 shows plots of the co-polarisation far-field radiation patterns for the
ideal, calculated and measured cases. The measured results are those directly obtained
from the far-field measurements previously presented in Figure 7.4-2. First, it is to be
noted that the ideal and calculated cases present values of directivity while the measured
case presents the realised gain. Consequently, it is noticed that the gain of the measured
case is lower than the directivities of the ideal and calculated cases, which is expected.
Second, the ripples in the main beam are higher for the measured case compared to the
ideal or calculated cases, especially for the H-plane cut. From Figure 7.4-4, the amplitude
of the electric field aperture distribution along the x-axis, i.e. in the H-plane cut, does not
show as good an agreement as the one along the y-axis, i.e. in the E-plane cut, presented in

Figure 7.4-5. This amplitude error of the fields at the PASS aperture translates into a
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Figure 7.5-1: Co-polarisation far-field radiation patterns of the PASS flat-topped
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discrepancy in the far-field patterns, with the ripples in the H-plane cut being worse than in
the E-plane cut. The higher disagreement in the H-plane pattern is attributed to the fact that
the perpendicular polarisation, which is located along the H-plane cut, suffers more from
the oblique incidence angle than the parallel polarisation, as previously discussed in
Section 3.7.3.

The high sidelobe levels of the far-field measurement results compared to the ideal
and calculated ones are also worth investigation. In fact, the sidelobes are as much as
10 dB higher in the measured case. The aperture field distribution of the PASS was
examined in an attempt to explain the far-field discrepancies. In order to do so, the data
obtained from near-field measurements in Figures 7.4-4 and 7.4-5 is used to generate the
far-field radiation patterns for the ideal and measured cases. The pattern generation
technique is described in [ELLI88] and assumes that the field distribution at the aperture is
rotationally symmetrical. This technique is selected for its simplicity and short
computation time. It will of course lead to an approximation of the radiation patterns;
however it will give important insight into the behaviour of the sidelobes for such an
aperture field distribution.

Figure 7.5-2 presents the far-field results computed from the aperture field
distribution using [ELLI88]. The far-field obtained from the measured aperture field
distribution with this technique present high sidelobe levels. In fact, the sidelobe levels are
close to the ones obtained in the far-field measurements. The main beam also exhibits high
ripples, as was also the case for the measurement results obtained from far-field

measurements. On the other hand, the main beam generated from the aperture field
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Figure 7.5-2: Far-field radiation patterns of the PASS flat-topped beam at 30 GHz
assuming a rotationally symmetric field distribution at the aperture of the PASS,;
— ldeal, From measurement results in Figure 7.4-4,

— From measurement results in Figure 7.4-5.
distribution does not exhibit a flat-top shape as seen on the results obtained from the far-
field measurements; recall that the main beam obtained from the far-field measurements
had a shape close to the desired flat-top, with abrupt roll-off near +£20°, as presented in
Figure 7.4-2. Using the technique in [ELLI88] to generate the far-field radiation patterns
from the aperture field distribution reveals a change in the main beam width and a main

beam shape that does not exhibit a flat-top shape.

The discrepancy in the far-field main beam results between the processed measured
aperture field results and the far-field measurement results could be explained by the
sensitivity of the near-field measurement. It was reported previously that far-field patterns

cannot be efficiently computed from near-field results for antennas with gain below 15 dBi

[GRAYO02]. In the current case the gain is clearly below 15 dBi, as shown in Figure 7.4-2.
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Another contributing factor to the main beam discrepancy is a slight tilt of the PASS
during the measurement since it was difficult to ensure that the plane of the PASS was
perfectly parallel to the plane of the near-field scan. In fact, from Figure 7.4-3(b),
inspection of the phase shows a slight discrepancy that is attributed to a tilt of the PASS.
The phase discrepancy is more evident near the edges of the PASS aperture. Nevertheless,

achieving beam-shaping using a PASS has been clearly demonstrated.

7.6 Conclusions

The far-field performance of a PASS capable of producing a flat-topped beam has
been reported in this chapter. The PASS has a clear advantage of allowing the realisation
of virtually any type of radiation pattern by controlling the amplitude and phase
distribution over the aperture. The drawback is that the aperture efficiency is reduced when

the amplitude is not maximised; however this is true for any shaped beam antenna.
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CHAPTER 8 Conclusions and Future Work

8.1 Summary

This thesis has described the development of a phase shifting surface (PSS) at Ka
band to be used for free-standing transmissive devices. This novel concept was
methodically presented and analysed. The feasibility of free-standing structures based on
the PSS concept was clearly demonstrated through numerous prototypes, including a linear
phase grating, a cylindrical lensing device and different types of full lensing devices for
high-gain antenna applications.

An extension of this concept, the phase and amplitude shifting surface (PASS), was
also presented. A prototype of a flat-topped beam antenna developed using this approach
was demonstrated.

Free-standing devices based on the PSS/PASS concept have clear advantages as
compared to those of the present state of the art:

e They rely on conventional photolithographic (wet chemical) etching, which is a
mature and low-cost fabrication process.

e Their geometry is thin and flat, leading to low weight, low volume and low usage
of material, which leads to additional cost reduction.

e Their antenna gain is comparable or superior over a decent bandwidth, making
them a viable alternative for many applications.

e Their cross-polarisation levels are significantly improved.
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8.2 Thesis Contributions
The primary contributions of this thesis are as follows:

e The invention and development of a low-cost, thin and lightweight structure called
a phase shifting surface (PSS) that can be used to achieve different transmission
phase shifts while maintaining a high amplitude of transmission through a
combination of closely spaced conductive shapes etched on multilayer low-
permittivity dielectric sheets.

e The design of multiple free-standing phase-correcting devices using the PSS,
including a linear grating, a cylindrical lensing device, and different types of full
lensing devices with different phase corrections and polarisation capabilities.

e An exhaustive comparison of the physical parameters and far-field performance of
lens antennas designed using the PSS concept and conventional lens antennas
(including a shaped dielectric lens, a dielectric phase-correcting Fresnel zone plate,
and a Fresnel zone plate).

e The design of a proof-of-concept flat-topped beam antenna in order to demonstrate

the feasibility of the PASS concept.

8.3 Most Recent Research Work on Thin Lens Structures

The desire for achieving thin lens structures is very timely. Within the last year,
several conference papers have been published on this topic. The objective of this section
is to present the most relevant concurrent work on the subject. The work presented in this
section has not been presented in the background of Chapter 2 because it has been

published at the time when the research work on this thesis was nearly completed.
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Nevertheless, because of the similar nature of the work, it is worth mentioning in this

thesis.

8.3.1 Microwave lens using non-resonant sub-wavelength miniaturized multiple-order
FSS elements

A recently published work making use of similar cell elements as those reported in
this thesis has been reported in [ALJO10a]. A representation of the structure, with

equivalent circuit model, is presented in Figure 8.3-1. The major difference of this work
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Figure 8.3-1: Multiple order FSS structure used for microwave lens; (a) Three-
dimensional exploded view (the dielectric is shown in yellow and the metal is shown in
grey), (b) Transmission line equivalent circuit model, (c) FSS lumped element
equivalent circuit model, (d) Multiple order circuit model. Reprinted with permission
from [ALJO10b]. © 2010 IEEE.
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compared to the one reported in this thesis is the use of not only capacitive patch elements
similar to those presented in Section 3.5, but also inductive grids, making it a bandpass
structure while the reported structures in this thesis have a low-pass nature (see
Section 3.6). The configuration is used for lens applications, but can also be used for FSS
applications [ALJO10b]. Many layers are cascaded in the reported work, leading to
improved bandwidth operation, but also additional complexity resulting in the use of many
dielectric sheets, conductive layers and bonding films. Typical reported technologies make
use of a minimum of five conductive layers, which is more than any reported configuration
presented in this thesis. Simulations were conducted at X-band and, despite the use of

more layers, the electrical thickness is in the same range as the work reported in this thesis.

8.3.2 Microwave planar lens using Jerusalem Cross FSS elements

Another recently published work reports the design of a so-called planar lens using
artificial dielectrics [ZHANZ10]. The structure is in fact a typical transmitarray making use
of Jerusalem Cross FSS elements to obtain the required phase shift. Multiple layers are
cascaded, spaced by air gaps to avoid undesired mutual coupling between layers. One of

the benefits of using Jerusalem Crosses is their stable response to incidence angle.

8.3.3 Microwave polariser-lens based on multiple resonances

In [SHIB10], a flat thin polariser lens that converts linear polarisation to circular
polarisation (or the other way around) is reported. The structure is presented in
Figure 8.3-2. To introduce additional phase shift, additional resonance slots are added on

the ground plane. The cross-slot dimensions are controlled to realise the desired phase shift
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Figure 8.3-2: Schematic representation of the polariser-lens based on multiple
resonances. The dielectric is shown in grey and the metal is shown in orange.
Reprinted with permission from [SHIB10]. © 2010 IEEE.
as well as 90° phase shift between the two orthogonal polarisations. This microwave
polariser-lens uses three conductive layers (two patch layers and a ground plane) spaced by

dielectric layers. The element spacing is half a wavelength and the thickness is slightly less

than a tenth of a wavelength.

8.3.4 High-efficiency microwave array lens for circular polarisation

In [PHIL10a], an array lens with high efficiency is proposed. The structure
converts linear polarisation into circular polarisation (or the other way around) by using
multiples stacked patches and cross slots with different dimensions and orientations. The
emphasis is put on the high aperture efficiency of the structure, with a 48% claim.
Figure 8.3-3 presents the element used in the design of the structure, where it is noticed
that five conductive layers and four dielectric layers are used, leading to additional

complexity compared to the work reported in this thesis.
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Figure 8.3-3: Schematic representation of the element design used for the microwave
array lens for circular polarisation. Reprinted with permission from [PHIL10a]. The
metal is shown in purple and the spacing between layers has been increased.

In [PHIL10a] and [PHIL10Db], the versatility of the technology is demonstrated
through additional configurations, such as beam squinting and beam splitting. The beam
splitting is performed by a so-called circular polarisation splitting prism, which converts an

incoming linearly polarised wave from a feed antenna into two orthogonal circular

polarisation components (right-hand and left-hand) propagating at different angles.

8.4 Future Work
The amount of work on the PSS and PASS concepts presented in this thesis is
considerable and constitutes a good basis for new research in this field. Areas for future

work are described in what follows.

8.4.1 Simulation time improvement

The simulations of different PSS and PASS cases were performed using IMST
Empire XCcel™ [EMPI07] and Ansoft HFSS™ [HFSSO07]. These software packages are
commercially available and are not customised for simulations of the PSS/PASS problem.

For example, the simulations involving polarisation-dependent unit cells composed of

195



strips are two-dimensional problems, but the above three-dimensional packages were used
in the simulations, which results in significantly longer simulation times.

The database results presented in Chapter 3 was established for dielectric materials
with specific thicknesses and dielectric constants. If these parameters happen to change,
the dataset will not be valid and will need to be entirely regenerated. At this point, with
IMST Empire XCcel™ [EMPI07], it takes several weeks, or even months, to generate a
complete dataset, especially for the PASS cases, which require a larger dataset.

In the case of the polarisation-dependent elements, the best solution would be the
development of a customised code using a two-dimensional approach specifically
optimised for such a case, i.e. plane wave illumination of a slab of dielectric material with
metallic implants. For polarisation-independent unit cells, a two-dimensional code would

not be suitable, but a customised code could still greatly decrease the simulation times.

8.4.2 Oblique incidence

Many of the results presented in this thesis showed that the PSS and PASS
structures are sensitive to incidence angle. Even though the results presented are good,
there seems to be potential for further improvement if the angle of incidence is taken into
account. In particular, it could reduce the sensitivity of the PASS flat-topped beam
implementation presented in Chapter 7. Moreover, taking into account the angle of
incidence could allow for achieving improved lens performance for smaller values of focal
lengths, which may be problematic if not addressed. The drawback is that an even larger
amount of data would need to be generated. Since it currently takes several weeks or even
many months to generate a dataset for only one angle of incidence (normal incidence), the

time to generate a dataset could easily be measured in years, which is not practical. One
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solution would be to speed up the simulation times as suggested in Section 8.4.1, with the

customised simulation code being able to deal with oblique incidence of course.

8.4.3 Presence of a radome

In many real-life applications, antennas need to be protected by a soft or hard cover
sheet, or enclosed in a radome. These have the effect of altering the antenna performance,
which is more evident as the frequency gets higher. Usually, the antenna performance is
degraded rather than improved unless the effect of a cover sheet or radome is taken into
account. Consequently, in such cases the protective sheets would need to be included in the
simulation model of the PSS/PASS structures, requiring a whole new data set.
Nevertheless, preliminary work on employing a radome located directly at the aperture of a
PSS lensing device revealed that the presence of a radome may not affect the performance
when compared to a non-radome case (such as those presented in Chapter 6). This could be
a significant advantage of the PSS/PASS designs since many other types of printed

antennas are much more sensitive to the presence of a radome.

8.4.4 Improved PSS/PASS antenna versatility by using rectangular elements

This thesis mostly addressed two types of PSS/PASS unit cell elements: the strip
(polarisation-sensitive) and the square (polarisation-insensitive). In Figure 3.3-2, a
rectangular conductive shape within a square unit cell was also introduced. Although not
yet studied, this geometry has a high potential for realising free-standing antenna structures
capable of achieving different behaviour depending on the polarisation. One example is a
single PSS lens antenna that could be designed to have a given focal length in one plane

and another focal length in the orthogonal plane. Another example is to use a 45°

197



polarisation to obtain an outgoing circular polarisation from an incoming linear
polarisation (or the other way around).

One of the drawbacks of these elements is that they require as long simulation
times as the square elements, in addition to requiring simulations of both polarisations,
which translates into twice the simulation time. Furthermore, with twice as many variables
(height and width of rectangles, rather than simply the size for the squares) and potential
correlation between the height and width, the database may be difficult to generate and

take even longer time.

8.4.5 Improved bandwidth using combined patch-grid layers

In Section 8.3.1, a geometry similar to the patch element of Section 3.5 was
introduced, with the addition of inductive wire grid layers. The inductive wire grids
improve the bandwidth; however the resulting configuration requires additional conductive
and dielectric layers.

With the structure reported in Section 8.3.1 in mind, the idea came of combining
the conductive patch layer with the inductive wire grid layer. The resulting unit cell looks
as shown in Figure 8.4-1. Additional work must be performed on such a configuration in

order to attest if it can improve the bandwidth without compromising other parameters.

8.5 Conclusions

The excellent performance obtained from the PSS-based devices, and their sheer

practicality, make them potential candidates for replacing existing conventional lensing
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Figure 8.4-1: Front view of the unit cell showing a patch-grid configuration. The
dielectric is shown in grey and the metal is shown in black.

devices. Furthermore, such a low-cost, light-weight, easy-to-manufacture, high-

performance alternative could expand the deployment of such type of lensing devices.
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APPENDIX A Holography Theory

A.1l Introduction
A.1.1 Definition of Hologram

A hologram is a medium that contains information for the reconstruction of one
beam from another beam. In optics, a hologram is created from the interference between a
reference beam and the beam resulting from an object (by either reflection or transmission)
[GOOD96]. It is generally recorded using an interferometric technique on special
photographic films [GOOD96]. The image of the object is reconstructed by illuminating
the hologram using the reference beam in the absence of the object [GOOD71],

[KOCK68].

A.1.2 Microwave Holograms

At microwave frequencies, as well as millimetre wave and sub-millimetre wave
frequencies, holograms are usually considered to be transmission holograms. In design, the
microwave hologram is used to generate a desired electromagnetic beam from a given
input or reference beam [KOCKG68]. In most applications, the desired beam is a plane
wave and the reference beam consists of a spherical wavefront from a given antenna; this
is referred to as an elementary hologram [WATE66b]. However, microwave holography is
not limited to this case only; other applications exist, for example beam splitting [LEE79].

At microwave frequencies, the recording of the hologram cannot be practically
performed using the same technique as in optics since there are no efficient sensitive

recording devices similar to photographic films at these frequencies. It is true that some
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recording media exist, but the amount of power required for recording a hologram
impractically large. Consequently, the holograms in these frequency bands are generated
from analytical or computer techniques [GOOD96] and are generally called computer-
generated holograms. At the time most of the research on holograms was performed, i.e. in
the 1960°s and early 1970’s, computers were not as distributed and used as today, and the
terminology computer-generated holograms was used to differentiate them from the
traditional holograms produced on photographic films. Nowadays the terminology may
appear obsolete since most designs use computer assistance. Nevertheless, the terminology
has been kept over the years; for example, Goodman was still using it in his 1996 textbook
[GOOD96]. Therefore the same terminology will also be used in this thesis.

The following sections provide background information on holography that is
relevant to the theory of amplitude and phase gratings used in Chapter 3. The interested

reader may refer to [GOOD71] for further theoretical background.

A.2 Recording Phase

The recording process of a hologram is shown in Figure A.2-1. It consists in
recording, in a medium, the interference created by two wavefronts or beams, one resulting
from a desired wavefront and the other resulting from a reference wave, e.g. a plane wave,
a spherical wave or the radiation pattern of a given antenna (horn, patch, etc.). In
Figure A.2-1, the desired wavefront is represented by the object. Mathematically, assuming

the hologram or recording medium is positioned in the xy-plane, and neglecting
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Figure A.2-1: The recording process of a hologram. Reprinted with permission from
[GOOD71]. © 1971 IEEE.

unimportant constants as proposed in [GOOD71] (such as time dependency), the field
distributions at the surface of the hologram or recording medium for each wavefront are

written as
Up (% y) =a(x, y)exp[- j¢(x. y)] (A2-1)
U (%, Y) = A(x, V) expl- jy(x, y)] (A2-2)
Quantity Up represents the field distribution of the desired wavefront in the plane of the
hologram or recording medium, a its magnitude and ¢ its phase. Quantity Ur represents the
field distribution of the reference wavefront in the plane of the hologram or recording
medium, A its magnitude and v its phase. The hologram is generated from the interference

I of the two wavefronts in the plane of the hologram or recording medium. The

mathematical definition of the interference pattern between the wavefronts Up and Ug is

1(X,y) = Ur (X, y) +U (%, V) (A.2-3)

which can be expanded to give the following result:

1(X, ¥) = U (6 V)| +Up (%, V) + U206 YU (%, ¥) + U (X, Y)U5 (%, Y)  (A.2-4)
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The complex conjugates appear because the magnitude or absolute value is squared.

Inserting (A.2-1) and (A.2-2) in (A.2-4), the following equation is obtained:

1(x,y) =|Ax,Y)[ +ax, y)[ + Ax, y)a(x, y)expliw (x, y) - jg(x,y)]

_ _ (A.2-5)
+ A(X, Y)a(x, y)exp[ j#(x, y) - jw (X, Y)]

which simplifies to

1%, y) = [AG Y[ +[a0x v+ 2A06 y)a(x, Y cosly (x, y) — g(x, )] (A2-6)
In its simplest description, the grating pattern of the hologram is proportional to the

interference pattern 1(x,y).

A.3 Reconstruction Phase
From the theory of holography [GOOD71], the desired wavefront can be
reconstructed by illuminating the hologram with the reference wave:
Uc (X, y) = 1(x y)Ur(x,y) (A3-1)
where Uc is the field distribution of the reconstructed wave. The reconstruction process is

illustrated in Figure A.3-1, in which the reconstructed wavefront is represented by the

virtual image.
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Figure A.3-1: The reconstruction process of a hologram, with an observer on the
right seeing the reconstructed virtual image. Reprinted with permission from
[GOOD71]. © 1971 IEEE.
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APPENDIX B Lens Antenna Theory

B.1 Introduction
In this appendix, a general theory for lens antennas, as well as different types of

lens antennas, are presented.

B.2 Basic Theory and Dielectric Plano-Hyperbolic Lens Antenna
(DPHLA)

The most common transformation that a microwave, millimetre wave or sub-
millimetre wave lens has to perform is to focus electromagnetic plane waves into a single
point at a given location, or inversely to transform the electromagnetic waves propagating
spherically from a point source into a plane wave. Traditional lenses are made of dielectric
material, and the simplest version has a curved surface on one side and a flat surface on the
other side. These lenses are often called single-surface lenses [GOLD97]. Considering
Figure B.2-1, it is desired that the total electrical length of any path through the lens is the
same as any other path. It is assumed that spherical (or circular, in a two-dimensional
problem) wavefronts radiate from the focal point P. Two paths are considered, which are
sufficient for obtaining the profile of the lens. The first path is PM’ through M, while the
second path is PC’ through C. For the lens to operate properly, it is desired to have the
same phase at every location on the output surface of the lens. First, the segments of the

paths are defined:
PM=F (B.2-1a)

MM =t (B.2-1b)
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Figure B.2-1: Cross-sectional view of a single-surface lens; the arrangement is also
called dielectric plano-hyperbolic lens antenna (DPHLA).

PC =R (B.2-1c)
CC'=F +t-Rcosd (B.2-1d)
Equating the electrical length along each of the above ray paths:

2—”F+2—ﬂt:2—ﬂR+2—ﬁ(F+t—Rcos:9) (B.2-2)
Ao Ay Ay A

9

where Ay is the free-space wavelength and Aq is the wavelength in the dielectric material,

A, = (B.2-3)
g9 \/Z
where & is the relative permittivity. Inserting (B.2-3) in (B.2-2):
2 2
27 +”—grt:2—ﬂR+”—\/;(F +t—Rcosd) (B.2-4)

Ao Ao Ao Ao
Simplifying (B.2-4):

F+yet=R+ e (F+t—Rcoso)
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F+.et=R+.e F+,/e,t— s, Rcosd
F=R+./e, F—e Reosd
Je Rcos@—R=.Je F-F
Rz, coso-1)= (s, ~1F

e -1
R= T om0 (B.2-5)

In (B.2-5), R is the distance from the focal point (P) to the lens surface as a function of the
radiation angle #and F is the focal length. Note that t, the thickness of the lens as shown in
Figure B.2-1, does not appear in (B.2-5); consequently, the curvature of the lens is
independent of the thickness. The curvature of the lens is that of a hyperbola; thus such an
arrangement is also called a dielectric plano-hyperbolic lens antenna (DPHLA). Expression
(B.2-5) is consistent with the result in [GOLD97].

In this document, full lenses with focal length F of 76.2 mm and diameter D of
152.4 mm (leading to an F/D of 0.5) are used. The single-surface lens is made of Plexiglas,
which has a relative permittivity & of 2.56. The calculated lens profile, obtained with
(B.2-5), is presented in Figure B.2-2. Other types of lenses are also presented in this figure;
these are discussed in Section B.3.

The single-surface lens has the advantage of being frequency independent. Indeed
(B.2-5) reveals no dependence on frequency (or wavelength). Consequently, such a lens
has no inherent bandwidth limitation. It does not suffer from shadow blockage as for the
other types of lens to be discussed in Section B.3. Its major disadvantages are its thickness,
weight, and material requirements. It also suffers from a high fabrication cost, requiring

machining in prototyping or small production, and moulding for large production.
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Figure B.2-2: Cross-sectional views of three types of lenses made of Plexiglas (& =
2.56); — dielectric plano-hyperbolic lens; Fresnel lens; — 90° phase correcting
Fresnel zone plate.

B.3 Phase-Correcting Fresnel Zone Plate Antenna (PC-FZPA) and

Fresnel Lens Antennas

The dielectric plano-hyperbolic lens presented in section B.2 can lead to an
appreciable physical thickness t, especially at microwave and millimetre-wave. In fact, it
can be seen in Figure B.2-2 that the dielectric plano-hyperbolic lens that is used for
reference in this thesis has a thickness of 38.376 mm, even without the extra backing
material thickness that is usually present for gain enhancement [GAGNO09]. Such a large
thickness can be impractical in many designs. Furthermore, it increases the weight of the
lens itself and may also result in increased absorptive loss and consequently reduced

efficiency.
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One way of realising that a thickness reduction can be performed on the dielectric
plano-hyperbolic lens is by examining the thickness profile. If the lens thickness results in
a phase correction range that is greater than 360° or 2= radians, then the lens thickness can
be reduced by substituting the phase correction greater than 360° or 2z radians by an
equivalent value less than 360° or 2= radians (modulo). In order to verify if the thickness
of the lens results in such a case, it must be verified if the difference between a path in the
dielectric material from which the lens is made and a path in free-space results in a 360° or
2 radians phase difference. This can be stated in an equation as follows:

2T _2My _on (B.3-1)
A A

g
where in this case t corresponds to a maximum lens thickness for 360° or 2= radians phase

correction. Simplifying (B.3-1):

2”\/—t—/1—t—
0

A

(B.3-2)

In the current case, (B.3-2) leads us to a thickness of 16.67 mm, which is less than

half the thickness of the current lens. Consequently, the maximum lens thickness when
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implementing a maximum phase correction of 360° or 2r radians is given by (B.3-2),
without considering the thickness of backing support.

A phase-correcting zone plate allows for correcting the phase by predetermined
steps of 360°/P or 2z /P, where P corresponds to the number of corrections within 360° or
2n radians. (For example, for 90° phase correction, P = 4; for 180° phase correction,

P = 2.) The thickness of the steps, denoted s, is obtained by proceeding in a similar way as

in (B.3-1):
2—”5—2—7[3:2—” (B.3-3)
A Ao P
Solving as in (B.3-2) leads to:
A
S= 2 (B.3-4)

(B.3-5)

Consequently, the fewer steps used, the thinner the FZP; however, this also corresponds to
the highest phase error, which translates to the lowest efficiency. For a 90° phase-
correcting FZP (P = 4), the phase efficiency is 81%; for 180° (P = 2), it is 41% [GUO02].
Therefore, there is a tradeoff between the thickness and the efficiency for an FZP.

A phase-correcting Fresnel zone plate is made of concentric rings of given
thicknesses obtained from (B.3-5). The radius r of each region i, called zone, is obtained

from the following equation [GOLD97]:

- \/ 2R, | (KJ (B.3-6)
P P
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Figure B.2-2 shows the profile of a 90° phase-correcting lens made of Plexiglas, which is
the same dielectric material as the dielectric plano-hyperbolic lens. The thickness reduction
is appreciable when compared to a dielectric plano-hyperbolic lens. The radii are
calculated using (B.3-6) and the thickness of each step is calculated using (B.3-4).

When the number of corrections is increased up to P — o, the lens is characterised
by a smooth curved variation, similar to the dielectric plano-hyperbolic lens, except at the
locations where the phase changes by 360°. This special case is called a Fresnel lens. The
profile of a Fresnel lens is shown in Figure B.2-2. This case has the advantage of having a
very good phase correction (phase efficiency of 100%); however, it corresponds to a higher
thickness than phase-correcting FZPs, which typically have P = 2 or P = 4. Note that when
P — o in (B.3-5), the result from (B.3-2) is obtained, corresponding to the maximum
thickness of a phase-correcting lens with maximum phase correction of 360° or 2x radians.

Phase-correcting Fresnel zone plates and Fresnel lenses result in a smaller
thickness, volume and material requirement than a dielectric plano-hyperbolic lens;
however, they are frequency dependent (see B.3-4 and B.3-6) so their bandwidth
performance will be limited compared to a dielectric plano-hyperbolic lens. Another
problem arising with these types of lenses is the spurious diffraction occurring at the step
discontinuities; this phenomenon is called shadow blockage [PETO03a]. These lenses are
also more difficult to machine than a traditional dielectric plano-hyperbolic lens because of

the requirement of machining in tight spaces, especially for the Fresnel lens.

211



B.4 Fresnel Zone Plate Antenna (FZPA)

Although the phase-correcting Fresnel zone plate and the Fresnel lens result in
thinner structures, the thickness remains of the same order as that of a dielectric plano-
hyperbolic lens for most cases. Therefore the size and volume reduction is not a very
impressive improvement, especially when one considers that it comes at the expense of
increased fabrication difficulty and reduced performance.

One way to obtain a significant improvement in terms of fabrication complexity,
cost and volume is through a Fresnel zone plate [HRIS00]. Instead of correcting the phase,
like other types of lens antennas do, a Fresnel zone plate blocks the destructively adding
radiation and keeps only the constructively-adding radiation. The destructively adding
radiation is blocked by opaque rings, generally made of conductive material; the
constructively adding radiation is made to propagate through transparent rings, usually
constituting of a thin dielectric sheet or membrane. The rings are obtained from (B.3-6)
with P = 2. There are no grooves present, and the Fresnel zone plate can be fabricated
using conventional photolithographic (wet chemical) etching, which is much cheaper than
machining or moulding. The result is a binary lensing structure that is extremely thin.
However, the performance is poor; the aperture efficiency of such lens is typically between

10% and 15% [HRIS00].
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