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Abstract

This thesis investigates the design and application of metasurfaces (MTSs) to enhance elec-
tromagnetic wave manipulation for smart radio environments (SREs). Metasurfaces, as planar
equivalent of metamaterials, provide efficient, low-cost solutions for wave control, making them
ideal for next-generation wireless communication. A key focus of this work is transitioning from
traditional reflecting intelligent surfaces (RIS), which rely on anomalous reflection, to surface
wave (SW)-based RIS (SW-RIS) leveraging a double conversion process: converting space waves
(SPWs) into guided SWs and back into SPWs. This novel approach offers superior reliability,
reduced losses, and enhanced control over beamforming in challenging environments and at
millimeter-wave (mmWave) frequencies.

The research begins with a comprehensive analytical framework for designing modulated
MTSs capable of efficiently coupling SPWs and SWs. A systematic synthesis process based
on a penetrable impedance boundary condition (PIBC) model is introduced to achieve high
conversion efficiency and precise control over aperture fields. This approach enables the realiza-
tion of MTS devices with smooth impedance modulation profiles, ensuring practical feasibility.
Subsequently, advanced design techniques are proposed to overcome limitations of canonical si-
nusoidal modulation, such as the open-stopband issue and inefficiencies at broadside and forward
radiation angles. By incorporating higher-order harmonics into the impedance modulation, the
study demonstrates improved control over desired radiation modes and suppression of unwanted
higher-order modes, achieving superior performance in SW-SPW conversion.

Building on these theoretical foundations, the thesis develops MTS configurations tailored
for broadband and frequency-scanning applications. A three-section MTS design— comprising
receiver, transition, and transmitter sections— demonstrates effective SW propagation, disper-
sion management, and frequency-dependent beam steering. The proposed designs are validated
through extensive full-wave simulations, showcasing their efficiency and broad angular and fre-
quency operation ranges. Additionally, the performance of SW-based MTS is benchmarked
against conventional reflector-based designs, highlighting its advantages in addressing frequency
dispersion and reducing radio blind spots. The investigation also includes the impact of SW
dispersion on diffraction losses in bent transition sections, further advancing the understanding

xiii



List of Tables

of SW-based devices.

The final phase of the study explores reconfigurable MTS-based leaky wave antennas (LWAS)
for continuous beam scanning at mmWave frequencies. By integrating mushroom structures with
voltage-controlled varactors, the proposed LWAs achieve tunability and suppression of open-
stopband effects. A detailed analysis of opaque and transparent impedance models provides
insights into their accuracy in capturing the electromagnetic behavior of the mushroom structure,
guiding the design of high-performance reconfigurable antennas.

This work establishes a solid foundation for the design and deployment of MTS-based SW-
RIS and reconfigurable LWAs, addressing key challenges in beamforming, dispersion manage-
ment, and energy efficiency. The findings have significant implications for SREs, offering scalable
solutions for enhanced wireless communication in urban and broadband environments.
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Chapter 1

Introduction

o control and manipulate electromagnetic waves is the driving force behind ongoing re-
Tsearch and development in electromagnetism. Metamaterials, which offer superior control
over electromagnetic (EM) waves, play a crucial role in this pursuit. These materials are typ-
ically engineered by arranging a set of electrically small elements (such as rings, rods, or other
arbitrarily shaped inclusions) in a regular array within a three-dimensional space [1,2]. This con-
figuration results in a bulk response that exhibits extraordinary interactions with EM waves [3].
In many applications, only a planar interface with EM waves is required, leading to the devel-
opment of a two-dimensional version of metamaterials known as metasurfaces [4]. Metasurfaces,
characterized by their small thickness compared to the operating wavelength, offer advantages
such as simplified manufacturing, lower cost, and reduced dissipation losses compared to their
three-dimensional counterparts [5].

Metasurfaces differ from other composite planar devices, such as frequency selective sur-
faces (FSS) and electromagnetic band-gap (EBG) structures, primarily due to the non-resonant
nature of their contituent elements. Specifically, the size (a) and spacing (d) of these elements
are electrically small, with dimensions less than half the wavelength (a,d < A/2) [5]. A key
characteristic of metasurfaces is that when an electromagnetic wave interacts with them, the
wave perceives the surface as a homogenized interface governed by boundary conditions. In
essence, all detailed information about the metasurface—including the geometry of its elements,
their shape, size, and material properties—is incorporated into the effective surface parameters
that define these boundary conditions [6]. A powerful homogenized model is the impedance
boundary condition (IBC), which establishes a relationship between the tangential electric and
magnetic fields on the surface [7]. The typical design process for metasurfaces to achieve ex-
traordinary wave control involves synthesizing an impedance boundary condition that converts
a given input field into a desired output field [8].

A distinctive feature of metasurfaces is that, while the spacing of their elements (d) remains
uniform, the geometry of these elements—such as their size, shape, or orientation—is non-
uniform. This flexibility in element design gives rise to a major subset known as modulated
metasurfaces (MM), where the geometry of the elements is modulated over a spatial period and
repeats periodically [9]. To clarify the terminology, the uniform spacing of elements is referred
to as the micro-period (d), whereas the spacing associated with the modulation is called the
macro-period (D) [10]. Crucially, the macro-period is comparable to the operating wavelength
(D > \/2), allowing MMs to be analyzed using Floquet-Bloch theory [5,|11]. At the same
time, the basic elements can still be modeled locally using boundary conditions. By leveraging
this double-scale approach in MM design, many advanced devices have been developed, further
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extending the potential of metasurfaces for sophisticated electromagnetic wave manipulation.

Space wave transformation

* Anomalous scattering * Complex beamforming * Polarization conversion *Phase shifting

Reflection Transmission

Output Wave

Input Wave
) |
/ ‘h‘ Output Wave
Modulated MTS Modulated MTS
(a) (b)

Surface wave transformation

Controlling surface waves Conversion to leaky waves
! iz
——
Non-uniform MTS Modulated MTS
© ()

Figure 1.1: Notable wave transformation functions performed by modulated (or non-uniform)
MTS: (a) reflection mode, (b) transmission mode, (¢) SW routing and (d) conversion to leaky-

waves.

Building on the wide range of capabilities discussed, metasurfaces enable powerful wave
manipulation phenomena, as illustrated in Fig. These phenomena span the entire elec-
tromagnetic spectrum, from high-frequency regions such as the optical and terahertz
(THz) bands to the microwave range. However, the focus of this thesis is on the mi-
crowave region. For reflecting metasurfaces, the amplitude and phase of the impinging elec-
tromagnetic wave are transformed across the aperture, producing reflected waves with complex
beamforms and anomalous reflection angles . Additionally, by controlling the polarization
of the field, metasurfaces can facilitate polarization conversion [24][25]. Similarly, transmitting
metasurfaces modify electromagnetic fields as waves pass through, resulting in anomalous trans-
mission, complex beamforms, and polarization conversion . One particularly significant
phenomenon in metasurface research is the conversion of space waves (SPW) into guided waves
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(or surface waves), which has gained considerable attention due to breakthroughs in achieving
high conversion efficiency across the entire angular domain .

Similarly, the manipulation of surface waves (SWs) using metasurfaces has led to interesting
applications. By controlling wave dispersion and anisotropy, metasurfaces can achieve spreading
or focusing of the wavefront enabling the creation of planar meta-lenses . Furthermore,
conformal metasurfaces can guide waves around obstacles, presenting exciting potential for ap-
plications in both commercial communication and defense systems. While SW to SPW con-
version is a well-known phenomenon in traditional leaky-wave antennas operating at microwave
frequencies, metasurface-based leaky-wave structures have significantly expanded the capabil-
ities of such systems . These advancements offer improvements in gain, efficiency, complex
beamforming, polarization diversity, and bandwidth [40}/51]. In physical terms, this phenomenon
is reciprocal to the SPW to guided-wave conversion. As metasurface technology continues to
mature, the wave manipulation techniques illustrated in Fig. have not only deepened our
understanding of these interactions but also led to practical and commercial devices, marking
the forefront of new developments in the field.

1.1 Motivation

1.1.1 Modulated Metasurfaces Based Reflecting Intelligent Surfaces

Smart Radio Environment

Figure 1.2: Working principle of Smart radio environment technology. (a) Conventional reflect-

ing intelligent surface implementation. (b) Surface wave-based RIS implementation.

The development of smart radio environment (SRE) technologies is anticipated to signific-



4 1. Introduction

antly enhance the overall performance of communication systems [52]. The core idea behind
SRE is to tailor the communication channel (i.e., the environment) in conjunction with the
design of transmitters and receivers. To this end, the concept of reflecting intelligent surfaces
(RIS) has recently gained traction [53]. RIS are strategically placed on structures like build-
ings and billboards to redirect incoming signals, ensuring a maintained line-of-sight between the
transmitter and receiver, as illustrated in Fig. In electromagnetic terms, this “redirecting”
function is an example of anomalous reflection, a process enabled by periodic MTSs. Numerous
studies have explored this topic, particularly focusing on the efficiency and angular range of
anomalous reflection [16-23].

Despite the advantages of MTS-based reflectors, they present several practical limitations.
As reflectors, these surfaces reroute wireless signals to an opposing plane, which can create ra-
dio blind spots in certain areas of the communication environment. Additionally, the rerouted
signals, remaining as unguided propagating waves, are susceptible to interference, free-space
path loss, and obstructions—a concern especially pronounced in the mmWave frequency band.
Frequency dispersion also has an impact on signal routing directions, as discussed in the literat-
ure [54]. While this dispersion can be leveraged for broadband applications to enable frequency
division multiplexing at the physical layer, the anomalous reflection capability of MTS-RIS is
intrinsically frequency-dependent due to the periodic modulation of the MTS structure.

In this context, an alternative approach involves using MTS-RIS based on a double conver-
sion process — first, the incident space wave (SPW) is converted into a surface wave (SW),
then, the SW is propagated along a desired path, and finally the SW is converted back into a
radiating space wave [55,56]. This method offers multiple advantages, as the generated surface
waves can navigate bends and circumvent obstacles, enhancing communication reliability and
extending coverage. Since SWs are guided, they suffer lower propagation loss and less inter-
ference compared to freely propagating SPWs. Additionally, the controlled dispersion of SWs
allows for effective frequency-dependent beam-scanning of the reradiated SPW. For broadband
applications, this approach can conveniently enable frequency division multiplexing at the phys-
ical layer. The double conversion process further allows precise control over the beamforming
of rerouted wireless signals, making this configuration—referred to as surface-wave reflecting
intelligent surfaces (SW-RIS)—highly promising for advanced communication systems.

This thesis provides a comprehensive study of MTS based SW-RIS, addressing the associ-
ated technical challenges, analytical modeling, design procedures, and numerical evaluations.
Additionally, the performance of SW-RIS is compared with that of traditional reflection-based
RIS, highlighting applications where the former offers superior advantages.

1.1.2 Efficient Space Wave to Surface Wave Conversion and Beam-
forming using Modulated Metasurfaces

The conversion between SPWs and SWs is central to the operation of the MTS technologies
proposed in this thesis. Recent works highlight the potential of constant phase gradient MTSs as
efficient SP-to-SW couplers [30,/31]. However, this concept can be generalized to different kinds
of modulations, as suggested by the seminal theory presented by Hessel and Oliner in 1959 [57].
Their work introduced the concept that a slow wave traversing a sinusoidally modulated im-
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pedance boundary can be converted into a leaky wave. It was demonstrated that when a slow
wave interacts with the periodic IBC, the resulting wave behaves as a sum of infinite harmonics,
known as Floquet-Wave (FW) modes. Under certain conditions, specific FW modes transition
from the guided region to the visible region (VR), contributing to LW radiation. The practical
realization of this theory in the form of a MTS-leaky-wave antenna (LWA) was subsequently
demonstrated in 2011 [58]. Indeed, due to the small electrical dimension of their constitutive
unit cells, MTSs can be conveniently modeled using a homogenized impedance boundary con-
dition, which establishes a relation between the average tangential electric field on the MTS
aperture and the average current flowing on the MTS [10].

The initial implementations of MTS-LWAs were limited to constant modulation indices and
periods, resulting in a sub-optimal SW to SPW conversion efficiency. More sophisticated devices,
capable of converting a cylindrical SW into a desired radiated field by employing two-dimensional
impedance modulation were subsequently designed in [40-49]. In particular, [40-47] considered
locally sinusoidal modulations and demonstrated that by appropriately designing the modula-
tion index and period profiles, it becomes possible to control the leakage constant, «, and the
phase constant, 3, across the aperture, thus, allowing one to achieve highly efficient conversion
and customized radiation patterns. In [42], the synthesis process for obtaining the target IBC
profile was efficiently performed using a semi-analytical approach solving the local canonical
problem through a generalization of the approach proposed in [57]. Such a process applies to
circular apertures with a central probe to collect or launch the SW power [59]. However, in the
context of SRE, it appears more convenient to consider rectangular apertures with 1D modula-
tions for direct field manipulation, without antenna terminals.

The conversion of SPWs into SWs using finite MTSs with 1D modulations has been ex-
tensively investigated in the recent literature. Interestingly, for finite structures, conversion
efficiency can be increased by resorting to non-strictly periodic modulations. As a matter of
fact, the apparent inconsistency between the homogeneous plane wave considered in the con-
version from SPW to SW and the inhomogenous plane wave arising in the conversion from SW
to LW [60] is solved when one considers finite structures, for which reciprocity holds rigorously,
and conversion efficiency can be unambiguously defined. Furthermore, through the use of finite
MTSs with non strictly periodic modulations one can control the shape of the received/radi-
ated beam. SW-to-SPW conversion from finite structures has been addressed in several recent
papers, using predominantly numerical techniques to determine the required homogenized IBC
profile [48,61-68]. In In [6264], a general optimization procedure was employed to determine
the impedance profile able to receive/launch an arbitrarily shaped beam, demonstrating a re-
markably high conversion efficiency. However, the synthesis process itself requires several hours
and, due to its numerical nature, it does not provide much physical insight into the problem.
Furthermore, the impedance profiles provided by this procedure exhibit fast spatial variations
and assume extremes values (poles and zeros), which makes practical realization challenging.
Additionally, another optimization technique, based on a surface integral formulation, was pro-
posed in [65]. This technique exhibits good computational efficiency and can also be applied to
conformal MTSs. However, similar to the previous studies, the resulting impedance profile in
general exhibits quite fast spatial variations.

In this thesis, we present a quasi-analytical synthesis process for generating a practically
realizable modulated impedance profile to achieve efficient conversion of a SW into a desired ra-
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diated beam (or, by reciprocity, an arbitrarily shaped impinging beam into a SW) using MTSs.
The impedance profile is described in closed form by a locally sinusoidal function with slowly
varying modulation index and period. This non-uniform modulation approach guarantees the
smoothness properties facilitating the SW-RIS practical implementation, while still offering a
considerable flexibility in producing arbitrary radiating field distributions across the aperture.

1.1.3 Increasing Angular Range for Modulated Metasurface

Sinusoidally modulated impedance surfaces (SMISs) are a standard and widely used technique
for designing MTS SW-SPW couplers [58]. In Chapter [2[ of this thesis, we present a design
technique based on SMIS to achieve an excellent SW-to-SPW conversion efficiency. Addition-
ally, the simplicity of the sinusoidal function allows for the derivation of useful design equations.
However, this approach has inherent limitations for some specific applications. In their seminal
work, Hessel and Oliner noted that unwanted higher-order FW modes within the VR can signi-
ficantly degrade the efficiency of SW-SPW conversion at specific forward angles. Additionally,
they observed the presence of a stopband at broadside, further impacting performance. With
the renewed interest in modulated IBCs driven by advances in metasurface technology, advanced
modulation schemes and synthesis techniques have been developed to enhance conversion effi-
ciency in these particular cases [33}/34,(62H67,/69]. Expanding on the Oliner’s method, in |10] the
authors developed a tensor impedance model for anistropic modulated MTSs. The presented
model accurately predicted the propagation characteristics for a given impedance tensor. In
a more recent paper [69], the authors showed that an anisotropic sinusoidally modulated IBC
offers better control as compared to its isotropic counterpart, the reason being that the tensor
formulation has more independent degrees of freedom that can be exploited to achieve better
performance. Specifically, they demonstrated that a properly modulated anisotropic impedance
could effectively eliminate unwanted FW modes responsible for the open stopband (OSB) at
broadside. Notably, each entry of the required modulated impedance tensor follows a sinusoidal
function.

Exact IBC profiles for achieving perfect SW to SPW conversion, valid for all angles, were
analytically derived in [33//34]. In [33], the synthesis of anisotropic tensorial impedance was con-
sidered for trasverse electric (TE)-SPW to transverse magnetic (TM)-SW conversion, achieving
a remarkable 100% conversion efficiency as validated by numerical calculations and full-wave
simulations. Notably, the derived impedance modulation consists of combination of sine and
tangent functions. Relatedly, in |34], an isotropic impedance profile was analytically derived for
perfect TM-SW to TM-SPW conversion. By employing Oliner’s analysis for generalized modu-
lation, first introduced in |70], the authors demonstrated that this impedance profile eliminates
all the FW modes except those corresponding to the input SW and the radiating SPW. How-
ever, these solutions have limitations, including being unique to fixed values of the propagation
constant and having extreme spatial variation in impedance values, which can limit practical
implementation.

In recent impedance synthesis techniques, the challenge of SW-SPW conversion on finite MTS
structures has predominantly been addressed using numerical optimization methods [62H67].
Among these, isotropic impedance-based MTSs are of particular interest, due to the easier treat-
ment and implementation. A notable example in this class is the work in [65], which achieves
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high conversion performance for both broadside and forward angles. The proposed approach
offers advantages such as relative computational efficiency and compatibility with conformal
structures. However, it generates impedance profiles with substantial spatial variations. Fur-
thermore, it is worth noting that optimization-based synthesis techniques may not offer insights
into the underlying physics, that are instrumental in effectively controlling the performance of
the synthesized impedance.

In this thesis, we present a novel synthesis procedure for designing isotropic impedance mod-
ulation for high efficiency MTS wave-converters, with a primary focus on suppressing unwanted
higher-order modes. To achieve this, we have worked with the Fourier-series formulation of the
impedance modulation and derived a generalization of the Oliner’s method in [57] for its ana-
lysis. This method, which is based on the Floquet-wave expansion of the fields over a modulation
period of the homogenized impedance surface, allows one to calculate the complex amplitude
of all the FW modes, thus, fully characterizing the SW to SPW conversion for any generalized
modulated impedance. Significantly, this approach provides the necessary control over unwanted
FW modes, allowing our SW-RIS to reliably receive and transmit wireless signals from virtually
any angle. At the same time, it ensures a smooth and slow variation of the IBC, hus simplifying
its practical implementation.

1.1.4 Controlling Surface Wave Dispersion in Modulated Metasur-
faces

In antenna engineering, the conversion from guided SW to LW has recently led to a class
of medium- to high-gain antennas known as modulated metasurface antennas [40-43]. The
control of frequency dispersion in these antennas holds significance for two distinct applications:
minimizing dispersion effects to achieve a stable beam across a desired frequency bandwidth |71}
73], and, conversely, exploiting high dispersion to enable large frequency scanning [74]. In [72],
a ridge gap waveguide-based LW antenna (LWA) was presented, utilizing a series of microstrip
branches as phase delay lines to compensate for dispersion effects. This design demonstrated a
fractional bandwidth with stable beam angle of 43%. Conversely, in another notable design [74],
the LWA achieved a frequency scan of 152° within 2.2 GHz in X band (equivalent to a scanning
rate of 69°/GHz). The required high dispersion was achieved through a combination of glide
symmetry and a single-layer Goubau line. On the other hand, the significant control over
the frequency dispersion of SWs offered by MTSs has not yet been exploited as a design tool
for creating frequency dependent anomalous reflectors to be incorporated in multi-frequency
communication systems.

Indeed, wave re-routing through SW-based MTSs has not been extensively investigated in
the literature; exceptions include references |55/75H77]. In these works, the proposed devices
are based on three sections: a receiver, a transition, and a transmitter sections. An early
design [75] demonstrated a planar MTS device intercepting a SPW impinging at 30° at one
segment and transmitting another SPW at —7.2° through the end segment, employing gradi-
ent surfaces for SPW-SW conversion. However, the overall re-routing efficiency achieved was
limited to 10%. The work in [76] introduced an optimization approach to design impedance-
modulated MTSs capable of receiving and re-transmitting Gaussian beams at desired selected
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angles. Full-wave simulations of the MTS, modeled by a homogenized IBC, predicted an over-
all conversion efficiency close to 100%. However, the extremely rapid spatial variation in the
synthesized impedance profile might hinder practical implementation. Notably, these designs
focused solely on single-frequency operation rather than broadband scanning, revealing a gap in
research regarding broadband applications.

An important application for SW-based MTS-RIS is the collection of impinging SPW power
on one side of a building and re-routing to another shadowed side, to address radio blind spots.
This concept was studied in [77] using an MTS device with a conformal transition section
designed to transfer a SW around a rounded corner. The reported full-wave simulation of the
structure, carried out with a homogenized IBC, demonstrated an overall transfer efficiency close
to 97.5%. The adopted design procedure relied on the numerical optimization of impedance
boundary conditions, and did not specifically addressed the relationship between SW dispersion
and power transfer efficiency.

Unlike previous works in the literature, in this thesis we introduce a novel MTS device de-
signed to receive a broadband wireless signal and, through double conversion, transmit it towards
frequency-dependent angular directions. The latter property motivates the name “metaprism”
(MTP) for our device. The focus is on manipulating and controlling the dispersion characterist-
ics of surface waves on modulated IBCs to realize this innovative MTS device. The objective is to
enable physical layer orthogonal frequency division multiplexing by properly assigning different
subcarriers to various users [54].

Additionally, we propose a simple yet effective solution to extend the applicability of the
proposed device to a scenario where the impinging SPW power is collected on one side of a
building and must be re-routed to another shadowed side, to address radio blind spots. The
design of the bent MTP is carried out by propagating the SW along a sharp corner, where power
transfer efficiency is maximized by controlling the dispersion of the MTS covering the corner
region

1.1.5 Accurate Design of Reconfigurable Modulated Metasurfaces

The last part of this thesis focuses on reconfigurable metasurfaces for LWA and SW-RIS ap-
plications. Reconfigurability is a critical feature for modern communication systems, enabling
enhanced performance, particularly in dynamic environments. The design of modulated MTS
relies on modifying the geometry of the unit cells distributed across the surface to achieve a
target wave manipulation. To introduce reconfigurability, tunable elements are incorporated
within each unit cell. Various practical approaches exist for electronically controlling the mod-
ulation parameters, including the integration of active devices (varactors and diodes) and the
use of tunable substrates, such as liquid crystals.

In a pioneering work, Sievenpiper achieved reconfigurability in amushroom-type MTS by
incorporating varactors in the gap between adjacent patches [78//79]. By controlling the capacit-
ances of the varactors, the electromagnetic properties of the MTS unit cell, defined by equivalent
IBC, were reconfigured. Importantly, the varactors were biased through the metallic vias of the
mushroom structure, effectively separating the biasing layer from the top modulating layer. This
technique has been used to construct tunable antennas, phase shifters, lenses, bandpass filters,
and bandstop filters [30].
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More recently, a similar approach has been used to construct various tunable LWAs with
enhanced gain and beamforming capabilities through the use of modulated MTSs [81H84]. The
designs presented in [81-84] operated below the mmWave band and did not explicitly consider
the biasing vias in the design. However, at mmWave frequencies their contribution cannot be
ignored.

As previously mentioned, two significant challenges in the design of modulated MTS-based
LWAs are the mitigation of the open stopband (OSB) problem, that prevents radiation at
broadside, and the control of higher-order modes, which can lead to the formation of undesired
sidelobes when pointing to forward angles. For reconfigurable MTS LWAs, suppressing OSB
is essential to achieve continuous beam scanning. Among the limited designs with continuous
scanning reported in the literature, many have relied on the introduction of properly designed
symmetry-breaking or reflection-canceling elements within the structure [85}/86]. However, re-
cent studies have demonstrated the effectiveness of techniques based on a proper design of the
impedance profile in suppressing OSB in static MTS LWAs [69,[87]. This approach offers the
advantage of eliminating the need for an ad hoc optimization of non-radiating elements, enhan-
cing the overall design efficiency. Furthermore, it is not restricted to broadside angles and can
improve performance in forward angles as well.

For MTS antenna designs based on specific equivalent impedance profiles, the performance
is critically dependent on the accuracy of the homogenized impedance model used to predict the
electromagnetic behavior of the chosen implementation technology, such as microstrip patches,
mushroom structures, or beds of nails. A commonly applied model relies on opaque impedance
boundary conditions (OIBC), which are defined at the top layer of the MTS structure and
account for the electromagnetic contributions of the entire structure. These IBCs can model
arbitrary structures; at resonance, the impedance value is univocally related to the transverse
wavenumber of the supported SW, which can be retrieved performing an eigenmode analysis
of the unit cell with a full-wave simulator. For some configurations, particularly patches (and
slots) on grounded dielectric substrates, one can also employ an alternative homogenized model,
based on penetrable impedance boundary condition (PIBC). PIBC relates the tangential electric
field to the discontinuity of the tangential magnetic field across the metallization, representing
only the contribution of the patterned metallic layer. Notably, the impedance value of PIBC in
an MTS unit cell is connected to the transverse wavenumber through the impedance (Green’s
functions) of the grounded slab. As shown in [10], PIBC provides more accurate predictions of
leakage and phase constants in modulated MTS leaky-wave antennas (LWAs), primarily because
of its ability to correctly account for the spatial dispersivity of the metasurface.

In [88], the authors derived a specific PIBC-type model for mushroom-type MTSs. The key
structural difference between mushroom structures and printed patches is the presence of metallic
vias. In their model, these vias in the grounded dielectric were treated as a wire medium (WM),
and a corresponding homogenized impedance model was developed. This model accurately
predicts the propagation constant of TM-polarized SW on uniform mushroom MTS, as well as
its cut-off region. Given that reconfigurable MTS antennas are often realized using mushroom
structures, it is valuable to explore the potential of the PIBC-WM model for predicting leaky-
wave propagation constants in the case of modulated MTS designs.

In this thesis, we use both OIBC and PIBC-WM models, integrated with our generalized
synthesis procedure, to design reconfigurable mushroom MTS LWA. Through extensive numer-
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ical simulations of mushroom MTS LWAs, we compare the performance of these models across a
range of wavenumbers. Based on the findings, we design a reconfigurable MTS antenna capable
of scanning across a wide angular range while avoiding the loss of radiation efficiency typically
occurring at broadside.

1.2 Outline of the Thesis

This first chapter has provided a brief introduction to modulated metasurfaces and outlined the
main motivations and objectives of the work. The rest of this thesis is structured into four main
chapters.

Chapter [2] presents an accurate analytically-based approach for the synthesis of modulated
MTSs that efficiently convert an arbitrary impinging field into a SW with a given wavenumber,
as well as convert a given SW into an arbitrary leaky-wave, to generate a radiating aperture
field distribution with the amplitude and phase required to produce a desired radiation pattern.
The considered MTSs consist of dense metallic claddings printed over a grounded dielectric slab,
which are modeled through homogenized PIBC. The desired conversion is obtained through a
proper locally periodic modulation of the PIBC, whose profile is designed through an effective
systematic procedure based on analytical formulas. These latter are derived from the Floquet-
wave expansion of fields and currents over the sinusoidally modulated impedance surface that
locally matches the actual structure. This approach provides an accurate control of both amp-
litude and phase of the aperture field, which allows for high conversion efficiencies as well as as
a general radiation pattern. Another advantage of the proposed analytically driven procedure
is that it leads to impedance profiles with smooth spatial variations, which can be easily imple-
mented through sub-wavelength patches of variable size. The effectiveness of the procedure is
demonstrated by designing MTSs that couple SWs and SPWs in different scenarios. Moreover,
MTSs are designed that first convert the impinging signal into a SW and then convert it back
to a SPW with prescribed characteristics. This latter example can find application in future
smart radio environments making it a valid alternative to reflector-RIS.

In Chapter we extend the approach for the design of isotropic impedance modulated
MTSs to provide enhanced control in SW to SPW conversion and vice versa. In particular, the
proposed formulation aims at overcoming the limitations of sinusoidal impedance modulation,
used in Chapter [2| for specific directions of the SPW (e.g. broadside radiation, exhibiting the
open-stopband problem, or forward radiation angles leading to multiple Floquet modes in the
visible region), while still guaranteeing a smooth impedance modulation represented through a
closed-form expression. To this end, we develop a Floquet-wave theory based analytical model to
describe SW-SPW conversion mechanism by any periodic impedance modulation, characterized
by its Fourier-series. Through this model, we identify the limitations of the SW-SPW conversion
through canonical sinusoidally modulated MTSs, especially at broadside and forward angles.
Subsequently, we show how systematically adding harmonics in the modulation function of
the impedance surface can provide control not only over the desired radiating mode, but also
over unwanted higher-order modes, leading to improved conversion efficiency for arbitrary beam
angles. Moreover, the design process allows for a flexible selection of the operating wavenumber
of the SW, enabling control over MTS’s dispersion and broadband performance. Subsequently,
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we applied non-uniform modulation technique to our proposed functions to design finite length
MTSs. Finally, the full wave analysis of a patch-based implementation of the MTS demonstrates
the good performance of the proposed design technique, with an increased range of angles that
the MTS can collect or radiate.

Chapter [4] presents a design technique for modulated metasurfaces, leveraging their dispersive
properties to create additional functionalities. The proposed device is constituted by a passive
and non-reconfigurable MTS comprising three sections. The first section (receiver) operates with
low dispersion, receiving broadband signals coming from the base transceiver station (BTS) at
a predefined angle and converting them into SW. The subsequent transition section gradually
increases the dispersion of SW, guiding it towards the highly dispersive transmitter section,
which finally converts the SW into space waves radiated towards frequency-dependent angular
directions. The latter property motivates the name “metaprism” MTP. This device holds prom-
ise for enabling physical layer frequency multiplexing and addressing waves in radio blind-spots.
The MTP is implemented by an array of sub-wavelength metallic patches printed on a grounded
dielectric slab, initially modeled using a homogenized PIBC. The dispersion analysis of the MTS
unit cell reveals the impact of patch geometry on dispersion characteristics, which is important
for achieving broad scanning performance. The required conversion efficiency is obtained by ac-
curately modulating the PIBC based on the results of Chapters 2| and |3] Full-wave simulations
validate the design, demonstrating high power conversion efficiency and a reasonable frequency
scan range. Moreover, the study compares the performance of SW-based MTP with that of a
spatially dispersive reflecting intelligent surface (RIS), highlighting the advantages of the MTP.
Additionally, it investigates an “around the corner” design, where the SW re-routes the signal
around a bent transition section, shading light on the relationship between SW dispersion and
power loss due to edge-diffraction.

Chapter [5]focuses on the design and numerical validation of a reconfigurable MTS-based LWA
that achieves continuous angular scanning through broadside at a fixed frequency in the mmWave
range. The proposed LWA uses a mushroom structure integrated with voltage-controlled varact-
ors to achieve tunability. The mushroom configuration is chosen to ease the accommodation of
biasing lines, which can be cumbersome at mmWave frequencies. The desired radiation pattern
and suppression of the OSB at broadside, essential for achieving continuous beam scanning, are
achieved through a proper design of the impedance modulation, as detailed in Chapter [3] Since
this approach relies on a precise modeling of the equivalent impedance, we investigate two types
of impedance boundary condition models —opaque and penetrable — to evaluate how accurately
they can capture the electromagnetic behavior of the mushroom structure. Extensive full-wave
simulations are conducted to assess the performance of these models in predicting leaky-wave
properties. Based on the insights provided by this study, a reconfigurable LWA is designed and
numerically analyzed, demonstrating continuous beam scanning and effective OSB suppression.
The results highlight the potential of impedance-based design techniques and provide valuable
insights for advancing high-performance reconfigurable antennas and SW-reflectors in mmWave
systems.






Chapter 2

Direct Synthesis of
Metasurfaces for Efficient Space Wave to Surface

Wave Conversion and Beamforming

In this chapter EL we propose a quasi-analytical synthesis process for generating a practically
realizable modulated impedance profile to achieve efficient conversion of a SW into a desired
radiated beam (or, by reciprocity, an arbitrarily shaped impinging beam into a SW) using
MTSs. The impedance profile is described in closed form by a locally sinusoidal function with
slowly varying modulation index and period; this approach guarantees the smoothness proper-
ties facilitating the MTS practical implementation, while still offering a considerable flexibility
in producing arbitrary radiating field distributions across the aperture. For any desired field
distribution, the procedure starts by defining the required profiles of the LW attenuation and
phase constants; then, these profiles are converted into profiles of modulation index and period
through the use of the local canonical problem of an infinite sinusoidally modulated IBC, which
can be very efficiently solved numerically.

A novel contribution of this work is the derivation of accurate closed form formulas for the
design parameters, modulation index m and period d, providing desired o and S values, which
further speeds up the synthesis procedure. Using these formulas allows us to develop a direct
synthesis procedure, thus, avoiding time consuming numerical techniques. The accuracy of the
formulas is demonstrated through numerical examples. Although the idea of deriving the local
modulation parameters from the analysis of the local periodic problem with 1D modulation
still holds for bidimensional anisotropic modulation, as the one encountered in centrally fed
metasurface antennas [41,42], in that case the design procedure is a bit more complex, thus, not
allowing for a fully analytical description.

The versatility and effectiveness of the proposed approach is verified by applying it to differ-
ent waveforms for which the optimal distribution of the complex LW propagation constant can
be written in closed form. By accurately defining the impedance modulation needed to match
these profiles over the MTS aperture, we demonstrate SPW-to-SW conversion with an efficiency
exceeding 98%. The approach is then also applied to scattering control by implementing smart
anomalous reflectors able not only to deflect, but also to shape the reflected beam, similar to the
ones numerically designed in [62] for impenetrable MTSs. To this end, the proposed approach

IThis chapter has been published as “Direct Synthesis of Metasurfaces for Efficient Space- to Surface-Wave

Conversion and Beamforming,” in IEEE Transactions on Antennas and Propagation , 2024 |87].



2. Direct Synthesis of Metasurfaces for Efficient Space Wave to Surface Wave Conversion and
14 Beamforming

eff = PSW/PSPW

Metaclements @ HW

PSW

n

(b

Figure 2.1: (a) Metasurface as a SPW-to-SW coupler in TM polarization. (b) Metasurface as a
LW antenna fed by a TM SW.

is applied twice, to operate a double conversion. For both the applications, the practical feasib-
ility of the design strategy is demonstrated by implementing the derived IBC profiles through
electrically small patches printed on a grounded slab and performing full wave simulations of
the resulting structure.

The chapter is organized as follows: Section [2.1] introduces a methodology for the effective
analysis of modulated MTSs with a locally sinusoidal modulation. Section presents a pro-
cedure for the design of efficient MTS-based SW-to-SPW and SPW-to-SW converters. Section
[2:3] shows some application examples. Finally, conclusions are drawn in Section [2:4]

2.1 Analysis of Modulated MTSs

The geometry of the problem is illustrated in Fig. 2] for the two configurations of interest. In
the first one (2.1f(a)), an arbitrary electromagnetic beam impinges in the zz-plane on a MTS
located in the zy-plane, and is converted into a SW. In the second one (2.1fb)) a SW propagates
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along the z-axis on the same MTS, and is converted into a radiated beam with a prescribed
radiation pattern. The MTS, which extends from x = 0 to x = L, consists of a layer of infinitely
thin metallic elements located at z = 0 and is placed on a grounded dielectric slab with relative
permittivity €, and thickness h. The printed elements, thanks to their small electrical dimension,
are effectively replaced by their equivalent homogenized impedance during the design process.
This equivalent impedance is assumed to be purely reactive, since losses are expected to be
small in the microwave range, and their effect can therefore be evaluated a posteriori with a
perturbative approach. The MTS is uniform and infinite along the y direction and finite and
modulated along x. The truncation along the y direction is expected to simply provide a small
perturbation of the currents at the edges.

For antenna applications, the finite structure can be fed through a beam forming network to
create/receive the planar SW wavefront. As discussed in other publications from our group, the
idea of deriving the local modulation parameters from the analysis of the local periodic problem
with 1D modulation still holds for fully 2D anisotropic modulation, as the one encountered
in centrally fed metasurface antennas. In that case, however, the design procedure is a bit
more complex, thus, not allowing for a fully analytical description. On the other hand, for
application to scattering control, the proposed solution allows for a seamless connection between
the receiving and the transmitting parts, with no need for probes, cables and connectors, since
we can assume the incident wave has a locally planar wavefront.

Without losing generality, we will consider in the following the case of transverse magnetic
(TM) polarization, which is the one of the dominant mode supported by thin MTSs including a
ground plane. A similar procedure can anyway be applied also to the case of transverse electric
(TE) polarization, provided the MTS supports a TE SW.

The primary objective of this study is to achieve efficient conversion for the two configurations
in Fig. Since for any finite structure the two problems are equivalent by reciprocity, in the
following the formulation will be presented referring to the transmission case, and its application
to the SPW to SW converter will be discussed later.

2.1.1 Uniform MTS: Homogenized IBC Model and Transverse Res-
onance Equation

The MTS structure, as depicted in Fig. is modeled using the homogenized penetrable im-
pedance boundary condition (PIBC). This model establishes a relationship between the average
tangential electrical field E;(x) on the MTS and the discontinuity of the average tangential
magnetic field across it (or, equivalently, the current J(z) flowing on the metallic cladding) as
follows:

E, = jX(Hylo+ — Hylo-) =7 XJ (2.1)

Here, X (z) is the homogenized reactance of the penetrable MTS, which describes the EM
behavior of the printed elements layer. When the reactance is uniform, i.e., X (z)=Xj, in the
low frequency regime this structure supports a TM-polarized SW with transverse propagation
constants k, = Bsw > ko, where kg is the free space wavenumber, and purely imaginary
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Figure 2.2: Geometry for the problem of the isotropic 1-D periodically modulated MTS. (a)
Patch-type MTS and (b) its homogenized impedance version.

longitudinal propagation constant k,. The transverse propagation constants is solution of the
following transverse resonance equation:
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Figure 2.3: Equivalent transmission line model for patch-type MTS.
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where X (Bsw) and X~ (Bsw ) are the TM reactances of a z-directed transmission line toward
free space and toward the ground, respectively, as shown in Fig. 23]
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2.1.2 Periodically Modulated MTS: Floquet-wave Expansion

When an EM field interacts with a periodically modulated MTS it undergoes a transformation
into a field comprising infinite space harmonics, known as Floquet-wave modes (FM). Electric
current and field can therefore be expanded as follows:

Ja)= Y Jmemike (2.5)
n=-—oo
Ej(x)= Y EMe W (2.6)
where d is the modulation period, and
1 [ () 1/
EM = 7/ E %" dy, g™ = 7/ Jelks" T dy (2.7)
d Jo d Jo

Conventionally, in periodic LW structures, the SW arising from the perturbation of the mode
supported by the unmodulated structure is identified with the 0-indexed Floquet mode, and the
modulation period is chosen so as to have (only) the —1-indexed Floquet mode associated with
a LW. Accordingly, in the phase constant of the 0-indexed Floquet mode, 63(00), is expressed
as the summation of the phase constant Sgy of the uniform MTS characterized by the average
reactance and the term AfS, accounting for the perturbation induced by the modulation. By
selecting appropriate values for Sgy and d, it is possible to achieve a —1-Floquet mode in the
radiation (or SPW) region, i.e. to have |k£_1)| < ko. Under this condition, a SW launched on
the structure is progressively transformed into a SPW. The leakage constant «,, which is the
same for all the Floquet modes, quantifies the relevant power conversion rate.

2.1.3 Sinusoidal Modulation: Oliner’s Method

In this study, the periodic modulation will be locally sinusoidal. For this reason, the reference
canonical problem is a periodic IBC, whose penetrable reactance is described by the following
function:

X(z)=Xo {1 + m cos (27;1: + 1/)0)] (2.9)

Here, X, represents the average reactance, m is the modulation index, d corresponds to the
modulation period and 1 is an arbitrary constant. These parameters are primarily associated
with different physical properties: once the substrate is fixed, Xy mainly determines the phase
constant of the 0-mode ﬂéo), thus governing the dispersion characteristics of the metasurface,
while the modulation index m largely influences the leakage constant «, and the correction
factor AS. Finally, the period d determines the radiation angle of the —1-indexed FM (or the
received angle in the reciprocal problem) through the following relationship:
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2
o) — i1 <5SW+kA5d) (2.10)
0

A rigorous numerical approach for the solution of the canonical problem of a sinusoidally
modulated impenetrable IBC was proposed in [57], and generalized to the case of a penetrable
IBC in [89]. This approach is briefly outlined in the following; more details can be found in [10].

By combining (2.1), (2.5) and (2.9), and assuming 1y = 0, we can express the tangential
electric field E,(x) as follows:

oo

Eu(z) = jXo [1 + %eﬂ%’”” + %e—j%“} DORARTREL (2.11)

n=-—oo

On the other hand, each FM of the transverse electric field can be related to the corresponding
FM of the current through the spectral Green’s function (GF) of the grounded slab evaluated
at the relevant transverse wavenumber k,i”), thus, resulting in:

Ey(x)= Y EMe We = N7 jx ) gmeike (2.12)

n=—oo n=—oo

where:

X (k) x- (k)
X (K) + X (k)
By combining equations |i and 1) and projecting onto eI°F e for q = —00...00, We

obtain an infinite homogeneous system of equations where the generic g-th equation has the
form:

xim = - (2.13)

%J(Q*l) 1+ D@ j@ 4 %J(’frl) —0 (2.14)
where
X(‘])
D@ —1_ Z2GF 2.15
X (2.15)

The system of equations in provides a comprehensive description of the modulated
MTS, since its nontrivial solutions, which exist only when the determinant of the system matrix
vanishes, correspond to the current modes supported by the structure. Hence, establishes
a univocal relationship between the modulation parameters m, d, and X, and the radiation
characteristics Bsw, AB, and a,. Importantly, the infinite system can be truncated to a few
terms with negligible loss of accuracy [57].

2.1.4 Constant Average Non-Uniform Modulation

In practice, in order to arbitrarily shape the radiation pattern (or to efficiently receive an arbit-
rary incoming field), it is necessary to change the modulation parameters across the aperture.
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It is therefore important to generalize the formulation to the case of non-uniform modulation.
This will allow us to achieve arbitrary «, and (3, profiles, enabling high conversion efficiency
and a versatile control of the MTS performance, as will be illustrated in the next Section.

Provided that the average reactance is kept constant and the variation of the modulation
parameters is smooth, the approach described in Section [2:1.3] can still be locally applied to
represent fields and currents through an adiabatic FW expansion. This approach has been
successfully employed in [41] to analyze centrally fed MTS antennas. The modulation functions
that will be considered in this work can be described as follows

X(z) = Xo [1+m(z)cos (f(x))] (2.16)
. . : daf\ ™!
After comparing (2.16]) with (2.9) we define the local period as d(z) = 27 T .
x
Local attenuation and propagation constants can now be derived by the local modulation

parameters. Then, the complex phase of the generic n-th FW can be retrieved by integrating
the relevant propagation constant

x x x 2 xr
/ k) (2" da' = / BO) (") da! —|—/ WIL dx’ — j/ oy (2')dx’ (2.17)
0 0 o d(x’) 0
The surface current along the non-uniformly modulated MTS can therefore be reconstructed as
follows:

N % ’ ro_ :n‘a 2V dx'
J(a) =30 ()edGswer ] A 7 el
n=—N

(2.18)
Here, the coefficients J (™ (z) are derived from the entries of the local eigenvectors of the system in
(2.14). We will demonstrate later in this paper, through a comparison with the results obtained
from full-wave simulations, that, despite the local nature of the FW expansion, equation
has the capability to accurately predict the surface current behaviour across the MTS. This
allows us to perform real-time performance analysis of the designed MTS.

2.2 Synthesis of Finite Length Apertures

In this section, we present a systematic and direct procedure for the synthesis of the modulated
MTS providing a desired radiation pattern when excited by a SW. Based on the considerations
developed in the previous section, the synthesis process consists in determining the profile of
modulation index m(z) and the phase function f(x). By reciprocity, the same design procedure
can be applied to efficiently convert to SW a given incident field by simply substituting the
radiating aperture field with the projection of the impinging field over the aperture.

By applying the uniqueness theorem, the far-field radiation pattern can be uniquely determ-
ined based on the tangential field distribution over the aperture [90]. Numerous methods have
been proposed in the literature to determine the aperture field that corresponds to a desired
radiation pattern (see, for instance, [91]). We assume, therefore, that the objective radiating
aperture field is known and represented as:

E (7)) = A(x)e?* @i (2.19)
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where A(x) and ¢(x) are real functions, with A(x) > 0.

The key step of the synthesis procedure is the identification of this field with the —1-indexed
mode of the adiabatic FW expansion (under the hypothesis that this is the only radiating
FW). The amplitude and phase of this latter are determined by the distribution of the a, and
63(5_1) constants across the aperture. In particular, the profile of «, corresponding to a given
aperture amplitude distribution of the —1 FW can be determined through the imposition of
energy conservation by considering that the the radiated power must equate the power lost by
the SW, as shown in the following section.

2.2.1 Derivation of Attenuation Constant Profile

The SW power flowing at the generic position x is related to the attenuation constant profile
through the following integral relation

Psw () = Psy (0)e~2Jo ol=)da! (2.20)
from which we get
P
dziz(x) = —2a(z) P (2) (2.21)

This quantity must be the opposite of the spatial derivative of the radiated power, which,
for a unit length along y, equates the normal component of the Poynting vector of the aperture
field. This latter can be estimated as follows

S.(z) = A%(@) (2.22)

2
20\/1- (£4)

The above formula is obtained by interpreting the gradient of the phase as the local transverse

wave-vector.

Given a desired radiation efficiency e, over an aperture length L, after integrating along x
and rearranging the terms, one can derive the explicit equation of the «, profile as a function
of the objective power density distribution as

_ 0.55(x)
ifOL S(z")dx' — foz S(z")dx!

From (2.23), we see that through the control of «, we can tailor the magnitude of the
radiating aperture field and match it to the one of the objective field.

(2.23)

()

2.2.2 Derivation of Phase Constant Profile

From lj we observe that the tangential phase constant ﬁ;ﬁl) of the —1 FW (the only mode
in the visible region) is related to the local radiation angle 6(x). This latter is related to the
gradient of the desired phase distribution ¢(z). Using this relationship, we can express 69(5_1) as
follows:

do(z)
dx

B = kg sin [0(x)] = — (2.24)
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Once the a(z) and S(z) profiles are known, our goal is to translate them into profiles of
the modulation parameters m and d. However, a significant bottleneck in the derivation of a
direct synthesis procedure arises from the mathematical form of the determinantal equation for
the system in , that does not allow for a direct solution. A possible approach consists
in employing some iterative numerical technique to solve the resulting transcendental equation.
However, it is possible to derive accurate simplified equations admitting an analytical solution.
This process, which is illustrated in the next subsections, will directly provide the designer’s
equations for m and d.

2.2.3 Derivation of Modulation Index

A quite accurate estimate of the modulation index can be obtained assuming the presence of
only one FW in the visible region, which is a standard requirement for periodic LW antennas.
Under this assumption, the power radiated by the —1-mode (LW) must equate the power lost
by the 0-mode (SW), being the active power carried by other higher order slow modes negligible
with respect to the one carried by the dominant mode. This condition can be expressed in terms
of the normal component of the relevant Poynting vectors:

(59] - ‘551)\ (2.25)

where:

z

St = —%Re {70 B} = —%Re o0 X&)} (2.26)

By combining (2.25) and (2.26]), we can express the ratio between the —1-mode and the
0-mode currents in terms of the problem Green’s function evaluated at the relevant spectral
points:

(2.27)

Notice that in writing we have assumed that J(—) and J© are in phase, since this
condition can always be obtained by properly selecting the phase v in .

In order to find an estimate of the modulation index, we consider the equations in for
n = —3,—2,—1 assuming J(—% = 0. This latter assumption is a good approximation, thanks to
the fast decay of the FW coefficients [57]. By expanding the three equations and utilizing the
relationship in , we obtain a cubic equation for the modulation index m as follows:

0.5m> + x (D(—1> + D<—3>) m? — 2D D=3y, 22
—4xyDEVDEAIDEY) — '

Solving ([2.28) yields three complex roots for m. Among these roots, we select the one with
the smallest imaginary part and a real part smaller than one; the other two have in general a non
negligible imaginary part, and are therefore not consistent with the assumption made writing

[2.9). Note that the variables x and D™ in 1l are calculated using «, ﬁg(fl), and Bsw .
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The accuracy of (2.28) in predicting m for a given « will be demonstrated in the results section
(2.3), by comparing these values with those obtained using the full system equation (2.14]).

2.2.4 Derivation of Modulation Period

At this point in the design process, the modulation period d has been estimated by calculating
the difference between ﬂé_l) and Bgw. This is equivalent to assuming that Bg(co) is equal to Bsw
by neglecting the perturbation term AS. However, to obtain the correct value of d, we need to
estimate AS. In fact, although the perturbation term is small compared to ﬁa(co), neglecting it
in the derivation of the modulation period would imply a phase error that accumulates along
the wave path, finally leading to a noticeable performance degradation.

In order to estimate Af, a 3 x 3 matrix is constructed from the equation system in by
considering three FW modes only (n = —1,0,1). The following equation is derived by equating
the determinant of this matrix to zero:

2
DL PO pA) _ mT[D(_l) + D(_l)} -0 (2.29)

Expanding D@ in (2.29) in terms of Green’s function X¢p according to (2.15) provides us:
—jerXgr XGEXGr — aXoXGp XEpXer) — el XoXGr
—e1 Xo X XG) + (Ger X2 — jea) X5 (2.30)
+(jer X2 — je) XS+ jer XEXE) 4+ 1 X3 — 2¢,X0 = 0
where ¢; and ¢y are given in Table In order to derive AfB, we expand the Green’s functions
AL — jag

, as shown below:
Bsw

in Taylor’s series with respect to

X8 =™ + ™ (A — ja) (2.31)
Ap
B

Here, higher-order powers of —————— are ignored, as they are close to zero. The constants

B jax

SW.
c3™ and ¢,(™ are given in Table By using the Taylor series expansion of X gg in
and ignoring higher-order terms, we obtain:

AB = Re {C"} (2.32)
Cd
where ¢, and c¢q have a closed-form representation reported in Table Finally, we use the
above expression of AfS to write the equation for d:
d— 27

- Bsw + Re {‘;—Z} — kosin (2:33)

The accuracy of |) in predicting d for given « and ﬂé_l) will be demonstrated in the
results Section by comparing these values with those obtained solving numerically the de-
terminantal equation for the full system in (2.14)).
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Once the local modulation parameters m(z) and d(z) are known, the phase function in (2.16)
is retrieved by integrating equation (2.24]), so as to account for the accumulation of phase along
the MTS, leading to the following reactance profile

X(z) = X, [1 + m(x) cos (/Om d?;)dx’ﬂ (2.34)

Table 2.1: Coefficients for calculating the modulation period

Coef ficients Expressions
8
“ m3X3
2
C2 mXo
o5 ™ o6 tan(er (M)
e3 -J cﬁn)ﬁs(m ZIHE;(")
(o5 (es ™ Fer0™ es ™ ) (o5 ™ o1t ™) — (e10™ esT ) (es™es ™t er, )
c4 (c10M 4¢5(M)?
iGB™ [ kg
Cs j Oko \/(5(7?))2 1
CoB™ erkd
Co erko \/(B(n)0)2 1
3(n) [ _Erkg
(&4 hﬁ " \/(B(”)O)Q
cg kg_l
B)H?
Co Er;z;l -
B0)?
jclc3(_1)03(0)03(1) + CIXOCS(_I)CS(O) _|_ CIXOCS(_l)CS(l)
Cn, +01Xoc3(0)03(1) — (jchg _jCQ) 03(_1) — (jchg —jCQ)Cg(l)
7jClX363(O) — Cng + 262X0
—ieres©@esWey D jeres©es ey © — jeyea(—Deg© ey
—c1 X3, 0D — ¢ Xpes TP ey (0 — ¢ Xges Wy (5D
Cd
7ClX003(71)C4(1)C4(1) — ClXOCg(l)C4(O) — ClXOCS(O)
+ (jC1X§ - jCQ) 04(_1) + (jchg - jCQ) 04(1) +j01XgC4(O)

2.2.5 Synthesis Procedure

This section summarizes the steps of the synthesis process leading to the definition of the
desired MTS. The magnitude and phase of the objective field are provided as inputs, along
with the operating frequency f, the relative permittivity €, and thickness h of the dielectric
slab, the length L of the MTS, the required radiation efficiency e, and the SW wavenumber
Bsw. Concerning this latter, the actual choice will depend on the specific application. In
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general, large values of Ssy imply narrower bandwidth, higher losses and larger sensitivity to
tolerances. On the other hand, there are limitations on the maximum achievable values of the LW
attenuation constant for very low opaque impedance values [41]. In most of the cases, the choice
Bsw =~ 1.3 — 1.4kq represents a good trade-off among these contrasting requirements, which
ensures an easy implementation through printed patches. However, for applications requiring
rapid frequency scanning, Sgw will be chosen significantly larger than ky. Conversely, when
low dispersion is needed, Bgsw will be set as close as possible to ky. Regarding the radiation
efficiency, it is worth noting that, while it can be theoretically set close to 100%, this choice
may result in excessively high values of o, possibly leading to fabrication challenges. For this
reason, an efficiency value around 94-97% is recommended to strike a practical balance.

Starting from these initial data, the value of Xy and the profiles «a,(z), and B;(fl) are
calculated using equations , and , respectively. Then, the length of the MTS
is discretized with a small step size dx &~ \/25 and at each step the modulation index and local
period are calculated using and . Notice that eq. requires an estimate of
Ap for an accurate evaluation of the Green’s function. At the first point (x = 0) this estimate
is obtained by assuming AB = 0. This choice is justified by the fact that the modulation
is always started gradually, so that the modulation index is close to zero at the beginning of
the structure. At the other points, the estimate is obtained using the solution at the previous
step. Using and significantly reduces execution time. Once the local modulation
parameters are found, the reactance profile is reconstructed through equation . The steps
of the continuous impedance synthesis procedure are outlined in Table

Finally, this profile is implemented though patches by using the procedure illustrated in [39].
This latter is based on the creation of impedance maps from simulation of the individual unit
cells, assuming periodic boundary conditions as approximate boundaries for smoothly varying
modulations.

2.3 Design Examples

This section illustrates the effectiveness of the proposed impedance synthesis process by showcas-
ing different MTS configurations enabling efficient coupling between SPWs and SWs in various
scenarios. To fully demonstrate the practical feasibility of the approach, the impedance profiles
obtained through the procedure outlined in Section are also implemented in a physical
structure, that is analyzed through full wave simulations. In particular, we have considered
H-shaped patches, whose dimensions are determined using the mapping procedure described
in [39]. An operating frequency of 28 GHz and a dielectric slab characterized by €. = 6 and
h = 0.508 mm are chosen for all the examples.

Full wave simulations are performed using the commercial solver HFSS, employing the sim-
ulation setup depicted in Fig. In accordance with the geometry introduced in Sections
and the MTS sits in the xy—plane, and SW propagation is along x. Taking advant-
age of the 2D nature of the problem and the TM polarization of the field, only one unit cell
enclosed among two perfect magnetic conductor (PMC) boundaries has been considered along
y. A planar radiation boundary is set on the top wall. Excitation of the structure is achieved
through two distinct sources: a waveport on the bare dielectric slab for the transmitting mode



2.3. Design Examples 25

Table 2.2: Synthesis process

Inputs: fo, €, b, L, e, Bsw, ¢(x), A(x)

# | Inputs StepDescription Output Eq
1 | &, h Bsw Get X Xo
2 | A(z), e, L Get the ag(z) profile. oy () 2.23
3| ¢'(2), ko Get the B profile. BV | @24
4 Béfl)(O), Bsw, az(0), | Get an estimate of the Green’s X(GnF)(O) (12.13)
€y D function at the FW spectral points
Xg};(O), assuming AS(0) =0
5 )N(gg(()), Xo Get the modulation index m at z = | m(0) (12.28)
0
6 | Bsw, «az(0), 6(x), | Get the modulation period d at z = | AB(0), (12.33)
m(0) 0 d(0)

Steps 7-10 will be performed for x; varying between

dz and L in steps of length dz

7T | AB(z; - dx), | Get an estimate of the spectral Xén;(xl)
,BSW,Bg(fl)(xi), oz (x;), | Green’s function evaluated at FW
€ry b wavenumbers Xé’g(xz)

8 f(gg(xl), Xy Get the modulation index m(z;) 2.28

9 | Bsw, ag(x;), 0O(x;), | Get the modulation period AB(xs), (2.33)
m(x;) d(x;)

10 | Xo, m(x), d(x) Get the impedance profile X(x) 2.34

and an incident gaussian beam in the receiving mode. Waveports are positioned at both the
input and output planes, parallel to the yz plane, in contact with PMCs on both sides to allow
for the propagation of a TM-polarized SW.

In all the examples we have assumed that the desired aperture field distribution was known
explicitly. When this is not the case, but only some constraints on the radiated/received field are
provided, it could be applied in combination with some optimization technique able to provide
the aperture field distribution (e.g. based on alternate projections), as an alternative to other
synthesis approaches directly based on numerical optimization [65)/68].
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Radiation Boundary

Dielectric Metaelements Ground

Figure 2.4: HFSS simulation setup.

2.3.1 Leaky-wave Antenna with Sector Beam

In this example, we design a MTS-based SW-to-SPW converter with a sector beam radiation
pattern characterized by a beamwidth of 15°, extending from 6y = —10° to 6; = —25°. The
MTS length is chosen to be L = 32\ mm, and the required radiation efficiency is e, = 97%.

The structure is tested in transmission, by exciting it with a TM SW. As a first design
step, the SW propagation constant is chosen to be Bsyw = 1.3k, corresponding to an average
penetrable reactance of —1309. The procedure presented in [91] is applied to determine the
objective radiating aperture field. Such procedure, given a certain aperture distribution, provides
the phase distribution required to obtain the desired radiation pattern. It is noted here that
several different techniques can be used to determine the aperture field distribution able to
provide a given radiation pattern. The choice of such a technique is transparent to the proposed
procedure, which only needs as input the desired aperture field distribution. As a general rule,
among different aperture field distributions with the same radiation pattern, it is reasonable
to choose the one with the slowest spatial variation. A Gaussian distribution with ¢ = 13—6)\ is
selected for the magnitude of the objective field

Ax) = Ae~(@=L/2)*/207 (2.35)

from which the attenuation constant profile is directly obtained using (2.23|) (orange line in Fig.
2.5)).
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Figure 2.5: Attenuation constant and modulation index profiles for the MTS-LWA.

Then, following , the phase distribution is found as
J5 A de’

I A )2de (2:30)

¢ (x) = 7r§ —sinfy — (sin @y — sin )
Starting from the profiles in eqgs. and , the procedure illustrated in section is
applied to determine local modulation indexes and periods. Fig. depicts the distribution of
m(x) obtained from the synthesis process and illustrates its relationship with the corresponding
« profile. Importantly, Fig. shows that m(z) calculated directly from and numerically
from are almost identical. The synthesized modulated reactance profile, X (), is shown
in Fig. It is evident that the envelope of X (x) resembles the profile of a,(x), and the
modulation period decreases with higher values of m(z). Here again, Fig. shows that
the reactance profiles from our proposed direct synthesis procedure and the numerical-based
procedure are nearly identical.

As a preliminary verification step, the obtained profile was simulated in HF'SS using piecewise
ideal impedance BCs. Fig. shows a comparison between the surface current provided by eq.
and the one obtained from HFSS simulation. The excellent agreement between the two
results validates the accuracy of , which is based on the local use of .

Finally, the obtained X (z) profile is implemented in a practical patch-type MTS. The re-
actance curve detailing the relationship between the patch dimensions and the corresponding
equivalent reactance value, used for constructing the MTS, is illustrated in Fig. The ob-
tained MTS was simulated in HFSS with the setup depicted in Fig. 24 Fig. [2.9] showcases
the simulated radiation pattern in the xz plane. The close agreement with the desired sector
beam pattern and the good control of side lobes (at least 30dB below the peak) confirm the
effectiveness of the proposed MTS design.
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Figure 2.6: Synthesized reactance profile for the MTS-LWA.
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Figure 2.7: Surface current distribution along the MTS-LWA: comparison between the proposed

pseudo-analytical approach (eq. ([2.18])) and full wave simulations.

2.3.2 Space-wave to Surface-wave converter

In this example, we demonstrate the design of an MTS that achieves highly efficient conversion
of an incident SPW into a SW. The incoming wave is modeled using a Gaussian beam (GB) with
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Figure 2.8: Variation of the reactance values with the parameter [y in the printed H-shaped
patch, alongside the unit cell’s geometry. The fixed dimensions of the unit cell are [y = 1.2 mm,

l5 =1 mm, and I3 = 0.2 mm.
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Figure 2.9: Normalized directivity pattern for the MTS-LWA: comparison between the target

pattern and the results obtained through full-wave simulations of the MTS implementation.
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its minimum waist centered at the point © = L/2,z = 0. The incident angle of the Gaussian
beam is arbitrarily set at #” = —15°, corresponding to a linear phase profile across the aperture.
The magnitude of the objective tangential electrical field is still approximately given by Eq.
, where o is related to GB’s minimum waist wg as wg = v20. Also in this case we choose
o= 13—6)\, ensuring a reduction in field amplitude to 1.1% of the peak value at a distance of
16X from the beam axis. The overall length of the MTS is chosen to be L = 32X\ mm and the
required efficiency is e, = 98%. The SW propagation constant is Bsw = 1.3ko.
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Figure 2.10: Synthesized reactance profile for the GB to SW converter.
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Figure 2.11: Simulated H-Field for SPW to SW converter. (a) Incident field. (b) Scattered field.

Fig. illustrates the synthesized X (z) profile for this specific case, which was subsequently
implemented using metallic patches. Snapshots of the simulated incident and scattered H,
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fields are shown in Fig. The incident power impinging on the MTS area is set as P; = 1
W. Analysis of the scattered field reveals the generation of a SW with increasing magnitude
propagating towards the positive z-axis. The total SW power accepted at the terminal port is

numerically determined to be Psy = 0.98 W, resulting in an excellent conversion efficiency of
98%.

2.3.3 Receiving and Transmitting EM waves using MTS Systems

In this example, we design an MTS that can convert an impinging SPW into a SW and then
re-convert the SW into a SPW with a different launch angle and prescribed beamwidth. This
structure offers an alternative solution to realize MTS-based anomalous reflectors, as the ones
required in SRE to re-direct signal waves. With respect to conventional reflectarray solutions,
based on the generalized Snell’s law [16], the approach proposed here offers increased flexibility
in field manipulation, thanks to the possibility to control also the amplitude distribution of
the radiating aperture field. In fact, one advantage of the proposed design is that the power
collected from the incident wave can be used to excite radiation with any desired beamform. For
instance, the transmitter section of the MTS can be designed as a LWA with either a single or
multiple pencil-beams, or with a sector-beam, making it suitable for serving single or multiple
end-users in SRE applications.

In this section, we envision two primary usage scenarios for this MTS system. In the first
scenario, only a portion of the MTS is exposed to the incident EM waves, which might happen
in practice due to the presence of obstacles in the communication environment. In this case, a
first portion of the MTS efficiently converts the incoming SPW into a SW, while a second part
re-radiates the received power in a desired direction, covering radio blindspots of the primary
source. In the second scenario, the entire MTS is exposed to the incoming EM wave. In this
configuration, one half of the MTS functions as an SPW-SW converter, while the other half
has a twofold function: on one hand it serves as a LW radiator for the SW collected by the
first part, and on the other hand it provides a specular reflection for a portion of the impinging
wave. This effectively results in the generation of two beams: one in the specular direction and
the other one from LW radiation at a prescribed angle. This dual-beam functionality makes it
particularly suitable for MIMO applications, as it creates an additional propagation path. For
both the systems, the MTS is divided into three sections: a receiving section, a transition part
and a transmitting section.

For the first example (System I), the receiving section is designed to convert an impinging
Gaussian-beam into a SW. The input parameters for this section are: §* = —10°, L = 22\ mm,
e, = 97%, and Bgw = 1.55kg. The transition section has the function to support reflectionless
propagation of the SW generated in the receiving section towards the transmitting section. For
this reason, it is characterized by an unmodulated reactance, whose value is set equal to the
average impedance of both the receiving and the transmitting sections. Finally, the transmitting
section is designed to produce a pencil beam radiation pattern with high tapering efficiency. To
this end, the magnitude of the tangential radiating field is to be maintained constant over the
length of this section. In addition, the launch angle is set to 20°. The length of the transmitter
is set to 32\, longer than the one of the receiver section to provide a narrower beam. This is an
example of the increased flexibility offered by this configuration with respect to a phase gradient
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Beamforming
reflector. The rest of the input parameters are the same as the receiver part.
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Figure 2.12: Synthesized reactance profile for the MTS system I.
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Figure 2.13: Directivity pattern for the MTS system I.

The synthesized profile of X (x) based on the above requirements is shown in Fig. [2.12
The profile of X (z) for the receiving section is similar to the one discussed for the SPW to SW
converter example. On the other hand, in the portion of X (x) corresponding to the transmitting



2.3. Design Examples 33

Reactance (2)
o0
S

0 10 20 30 40 50 60
x (\)

Figure 2.14: Synthesized reactance profile for the MTS system II.
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Figure 2.15: Directivity pattern for the MTS systems II & III.

section, the envelope amplitude has an initial gentle rise, followed by an exponential rise at the
end. This increasing behaviour of the modulation index is needed to keep approximately constant

the amplitude of the radiating aperture field, despite the exponential attenuation of the feeding
SW due to radiation power loss.
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The simulated directivity pattern is shown in Fig. Notably, the main lobe, contrib-
uted by the transmitter section, is approximately 18 dB higher than the lobe located at —10°,
representing the unwanted specular reflection of the wave impinging onto the receiver section.
Achieving a maximum directivity of 14.4 dB, this main lobe corresponds to an aperture efficiency
of 91% for the length of the transmitter section.

Next, we design the MTS system for the multibeam case. In this configuration, the re-
ceiving section is designed for a plane wave excitation, with impinging angle of —15°, while
the transmitting section is optimized for pencil beam radiation at 20°. The required reactance
profile is shown in Fig. [2.14] The radiation pattern, shown in Fig. clearly illustrates the
creation of two distinct beams. Notably, the beam associated with specular reflection exhibits
a higher directivity, being 1.2 dB more directive than the beam resulting from LW radiation,
as it receives contributions from the entire structure. To showcase the versatility of our design
in creating additional propagation paths, we also designed and simulated a third system (MTS
system IIT) in which the transmitting section is optimized to generate two beams at 10° and 25°
respectively. The relevant radiation pattern is also shown in Fig. 215

2.4 Conclusion

We presented a systematic approach for designing MTS that efficiently convert SPW to SW and
enable SW-based beamforming. First, we developed an analytical framework to model SPW-SW
coupling on MTS, based on non-uniformly modulated impedance surfaces. This model estab-
lished a direct mapping between arbitrary fields—quantified by the distribution of magnitude
and phase across the aperture—and the local impedance boundary values. Notably, we derived
a novel designer’s equation that links the impedance modulation index and period to the field’s
attenuation and phase constants. Furthermore, the final impedance profile was synthesized using
a closed-form expression, resulting in a direct synthesis procedure that is both computationally
efficient and fast.

The effectiveness and flexibility of our synthesis procedure were demonstrated through the
design of MTS for various applications. These MTS designs, realized with metallic patches on
a dielectric substrate, were validated using full-wave simulations. The results revealed a high
conversion efficiency, with a remarkable 98% of the incoming waves successfully converted into
SW. Additionally, when used as leaky-wave antennas, the MTS designs produced both highly
efficient pencil beam and sector beam radiation patterns. The close matched between the target
and simulated radiation patterns confirmed the accuracy of our model in predicting o and
across the aperture. Furthermore, the simulated surface currents on the MTS closely matched
those predicted by our model.

Significantly, we used our method to design SW based MTS-RIS for SRE applications. In
this design, the first section of the MTS efficiently converts an incoming wireless EM signals
into a SW, while a different section radiates a beam towards the intended user. We designed the
proposed MTS for various piratical scenarios, including different incoming signal waveforms such
as Gaussian beams and plane waves. Additionally, we designed the MTS to support different
radiation patterns: a pencil beam for single end-user scenarios and dual beams for MIMO
applications.



2.4. Conclusion 35

It is important to emphasize that we did not make any a priori assumptions about the fre-
quency behavior of the metasurface. Instead, we implemented the metasurface using printed
microstrip technology and employed state-of-the-art full-wave simulations to validate its per-
formance. Printed microstrip technology is a mature platform for metasurface synthesis, whose
performance has been well-validated in literature. Moreover, the dimension selected for printed
unit-cells in our design followed the minimum achievable line width and spacing available com-
mercially. For future work, the presented design will be used to create fabricated metasurface
by microstrip technology and deployed in smart radio environment application.






Chapter 3
Using Generalized Impedance Modulation for

Enhanced Control in Metasurface Design

In this chapter, we present a novel synthesis procedure for designing isotropic impedance mod-
ulation for high efficiency MTS wave-converters, with a primary focus on suppressing unwanted
higher-order modes. To achieve this, we work with the Fourier series formulation of the imped-
ance modulation function and derive a generalization of the Oliner’s method for the analysis.
This method, based on the Floquet-wave expansion of the fields over the homogenized impedance
surface, allows one to calculate the complex amplitude of all the FW modes for any periodically
modulated impedance profile, from which the performance of SW to SPW conversion can be
fully characterized.

To synthesize smooth impedance profiles, we proceed by progressively adding terms in the
Fourier transform of the MTS’s impedance profile and optimizing their coefficients to obtain a
desired behaviour. We begin by analyzing the performance of modulated MTSs with only three
non vanishing Fourier coefficients (FCs) (sinusoidal modulation), highlighting their limitations
at broadside and forward angles. Subsequently, we investigate potential solutions involving mod-
ulation functions with five FCs. We demonstrate that, with a systematic design, this modulation
can effectively suppress unwanted modes at broadside and certain forward angles. Advantage-
ously, this modulation also allows control over the dispersion behavior of the designed MTS.
Following this, we synthesize a new impedance profile with seven FCs and showcase its extended
angular range. Importantly, the required FCs are calculated in a systematic process.

To develop efficient finite-length MTS devices, we then generalize the design technique to
the case of non-uniform modulation parameters, extending the procedure developed in Chapter
to the newly developed modulation schemes. As a result, we get closed-form expressions
of the required impedance profile for the desired field configurations. Lastly, based on the
synthesized impedance profiles, we design practically realizable patch-type MTS devices. Full-
wave simulations of the resulting structure demonstrate high conversion efficiency for challenging
broadside and forward angles.

3.1 Generalized Oliner’s Method

In this section, we derive the equations describing the propagation and radiation characterist-
ics of waves supported by an isotropic impedance surface with a generic periodic modulation.
The proposed approach is a generalization of the procedure presented in [57] for sinusoidally
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modulated impenetrable IBC (IIBC) to the case of a penetrable IBC (PIBC) with an arbitrary
periodic modulation. As previously noted, the PIBC represents an accurate model for printed
metallic layers typically used for MTS implementation in the microwave range [10]. The case of
IIBC with generic periodic modulation was studied in |70].

In the following, we will consider a PIBC sitting on a single grounded dielectric slab with
dielectric constant ¢, and tickness h, which represents the simplest and most commonly used
MTS implementation in the microwave range. For these structures, the dominant mode is
transverse magnetic (TM). For this reason, we focus our analysis on the case of TM polarization.
The procedure, however, can be straightforwardly extended to the case of TE polarization.

(@ (b)

Figure 3.1: Geometry for the problem of the isotropic 1-D periodically modulated Patch-type

MTS (a) and its equivalent ‘generalized’ impedance modulation model (b).

We introduce a Cartesian reference system with its xy-plane coincident with the PIBC plane
(Fig. 3.1). The PIBC reactance, denoted as X, is defined as the imaginary part of the ratio
between the average tangential electric field and the average current flowing in the metallic
cladding (see Eq. in Chapter . The penetrable reactance is periodically modulated along
x with period d and invariant along y; we consider wave propagation along the x-axis. The
periodic function X (z) can be represented through a Fourier series as follows:

X(@)= Y XWe % (3.1)

g=—00

Owing to the periodicity, the fields and currents supported by the structure can be expressed
as summation of harmonics, or Floquet-wave modes:

Ja)= Y Wik (3.2)

n=—oo

. ()
Ey(z) = ) B{(x)e /"7 (3.3)
where
I ()
EM = 1), E, el "Tdx (3.4)
2 2 2

kM = g0 4 %n =80 —ja, + %n = Bsw + AL — jou + Fﬂn (3.5)
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Here, Bgw is the transverse propagation constant of the input SW supported by the average
impedance j X . From Eq. , it is evident that for appropriate values of d, the —1-indexed
FW mode enters the visible region (VR), giving rise to a LW. To maximize conversion efficiency,
the power carried by the 0-indexed FW mode, which is slow, must entirely convert into radiative
power carried by the —1-FW mode. Critically, if multiple modes coexist within the VR, the
power becomes distributed among them, leading to reduced efficiency.

By combining (2.1)), (3.1) and (3.2) we get:

Ey(z)=j Z X (@) —i%te Z g g—ikiMa (3.6)

gq=—00 n=-—oo

The Green’s function (GF) of the grounded slab, which relates the equivalent current to the
tangential electric field, provides additional equations in the mathematical model:

B = jXap (K1) 7 (3.7)

where,

¢/ (k2 = k2)(e, k2 — k2)tan (h ekl — kg) [ko
e R R+ /e R — Rtan (bR — D)

Xar (ks (3.8)

¢ and ko being the free space impedance and wavenumber, respectively. By combining (3.6) and
1) and projecting onto ej%Tnz, we get

3 X@ 00 - Xgp (k;m) JW =0 n=0+1,42,.. (3.9)

g=—00

The set of equations in provides a comprehensive description of the MTS operation,
establishing the relationship between the impedance Fourier coefficients X (™ and the phase
and attenuation constants (8, and «, that characterize the supported modes. Importantly, the
nontrivial solution of for J(™)| which only exists when the determinant of the linear system
vanishes, corresponds to the current modes supported by the structure. For any given reactance
profile, these equations can be solved to find the field configuration. Reversely, the synthesis
process consists in determining the values of the reactance coefficients providing the desired
values of 3, and a, while eliminating the unwanted modes J(™.

3.2 Sinusoidally Modulated Impedance

For the case of sinusoidal modulation, the reactance of the MTS is given by:

M 2 M _ o )
d

X(z) = X© <1 ¢ Wetpe M o (3.10)

where M is the modulation index. Notably, the Fourier series consists of three coefficients.
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3.2.1 Forward Radiation

Consider the case when there are two modes, n = —1 and n = —2, in the VR, which may
happen for forward pointing direction of the —1 FW. Solving eq.(3.9) with n = —2 for J=2)
and ignoring the FW terms outside the we get:

1 MXx () j(=1)
g1 J (3.11)
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Figure 3.2: Amplitude of the spectral components (FWs) of the current flowing in the sinusoid-
ally modulated MTS designed to radiate at 10°. Inset: Reactance profile.

It is clear from Eq. that this coefficient is different from zero for any non vanishing
value of the modulation index. Indeed, a limitation of the sinusoidal modulation lies in the fact
that there is only one term in the numerator in Eq. , consequently making it impossible
to achieve J(=2) = 0. To illustrate this behaviour, consider the following example: we want to
design an MTS antenna operating at f = 26 GHz, with a slab characterized by €, = 6, h = 0.508
mm, SW propagation constant 8, = 1.11kg m~', —1 FW mode pointing angle /(-1 = 10° and
attenuation constant o = 7 m~!. By solving the equation system 7 we obtain the following
design values: M = 0.516, d = 12.256 mm, and X(©) = —241 Q. It can be easily verified that
with this choice of the period, the —2 FW also falls in the VR, at an angle #(-2) = —50°. Fig.
depicts the amplitude of the FW coefficients of the current (the eigen solution of Eq. ),
with the reactance profile shown in the inset. Notably, the amplitude of the unwanted FW mode
J(=2) is 47% of the amplitude of the desired FW mode J(=1).

In Eq. , it is evident that J(=2) exhibits a non-linear dependency on the transverse
propagation constants, «, and (,. For deeper insights, we conducted an analysis of an MTS
antenna with (-1 = 10°, varying the values of a, and , as illustrated in Fig. Notably,
a, is predominantly influenced by parameter M, while 3, is determined by X(©). As observed
in Fig. for a fixed oy, the magnitude of J(—2) diminishes with increasing values of 8. This
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observation implies that achieving forward radiation in sinusoidally modulated MTS antennas
demands large SW wavenumbers, typically associated to high dispersion, which may restrict
broadband operation. Lastly, for a constant value of 3., the magnitude of J(=2) increases with
higher values of «,.
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Figure 3.3: Amplitude of the ratio between the FW currents J(—2) and J= against 3, for

different values of .

3.2.2 Broadside Radiation

MTS antennas with isotropic sinusoidal modulation exhibit an open stopband (OSB), charac-
terized by a reduction of « to zero at the frequency of broadside radiation. This behavior, which
stems from the coupling between the n = —2 and n = 0 FW modes, has been systematically
documented in . Further substantiation of this effect is provided by the FW current distri-
bution of a sinusoisally modulated MTS designed to radiate at broadside, depicted in Fig. [34]
which clearly demonstrates that |J(’2)| equals |J(O)|, while |J(’1)| is close to zero.

3.3 Five Fourier Coefficients Modulated Impedance

In the next phase of this study, we evaluate the performance of a modulation described by five
Fourier coefficients, expressed in the general form as shown in Eq. (3.12):

XOM, .20 am +X(O)M2

(77 4 7T SR (o I E ) (3.12)

The equation for J(=2) for this modulation is derived and presented in Eq. (3.13):
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Figure 3.4: Amplitude of the spectral components (FWs) of the current flowing in the sinusoid-

ally modulated MTS designed to radiate at broadside.

1 M, X©O J(=1) 4 Ap,eie x (0) j(0)
2 x(0) _ XC(;F2)

J2 = (3.13)

Advantageously, this expression contains two terms in the numerator, offering the possibility
to choose the modulation parameters such that the two terms cancel each other, thus, signific-
antly reducing the magnitude of J(~2). Furthermore, Eq. (3.13) imposes no limitations on the
range of achievable o and 3.
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Figure 3.5: Amplitude of the FWs of the current flowing in the MTS with a modulation described
by five FCs radiating at 10°. Inset: Reactance profile.
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Figure 3.6: Simulated radiation pattern for uniformly modulated MTS antennas. Comparison

between different modulation schemes.

3.3.1 Forward Radiation

To assess the performance of this modulation, we design an MTS antenna using the same input
parameters as for the sinusoidal case. Also in this case we solve Eq. , with an additional
condition to minimize Eq. . The resulting design values are M; = 0.918, My = 0.42,
$o = 264°, d = 12.257 mm, and X(© = —400 Q. The amplitude values of the FW current
are depicted in Fig. Notably, the magnitude of the unwanted term J(=2) is reduced by a
factor 46 compared to the sinusoidal case. Moreover, the functional form of this modulation is
shown in the inset of Fig. 3.5] with the reactance profile displaying a reasonably smooth spatial
variation within its period.

For a more comprehensive assessment, we conducted a full-wave analysis of these two cases.
We realized two uniformly modulated MTS antennas spanning 15\ using the design values
calculated above and simulated them in the HFSS software. The simulated radiation patterns
are presented in Fig. Notably, the radiation lobe corresponding to the n = —2 mode
exhibits a 34 dB reduction for the five Fourier coefficient modulation compared to the sinusoidal
modulation. As a consequence, the directivity of the main lobe surpasses that of the sinusoidal
case.

3.3.2 Broadside Radiation

As discussed in Section [3.2.2] the occurrence of an open stopband during broadside radiation
is primarily attributed to the excitation of the n = —2 FW mode. Our approach efficiently
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suppresses }J (=2) |, thus, providing an effective solution to the OSB issue. As a demonstration, let
us consider a broadside radiating antenna characterized by a propagation constant 8, = 1.33kg
and an attenuation constant a, = 7. The modulation parameters synthesized for this scenario
are as follows: M; = 0.162, My = 0.04, ¢ = 179°, d = 8.65 mm, and X(© = —110 Q. The
resulting FW currents, illustrated in Fig. [3.7] confirm the successful suppression of undesired
FW mode.
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Figure 3.7: Amplitude of the FWs of the current flowing in the five FCs modulated MTS

radiating at broadside. Inset: Reactance profile.

Additionally, we conduct a numerical analysis on the dispersion behavior of the modulated
impedance surfaces introduced above within a frequency range around the broadside frequency.
The design parameters for the two modulations are the same used for generating Fig. and
Fig. [377] The propagation constant and current values plotted in Fig. [3.8are obtained by solving
As expected, for the sinusoidal case (orange curve), o approaches zero at the broadside
frequency, while its 8, curve exhibits discontinuity around this frequency. In contrast, for the
five FC modulation, reasonably well-behaved «a, and [, curves are observed. These results
align with the significant suppression of the —2-FW mode in the five FC modulation case, as
illustrated in Fig. [3.8] (c).

3.4 Seven Fourier Coefficients Modulated Impedance

The preceding analysis of two modulation methods suggests that increasing the number of
Fourier coefficients can enhance control over radiating FW modes. This augmentation proves
especially advantageous in the design of MTS antennas with large forward radiation angles,
where also ne n = —3 FW mode can enter the visible region, leading to additional undesired
radiation. In this context, we investigate modulation employing seven FC, as defined in .
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Figure 3.8: Dispersion analysis of the five FCs modulated (blue curve) MTS and sinusoidally

modulated (orange curve) MTS radiating at broadside. (a) Normalized attenuation constant

(ad). (b) Normalized propagation constant (3d) of the 0-FW mode. (c) Relative magnitude of

the —2-FW mode with respect to —1-FW mode.
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where,
X O pfeFid (9 _ X (0) VfgeFide
’ 2

Our main focus is on the efficient suppression of J(=2) and J(=3) FW modes. To accomplish

xED — X

XOpr
Tl (3.15)

this, we derive their equations in terms of modulation coefficients, represented by Equations
(3.16al) and (3.16b)) as follows:
J-2) XM g(=3) o x(=1) (=1 4 x(=2) j(0) 4 x(=3) y(1)
- X0 4+ x5

(3.16a)

X1 g(=2) L x(=2) y(=1) 1 x(=3) j(0)

JE3) =
X (3
© é:F)

(3.16b)

The synthesis process to get the required reactance profile involves solving while min-
imizing the values of and . As a validation of this method, we employ the seven
FC modulation to design an MTS antenna radiating at a large angle of 60°. The resulting FW
modes, depicted in Fig. affirm the suppression of undesirable modes.
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Figure 3.9: Amplitude of the FWs of the current flowing in the seven FC modulated MTS

radiating at 60°. Inset: Reactance profile.

3.5 Design of Finite Length MTSs

For finite-length MTS devices, an effective transmission (or reception) of waves necessitates a
variable distribution of modulation parameters across the device’s aperture, a technique known
as constant average non-uniform modulation. This technique was used to design sinusoidally
modulated MTSs in our Chapter [2} Here, we apply this technique to our proposed generalized
modulation scheme. Fig. presents the flowchart outlining the main steps of the design
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technique. Although we refer here to the case of a SW-SPW converter, it is understood that
the same procedure can be also applied to SPW-SW converter.

Desired radiating beamform/
Impinging waveform . /////4

‘ 100
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Figure 3.10: Flow chart of non-uniform modulation synthesis procedure for finite-length MTS

SW-SPW (or SPW-SW) converter.

Firstly, requirements are specified for the radiation pattern associated with a certain aperture
distribution. By identifying the radiating field with the —1 indexed term of the generalized FW
expansion, the aperture field distribution is translated into corresponding distributions of the
LW constants «, and 3,. Subsequently, local impedance modulation parameters for a desired
dispersion value (determined by average impedance) are calculated using to excite the LW
with desired characteristics. Once local FC values are known, we obtain the overall reactance
profile using the following closed-form expression:

N
Z X(‘Z)(x)e_Jqfo %dw n = 1’2,3 (317)

Finally, practical implementation is achieved by printing electrically small patch elements on a
grounded dielectric slab. A rigorous analysis of the proposed reactance modulation schemes can
then be obtained by performing full-wave simulation on patch-type MTS.

The determination of the dimensions and shapes of the metallic patches providing a given
reactance profile follows established procedures documented in the literature [39]. In the design
presented here, the patches lie in the xy-plane, with the SW propagation considered along the
zr-axis. Since the structure is assumed to be invariant along y, only one unit cell with perfect
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magnetic boundary conditions is considered in that direction; as a consequence, the width of the
simulated MTS structure along y matches the dimensions of one unit cell of the patch element.
The dielectric slab used in simulations features a relative permittivity of er = 6 and a thickness
of h = 0.508 mm. The micro-period unit cell is square with a size of 1.2 mm. All analyses are
conducted at 26 GHz using the HFSS simulator.

3.5.1 MTS-SPW-t0-SW Converter for Broadside Incidence

In the first scenario, we designed a SPW to SW converter to receive a wave incoming from
broadside direction. The incoming SPW was modeled as a Gaussian Beam (GB) with a beam-
width of 15v/2X. The length and SW’s wavenumber of the MTS are set as 45\ and 1.3k,
respectively. For the above design requirements, we employed a five FCs modulation to syn-
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Figure 3.11: Reactance profile for five FC modulated MTS based SPW to SW converter.

thesize the required reactance profile. As described in design flowchart (Fig. , the ay ()
distribution is first derived from the desired tangential field (GB distrubtion). Following that,
the modulation parameters (M7, M, ¢2, d) are obtained. Based on the modulation parameters,
the overall reactance profile is synthesized using Eq. [3.17]; the result is shown in Fig. [3:11] The
reactance profile exhibits a smooth variation around the average reactance X (9 of —110Q and
was effectively realized using a patch-type MTS. Fig. displays the simulated magnetic fields
of the SPW to SW conversion performed by the MTS. It is evident that a well-defined SW is
generated, propagating along the xz-axis. The conversion efficiency was calculated by comparing
the power associated with the impinging GB to the power received at port 1 through the SW,
resulting in an impressive efficiency of 94%.

Additionally, we introduce a new MTS converter designed with a lower operating wavenum-
ber of 1.1kg, corresponding to an average reactance (XY) of —40012. Figure presents the
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Figure 3.12: Simulated magnetic field for MTS based SPW to SW converter. (a) Incidence field.
(b) Scattered field.
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Figure 3.13: Conversion efficiency versus frequency responses for MTS based SPW to SW con-
verters with different average reactance: X(®) = —4009 (blue lines) and X = —130Q (red

lines).

comparison of the frequency behaviour over a 500 MHz band of the conversion efficiency between
this new design and the previous one (X% = —400€2). As expected, the MTS converter with the
lower wavenumber exhibits reduced dispersion, evidenced by a 31% drop in conversion efficiency
at the edge frequency, in contrast to the 81% decrease observed in the other design. This valid-

ates our design process’s efficacy in significantly controlling the dispersion characteristics of the
created MTS devices.
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Figure 3.14: Reactance profile for seven FC modulated MTS LWA.
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Figure 3.15: Simulatied radiation pattern for MTS LWA.

3.5.2 MTS-LWA in Forward Radiation

In this example, we design an MTS-LWA radiating at 45°. The input SW operates at a wavenum-
ber of 1.3ky. Under these parameters, there are three FW modes whose wavenumber falls in
the VR: n = —1, n = —2 and n = —3. Among them, only the first one is desired. To suppress
the other two modes, we employ a seven FCs modulation to obtain the correct MTS design.
A highly efficient pencil-beam is selected as the desired radiation pattern for the MTS, which
corresponds to constant magnitude of field across the MTS.
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Based on the design requirements, all the modulation parameters, including the modulation
indexes Mi(z), Ma(z), and Ms(x), are calculated. Following that, the overall reactance profile
X (x)7rc is obtained, as shown in Fig. [3.14] For comparison, the reactance profile X (), based
on sinusoidal modulation is generated for the same design requirements. For each local period,
the maximum and minimum values of X (x)7pc are consistently higher than those of X (z)g;p.
These differences become more prominent towards the end, where values of a are significantly
high. Subsequently, we design a patch-type MTS based on this reactance profile and conduct full-
wave simulations. The resulting radiation pattern for 7 FC modulation based MTS, illustrated
in Fig. demonstrates high directivity, with a calculated radiation efficiency of 97%. For
sinusoidally modulated MTS this value drops to 91%. Moreover, it is observed that the seven
FC-modulated MTS suppresses the —2-FW mode and —3-FW mode by —15 dB and —17 dB,
respectively.

3.6 Conclusion

An analytical impedance synthesis procedure to design an MTS-based SPW-SW coupler, capable
of receiving or transmitting signals at virtually any angle, has been presented. The proposed
synthesis procedure, along with its inverse analysis procedure, was derived by deriving the
expression of the Floquet-wave expansion coefficients of the target fields as a function of the
Fourier series coefficients of the modulated reactance. We first established that the conversion
inefficiency observed at broadside and forward angles for the basic sinusoidally modulated MTS
was primarily attributed to the excitation of specific FW modes. As a solution, we used five FCs
modulated impedance for MTS design and showed that its modulation parameters can be chosen
to effectively suppress one unwanted FW mode. Importantly, we found the exact modulation
parameters using analytical equations. Next, we demonstrated the possibility to further increase
the angular range of MTS couplers using seven FC modulation. Furthermore, we applied these
proposed modulations to design finite-length MTS structures using non-uniform modulation.
Through full-wave analysis of patch-type MTSs implementing the synthesized reactance profiles
in two scenarios, we showcased the practical applicability and robustness of this approach.






Chapter 4

Controlling Surface Wave
Dispersion in Modulated Metasurfaces for Smart

Radio Environments

This chapter introduces a novel passive and static MTS device designed to receive a broadband
wireless signal and transmit it towards frequency-dependent angular directions by employing a
double conversion to/from SW. The objective is to enable physical layer orthogonal frequency
division multiplexing by properly assigning different subcarriers to various users [54]. Our MTS
design relies on the design of continuous IBC profiles, that are finally implemented through
printed patches on grounded dielectric. The process of attaining efficient SW-SPW conversion
via the appropriate impedance profile has been detailed in Chapter [2] and Chapter [3] Here, we
expand upon this foundation, focusing on manipulating and controlling the dispersion charac-
teristics of SWs on modulated IBC to create this innovative, simple, and low-cost ‘Metaprism’
(MTP). As in other studies related to SW-based re-routing, we adopt a three-part configur-
ation comprising a receiver, a transition, and a transmitter sections. To obtain the intended
functionality, three distinct dispersion profiles are devised for each section: dispersion is very
limited in the first section, to enable the simultaneous reception of multiple frequencies, while
it is high in the transmitting section, to enhance frequency scanning. The transition section
provides a smooth transition between the two regimes. After a first design was done at homo-
genized impedance level, a realistic implementation through patches printed on a grounded slab
was carried out. An important result of this study is the correlation between SW dispersion
and both the homogenized impedance values and the synthesized patch shapes. Comprehensive
full-wave simulations were conducted on the final MTS device, confirming its effective perform-
ance. Broadband performance are compared with the one of MTS-RIS using direct anomalous
reflection.

Additionally, we propose a simple yet effective solution to extend the applicability of the
proposed device to a scenario where the impinging SPW power is collected on one side of a
building and must be re-routed to another shadowed side, to address radio blind spots. The
design of the bent MTS is carried out by propagating the SW along a sharp corner, where power
transfer efficiency is maximized by controlling the dispersion of the MTS covering the corner
region.

The chapter is organized as follows. Section [4.] formulates the problem and illustrates the
working principle and design procedure for the proposed MTP. Section [4.2] presents numerical
results. Next, Section details the deesign and analysis of bent-MTS. Finally, Section
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provides a summary of the conclusions and insights derived from this work.

4.1 Working Principles and Design of Metaprism

4.1.1 Problem Geometry

Fig. shows the geometry and illustrates the fundamental working principle of the MTP
proposed in this paper. The planar MTP is placed on the xy—plane of a Cartesian reference
system. A linearly polarized incident wave impinges on the MTS at a pre-defined angle with
an arbitrary amplitude distribution. This incident beam is envisioned as originating from a
base transceiver station (BTS) and it has a frequency bandwidth capable of accommodating
multiple subchannels, which will ultimately be rerouted to different users. Obstruction-induced
masking effects (e.g., due to buildings) confine the beam propagation to a finite portion of the
MTP, denoted as the receiving section. The key challenges within this segment lies in effectively
collecting the incoming power and transferring it to a surface wave, while minimizing losses
due to scattering. In this respect, maintaining consistent conversion efficiency across the whole
frequency band poses a challenge, due to the inherent dispersion of the modulated MTS, which
should be minimized in this receiving section.

The transition section is intended to collect the SW from the receiving section and guide
it along +z—axis without radiation while progressively adjusting its wavenumber to match the
one supported by the transmitting section. Finally, the transmitting section is designed to
emulate the performance of a high frequency scanning rate LWA by using a highly dispersive
MTS. In general, the frequency dispersion of printed MTSs can be easily controlled through the
characteristics of the substrate. However, the challenge here is that the choice of the substrate
will also affect the receiving section, for which frequency dispersion must be minimized. For this

reason, the shape and size of the meta-elements will be used to control the dispersion, as well
as the leakage constant.
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4.1.2 Overview of Design Process for SW-SPW Conversion

This section provides a succinct overview of the SW to SPW conversion methodology employing
modulated impedance, based on our adaptation of Oliner’s Method to non-uniform modulation
and PIBC. Recognizing the reciprocal nature of SPW to SW conversion, the design process
revolves around designing SW to SPW converters, adaptable to reverse scenarios.

For implementation, a patch-type MTS is considered due to its compatibility with low-cost
microstrip technology. This structure comprises infinitesimally thick metallic sub-wavelength
patches printed on a planar grounded dielectric characterized by height A and dielectric con-
stant €,.. The patches are periodically modulated to achieve SW-SPW coupling. Considering
the case of linearly polarized waves, common in communication models, the patches are accord-
ingly modulated in one direction (r—axis) and remain invariant in the other (y—axis). The
electromagnetic behavior of the printed layer of patch-type MTS is accurately modeled using
the penetrable impedance boundary condition (PIBC), X (z).

For an array of uniform patches, represented by constant reactance X (x) = X (0 the struc-
ture supports a TM-polarized SW with with currents J(x) = J(®e=7%2% The SW is a slow wave
with transverse propagation constants k, = Bsw > ko, where kg is the free space wavenumber,
and purely imaginary longitudinal propagation constant k,. The transverse resonance equation
of the structure, given in , allows characterization of the dispersive quality Bsyw of SW at
frequency point kg(w). In the literature, several methods exist to evaluate X for a particular
dimensions of a patch (denoted as unit cell).

Typically, a source-generated SW, supported on a constant impedance surface with a spe-
cific propagation constant k;(vn) = Bsw, undergoes transformation upon entering a modulated
structure. This transformation results in a wave represented as an infinite series comprising
harmonics, specifically termed Floquet wave (FW) modes. Notably, the propagation constant
of the n'* FW mode is defined as k:g(cn) = BQ(UO) + 27n/d + a,. For proper design, one of the FW
modes (usually n = —1) enters the visible (radiating) region accompanied by a leakage constant
o, implying a power transfer from SW to LW . Achieving precise distributions of «,(x) and

g(c_l)(:c) profiles across the x-aperture is essential in realizing the desired SW-SPW conversion.

The design process follows a specific sequence: first, extracting the magnitude A(z) and
phase ¢(z) of the aperture field from the intended radiation pattern. Next, deriving «(z) and
g(g_l)(x) from A(z) and ¢(x). Subsequently, obtaining local modulation indexes M, (z) and
period d,(z) from A(x) and Bg(fl)(x). Finally, calculating the overall impedance profile X (z)
through its closed-form Fourier series expression given in Eq. .

X(z) = Z X(Q)Mq(g[;) exp (—jdq) exp (—jq/om d?g’)dx/> n=23 (4.1)

qg=—n

Each parameter in Eq. (4.1 plays a distinct role in the conversion (or radiation) process.
The number of Fourier terms, which is 2n+1 , is chosen to be 7, as it covers almost all the cases
of practical interest. Parameters M, and d are associated with o and 6, respectively. Relevant to

our study, the phase constant ﬁé_l) (z) predominantly relies on X (0) with adjustement provided
by d(x). Once X (0) is selected, the dispersion equation 8, = (,(w) is obtained from ({2.2)).
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Figure 4.2: Dispersion diagram of TM modes (0, —1) supported by patch type MTS characterized

by microperiod (a) and macroperiod (d).

4.1.3 Dispersion Diagram

The dispersion diagram serves as a valuable tool for analyzing the frequency dispersion of a MTS.
For modulated MTSs, we consider the dispersion curve associated with the average reactance
X,

As an illustrative example, the blue and green continuous lines in Fig. depict the disper-
sion curves of two SWs supported by MTSs with different values of penetrable reactance X (©)
and the same unit cell size a. In particular, the green curve is associated to a lower absolute value
of X© (i.e. a larger capacitance), and therefore it exhibits a lower slope, which corresponds
to a lower group velocity vg. The values of 8, at two frequencies (fmin) and (frmae) delimiting
the operative bandwidth can be linked each other by the following equation, using a first order
Taylor-type linear approximation:

2nAf

Vg

ﬂx(fmaz) =~ 5m(fmm) + (42)

where Af = fiae — fmin and vy is the group velocity at the minimum frequency. Equation
clearly indicates that the lower the group velocity, the greater the frequency dispersion of
the structure.

When a periodic modulation of period d is introduced, the dispersion curve of the dominant
mode is almost unperturbed, while other replica shifted by integer multiples of (27)/d appear.
In particular, the curves relevant to the —1-indexed mode are shown in Fig. by the dashed
lines. Part of these curves falls within the visible region (VR), delimited by the two dashed black
lines. For a given frequency, each point in the VR corresponds to a different LW pointing angle

0, referred to hereafter as the scanning angle, according to the relationship ﬁg_l) = kosin(6).
The relationship between the maximum angle 0,4, = 0(fimaz) and the minimum angle 6,,;, =
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O( fimin) of the scanning range is therefore:

fmaaz sin emaz - fmzn sin emzn ~ @Af (43)
v

g

where ¢q is the speed of light in free space. Eq. shows that a lower group velocity (i.e a
greater dispersion) leads to a larger angular scanning. The implication is that, for an effective
MTP implementation, a low group velocity is required in the receiving section, while a high
group velocity is needed in the transmitting section.

4.2 Numerical Calculations and Results for Metaprism

In this Section, we illustrate the design of a MTP operating at a central frequency of 26 GHz
(5G mmWave band) with a bandwidth of 500 MHz. For MTS implementation, we consider
a grounded substrate with relative dielectric constant €, = 6 and height A = 0.508 mm. A
modulated MTS implemented with printed elements exhibits a double periodicity scale [10]. The
sub-wavelength micro-period (a) pertains to the constitutive unit cell, and is used to synthesize
the desired homogenized penetrable impedance. On the other hand, the macro-period (d) is
used to implement the local modulation, under the assumption of homogenized impedance.
Following the conclusion of Section different average reactance values are chosen for the
receiving and the transmitting section, with the first one being much bigger in magnitude. In
the transmitting section, the geometry of the patch elements plays a fundamental role in the
determination of the frequency dispersion properties, as illustrated in the next section.

4.2.1 Dispersion Analysis of the MTS Unit Cell

This Section discusses the choice of the patch geometry for obtaining enhanced frequency dis-
persion in the transmitting section. As illustrated in Fig. [1.2] the dispersion curve becomes
highly dispersive when S, approaches the limit of the first Brillouin zone 8, ~ 7/a. However,
in practice, that region is also characterized by large sensitivity to fabrication inaccuracies and
possibly enhanced losses. As a compromise, aiming at a unit cell size in the range [A/10, A/5],
a representative wavenumber for the transmitting section can be 3, = 1.85kg, which, according
to , corresponds to X0 = —50 Q.

An H-shaped patch, whose geometry is reported in Fig. is chosen for the unit cell.
This unit cell is first rigorously analyzed in a periodic environment through the spectral method
of moments (MoM) formulated in [92]. After identifying different combinations of geometrical
parameters providing the desired equivalent reactance at the working frequency, frequency dis-
persion is investigated.

Table summarizes the results of our numerical investigations. The dispersion character-
istics are quantified by AA—sz . 27: ~ vy /co, calculated using our MoM routine. Data from Set
I show that, for a square unit cell (¢ = b), increasing the size leads to a larger dispersion, as
increasing a brings the operation point on the dispersion curve closer to the edge of the first
Brillouin zone. Data from Set II show that a distinctive feature of the H-shaped patch is that,
for a given unit cell size, increasing the parameter [, instead of I, leads to a greater disper-

sion. Finally, data from set IIT explore the impact on dispersion of adopting a rectangular unit
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Figure 4.3: Geometry of the H-shaped patch unit cell designed to support TM SW propagating

along x—axis.

cell instead of a square one. As expected, for a fixed length of [,, a larger side (a) along the
propagation direction, accompanied by a larger value of [, increases the dispersion, although
the difference is less remarkable than for the previous two sets.

Table 4.1: Group velocity as a function of geometrical parameters for the H-shaped patch.

Input Parameters
f. =26 GHz €, =6, h = 0.508 mm, X(© = —50 Q
Set 1
a(mm) | b(mm) | lp(mm) | l,(mm) vg/Co
1.2 1.2 1.15 1.15 0.229
1.7 1.7 1.3 1.3 0.115
Set IT
1.7 1.7 1.17 1.6 0.092
1.7 1.7 1.6 0.88 0.204
Set II1
1.4 1.7 1.21 1.3 0.157
1.7 1.4 1.34 1.3 0.134

4.2.2 Full-Wave Analysis of Patch-type MTP Implementation

This Section presents the design and full wave simulation of a planar MTP. The planar structure
extends along the xy-plane and is modulated along the x-axis. The incoming signal is here
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Figure 4.4: Synthesized reactance profile for the Metaprism.

modeled as a Gaussian-beam waveform impinging from the direction is set to 6, = —10°, leading
to the following amplitude distribution for the incident field on the MTP plane

A(z) = Ae~(@=L/2)?/20° (4.4)

with a beam-waist of /2 = v/2 x 16A/3. This model describes a scenario where an external
obstacle produces a partial masking of the field radiated by the BTS, so that only a portion of
the MTS is exposed to the impinging wave.

The length of the receiver section is set to L, = 32\. For this section, the tangential
wavenumber Bﬁo) = 1.08ky is chosen to guarantee low dispersion. Similarly, for the transmitter
section, the length is set to L; = 32\, while the tangential wavenumber is chosen to be 5§°> =
1.98ky to enhance frequency dispersion. The transmission angle is set to 45° for the central
frequency. Finally, the transition section is required to progressively adapt the SW wavenumber
in the receiving section to the one of the transmitting section. To ensure a smooth matching
while keeping the length of the transition section limited, we set the length to L, = 9.
Consequently, in this section the SW wavenumber varies with a constant gradient of 0.21k per
A

The penetrable reactance profile (X (x)) synthesized by applying Eq. with the above
input parameters is shown in Fig. The receiver, transition, and transmitter reactances
are represented in blue, orange, and yellow lines, respectively. The average reactance for the
receiver and transmitter sections are Xﬁo) = —40019 and Xt(o) = —45), respectively, while the
transition profile is non-modulated and is designed to gently transition from the first average
reactance to the second one.

As a next step, the synthetized reactance profile is implemented by H-shaped patches. Based

on the analysis carried out in Section the implementation of the reactance profile for the
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Figure 4.5: Simulated H-Field for the Metaprism. (a) Incident field. (b) Scattered field at 25.75
GHz. (c) Scattered field at 26 GHz. (c) Scattered field at 26.25 GHz.

receiver section requires the use of low values of [, and high values of [,. Conversely, the
transmitter section requires higher values of {,,. Moreover, rectangular unit cells are used for the
receiver section, with a smaller side along the propagation direction, to achieve lower dispersion
and, thus, increased angular stability. More specifically, based on the dispersion analysis, the
dimensions of the unit cells for the receiver and transmitter sections are set to 1.2 x 1.7 mm?
and 1.7 x 1.7 mm?, respectively. The number of patch elements for the receiver, transition, and
transmitter sections are 310, 58, and 220, respectively.

Full-wave simulations of the resulting structure are finally performed using the Ansys HFSS
software package. There, perfect magnetic boundaries are placed orthogonal to the y direction
exploiting the periodicity along the y-axis, and the TM nature of the wave,

Fig. depicts the magnitude of the incident tangential magnetic field (H,) obtained
at f. from the simulation. Fig. (a) shows the incident field at the central frequency fe,
corresponding to the scattered field reported in Fig. (c). Fig. (b) and (d) show the
scattered field at the minimum and maximum frequency of the considered band, respectively.

In the scattered field pictures we can see the SW propagating along the z-axis with a gentle
progressive increase in magnitude over the receiver section, due to the gradual conversion of
power density from the impinging Gaussian beam to the local SW. Furthermore, it is observed
that as the SW crosses the transition section, it becomes increasingly confined to the surface,
indicating an increase in its SW wavenumber. Finally, a radiated SPW emerging from the
transmitter section in a frequency dependent direction is observed.

Table[4:2shows the conversion efficiencies at different frequencies across the considered band-
width. In this table, the symbols have the following meaning:

P;,, = Power of the impinging SPW
Pg{;) = Power of SW exiting the receiver section

Péﬁff,) = Power of SW exiting the transition section
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Figure 4.6: Normalized directivity pattern for the Metaprism across the frequency band.

Pétlf‘),v = Power of SPW radiated by the transmission section

At the central frequency f., the incident Gaussian beam carries a power P;, = 1 W, and
the SW power calculated in the x = 32\ plane is Pé%) = 0.936 W, resulting in an SPW-
SW conversion efficiency of 93.6%. The radiated power calculated in the z = 1.5\ plane is
Pgﬁ‘),v = 0.846 W, resulting in an overall SPW-SW-SPW conversion efficiency of 84.6%. The
overall efficiency drops by 27.6% at the lower edge of the bandwidth.

Table 4.2: Calculated Conversion Efficiencies for the Metaprism

Freq. (GHz) | 25.75 | 25.875 | 26 | 26.125 | 26.25
PG P | 63.1% | 86.2% | 93.6% | 84.4% | 72%
P /Py, | 60.8% | 83% | 90% | 81.3% | 69%
P Py | 5T% | T6% | 84.6% | 76.2% | 67.5%

Fig. [£.0]illustrates the simulated directivity patterns at five frequencies across the considered
bandwidth. For each frequency, along with the intended transmitted beam a specularly reflected
beam is also observed, due to non-perfect conversion of the impinging wave. At f., the ratio of
the transmitted lobe to the reflected lobe is —17.8 dB. Importantly, the pointing angle of the
main beam scans the range of 14.6° (from 38.3° to 52.9°) across the bandwidth. These results
clearly demonstrate the MTP scanning capability, thus, validating the design.
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4.2.3 Comparison with a Non-specular Reflective Surface

Non-specular reflective surfaces based on MTSs currently constitute the prevalent technology for
implementing RIS. Unlike the SW-based structure proposed here, in a MTS-based non-specular
reflector the entire structure can collect the incoming SPW power and redirect it non-specularly
thanks to a linear variation of the reflection coefficient phase. This implies a higher aperture
efficiency at a single frequency. However, this solution presents a limited capability for physical
layer frequency multiplexing, as will be shown in this section. The standard approach to achieve
AR employs the generalized Snell’s law as detailed in [16]. For given intended incidence (6;) and
reflected (6,) angles, this leads to the following design equation for the reactance X;(x) of the
impenetrable impedance boundary condition (IIBC):

k
Xr(z) = ZTM cot %m (sinf; — sin6,) (4.5)

where ZIM = ¢ kk—zo", with k.o = kocos6;, represents the TM free space impedance for the
incident wave. In order to incorporate dispersion effects, and hence obtain better accuracy [18],
the reactance of the IIBC in (4.5 is transformed into a penetrable reactance Xp on top of a

grounded slab by:

-1

1 €, cot, (koh\/ €, — sin® 91-)
Xp=|—-— (4.6)
Xr Ve — sin? 0,

In this case, the reflection angle is completely determined by the incidence angle, the fre-
quency and the modulation period, with no additional degrees of freedom, as opposed to the
MTP, where one can play with MTS dispersion (see Eq. (4.3))). Indeed, the angular range of
frequency scanning in the band [fi, fo] is given by

Af, = sin* <sin 0; — ;) —sin~! (Sin 0; — fclod> (4.7)
In order to numerically compare this solution with the proposed MTP, eqs. — are
applied to obtain the reactance profile corresponding to 6; = —10° and 6, = 45° keeping the
other input parameters (f., h, and ¢,) and excitation consistent with those of the SW-based
MTP. Subsequently, an H-shaped patch-type MTS is designed based on this profile and simulated
in HFSS. The structure length is kept the same as the length of the transmitter section of the
SW-based MTS, i.e. 32)\. The simulated directivity patterns of the field scattered by the non-
specular reflective surface-based MTS at different frequencies are shown in Fig. [£.7] As predicted
by Eq. , the obtained frequency scanning range is around 1.5°, which is significantly smaller
than that for the SW-based MTS.

4.3 Analysis and Design of a Bent MTS Guiding a SW

In this section, we investigate the design and analysis of a bent MTS for SW guiding. In scenarios
where the system architecture requires it, the transition section must be capable of supporting
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Figure 4.8: Ilustration of the functionalities of the bent MTS system, which includes SPW to

SW conversion, SW guidance around obstacle and re-radiation.

sharp bends. The key challenge is to ensure that the SW traveling through the bend experiences
minimal power loss due to diffraction. In this study, we focus on the relationship between SW
wavenumber and power loss due to diffraction at the bend. Our design strategy builds on the
work by the authors in , who studied SW diffraction by an impedance wedge. Their findings
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demonstrated that power loss due to diffraction decreases for impedance surfaces supporting
SWs with higher wavenumbers. In this work, we leverage the fact that the electromagnetic
behavior of an impedance surface can be replicated by its MTS implementation.

( a) ort2 (b)

Figure 4.9: Simulated H-Field for uniform Bent-MTS. (a) X(® = —300 Q case. (b) X(© = —25

Q) case.

Fig. illustrates the HFSS simulation setup of an unmodulated MTS (X (z) = X(©)
implementing the bent SW carrier. The structure is divided into two parts: the first part
is oriented along the xy-plane with a length of 5\ along the x-axis, while the second part is
oriented in the zy-plane with a length of 5\, connected by a sharp 90° bend at x = 5. A SW
propagates along the +z-axis and enters the MTS from Port; at © = 0. In the ideal case, as
the SW traverses the bend, it continues its propagation along the —z-axis until reaching Ports
at z = —bHA.
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Figure 4.10: Extracted S; for uniform Bent-MTS as a function of PIBC X (© values.

Full-wave simulations are conducted for a uniform Bent-MTS with different PIBC values.
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Notably, the SW dispersion, 3, is inversely related to the PIBC, X of the MTS. The cal-
culated diffraction loss, Ss1, shown in Fig. demonstrates that diffraction loss is highest
for large values of X(©) and lowest for smaller values of X(9. Furthermore, as X(? decreases,
the diffraction loss (in dB scale) initially decreases almost linearly until the value of X that
corresponds to a SW wavenumber of 5, = 1.6kg. Beyond this point, the decrease in diffraction
loss becomes more gradual as (3, continues to increase.

For more insight, the simulated magnetic field results for two MTSs are illustrated in Fig.
In the first case, X(©) = —300, supporting a SW with propagation constants 3, = 1.07k
and o, = —0.38ko in the first part of the structure. In the second case, X(© = —25Q, the
corresponding values of 3, and «, are 2.15kg and —1.9kg, respectively. The simulated magnetic
field results in Fig. reveal greater diffraction for the first case, with So; losses of —8 dB and
—0.5 dB for the two cases, respectively. This difference is attributed to the tighter confinement
of SW fields to the surface in the second case, due to larger attenuation along the z-axis, a,,
resulting in lesser power leakage to diffraction as the waves traverse the bend. These results
suggest that a simple yet effective method of guiding SWs around the corner consists of using
values of impedance corresponding to large SW wavenumber. In this connection, we can re-use
results from the previous sections, where we demonstrated the ability to precisely achieve any
desired value of the SW wavenumber on the patch-type MTS, guided by our MOM routine.

The approach described above is applied to design two examples of MTS with beyond-the-
corner wave-routing capability. The receiver and transmitter sections are now on two different
faces of a 90° wedge, with the transition section across the edge. Input parameters for the
receiver and transmitter sections of the first example are kept identical from the planar MTP
case. For this design, the transition section is slightly elongated, with its bent region designed to
support SWs with a high wavenumber ( ,50) = 1.98kp). The simulated H—field of the structure
at the central frequency is shown in Fig. [4.12] We can see that the majority of the power
incident on the zy aperture is collected, guided through the corner and finally radiated from the
xz aperture. Based on the full-wave analysis, the calculated overall space-routing efficiency of
the MTS implemented with H-shaped patches was 80%. The directivity pattern analysis (not
included here for brevity) reveals that the radiation lobe corresponding to the re-routed wave
is 13.4 dB higher than the diffraction lobe. Additionally, the bent metaprism design retains its
frequency-scanning functionality over the operational bandwidth.

Building on the previous example, the next design focuses on a more challenging scenario:
re-routing SPWs that impinges normal to the receiver section and radiates normal to the trans-
mitter section. This configuration further tests the flexibility and robustness of the bent-MTS
approach. The input parameters for the receiver and transmitter sections are kept identical:
f. =26GHz, ¢, = 6, h = 0.508 mm, L, = L; = 32\, 0; = 0, = 0°, B = BV = 1.82kg, and the
aperture amplitude distribution A, (z) = A,(z) = Ae~(@=L/2*/20° yith o = LA

To ensure efficient wave-guiding through the corner, the transition section requires a high
wavenumber value of ﬁégit = 2.15kg. The synthesized impedance profile for the MTS struc-
ture along the xy-plane is presented in inset of Fig. with the xz-plane profile being its
mirror image. The simulated magnetic field (H — field) of the structure, shown in Fig. 4.12]
demonstrates efficient collection of power on the xy-aperture, guiding it across the bent region,
and radiating it from the xz-aperture. The full-wave analysis quantifies the performance: the
overall space-routing efficiency reaches 93% for homogenized impedance surfaces, and 81% for
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Figure 4.11: Simulated H-field for the MTS-bent-I at a 90-degree angle at the central frequency.

Inset: Impedance profile.

implementations using microstrip patch-based realizations.

4.4 Conclusion

The designs of a passive non-reconfigurable MTS device able to re-route different subcarriers of
an incident beam towards different users (Metaprism) has been proposed. The device exploits
a double conversion process, from SPW to SW and back to SPW, and leverages the dispersion
properties intrinsic to SW propagation. Moreover, it has been demonstrated that appropriate
dispersion control can minimize diffraction losses for SW propagating along a non planar path,
thereby facilitating the rerouting of SPW around the wedges of buildings.

The proposed concept was implemented using readily accessible microstrip technology, fea-
turing metallic patches on grounded dielectric. For the initial design, the structure has been
modeled using PIBC, and the relevant modulation parameters are determined based on the re-
quirements of SW-SPW conversion at the center frequency and dispersion properties over a given
bandwidth. Then, the dimensions of patch elements are determined through detailed numerical
dispersion analysis of the patch unit cell. Importantly, these design steps can be adapted for
other fabrication technologies resorting to an IIBC model.

Full-wave analysis has been conducted on the patch-type MTSs using HFSS simulator for
validation. In the case of the Metaprism, the overall transmission efficiency was found to be
84.6% at the central frequency of 26 GHz, decreasing to 57% at the bandwidth edge (25.75
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Figure 4.12: Simulated H-field for the MTS-bent-II at a 90-degree angle at the central frequency.

Inset: Impedance profile.

GHz), with an angular scanning range of 14.6° over a 1.22% fractional bandwidth. Although
the incoming signal was modeled as a Gaussian-beam waveform, the design approach can be
generalized to accommodate any arbitrary waveform. For the sake of comparison, simulations
were also performed for a MTS-based anomalous reflector. In that case, the calculated angular
scanning range was 1.5° for similar parameters. Furthermore, the design of a Metaprism featur-
ing a 90° bent was also presented, with the ability to receive an incident SPW at one plane and
subsequently radiate the captured power from the perpendicular plane. In this case, full wave
simulations showed an overall efficiency of 80%.

Based on the findings of this study, the proposed Metaprism concept shows potential for
smart radio environment applications by enabling physical-layer frequency multiplexing. Addi-
tionally, frequency-dependent wireless signal rerouting can be applied in the wireless localization
domain. Additional functionalities can be obtained by incorporating active reconfiguration into
the SW-based MTS.






Chapter 5
Accurate Design of Reconfigurable Mushroom

Metasurface

This chapter presents the design of reconfigurable modulated MTS for leaky-wave antennas
and SW-RIS applications. The design of radiation properties of the MTS, from input surface-
wave to leaky-wave, is based on periodic modulation of impedance surface. Tunable impedance
modulation is achieved using varactors, with the entire device realized on a mushroom structure.
The mushroom structure offers a key advantage: its metallic vias enable biasing of the varactors,
effectively isolating the biasing network from the high-frequency electromagnetic layer.

For modulated MTS based LWA, the accuracy of homogenized impedance models in predict-
ing the electromagnetic behavior of the selected implementation technology is crucial. Therefore,
the rigorous investigation of this accuracy is the main objective of this chapter. We select two
impedance boundary condition (IBC) to model the structure. A first model is based on an
“opaque” impedance, defined by BCs at the MTS-air interface. While the second one uses a
“penetrable” impedance sheet describing the homogenized BCs imposed by the metallic patches
connected to wire medium.

In first part of the work, a simpler case of non-reconfigurable (without varactors) muhsroom
MTS is studied. The two IBC models are employed in the standard double-scale synthesis
approach to design modulated MTS. In a first step, the unit cell of MTS (assuming local uni-
formity) is modelled using the selected impedance homogenized model. In a second step, the
homogenized impedance is periodically modulated to generate target LW’s propagation constant
based on the adiabatic Floquet-wave model.

To evaluate the accuracy of the impedance modulation models, full-wave simulations (using
HFSS) were conducted on several MTS designs. The primary evaluation criterion is the ability
of the impedance models to predict the leaky-wave (LW) leakage and phase constant values,
tested across a range from low to high values. Additionally, for more rigorous assessment,
MTS LWA designs were created to radiate at broadside, as the suppression of the stopband in
this region relies on the accurate realization of an advanced impedance profile. The full-wave
simulation results reveal that the OIBC-based mushroom MTS model performs well for low
to mid-range values of the complex propagation constant. However, as the leakage constant
increases, the OIBC model begins to overestimate its values compared to those obtained from
full-wave simulation. Similarly, as the phase constant increases, the accuracy of the OIBC
model in predicting the leakage constant diminishes, and its effectiveness in suppressing the
OSB decreases. A similar trend was observed for the PIBC model, with improved accuracy
when operating with large phase constant.
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Figure 5.1: Geometry for the mushroom MTS. (a) Side view. (b) Top view.

In the last part of the work, the design of a reconfigurable mushroom MTS is presented.
Here, the MTS unit cell is composed of two adjacent symmetrical mushrooms, connected by
a varactor at one edge. The MTS LWA is designed to achieve continuous beam scanning by
adjusting the varactor values, which correspond to different impedance profiles. Building upon
the findings of modulated mushroom MTS, a low operating wavenumber is chosen to optimize
performance. The key contribution of this design lies in its ability to scan seamlessly across a
wide angular range without encountering radiation nulls at broadside. Additionally, the use of
the mushroom structure ensures that the biasing vias are effectively integrated into the design,
addressing a crucial factor that becomes significant at higher frequencies. This aspect will be
particularly valuable for future work, as the effects of biasing vias cannot be overlooked in
advanced high-frequency designs.

5.1 Homogenized Impedance Models for Uniform Mush-
room MTS

5.1.1 Problem Geometry

Figure[5.1]illustrates the geometry of the mushroom structure under investigation. The structure
consists of an array of symmetrical metallic patches printed on a grounded dielectric substrate,
with the height and dielectric constant represented by h and e,, respectively. Each patch is
connected to the ground through metallic vias located at the center of the patch. The distance
between adjacent patches, denoted by a, is equal to the distance between adjacent vias. In
literature, wires embedded in grounded dielectric is refereed to as wire medium. In this study,
we focus on the case of TM-polarized surface waves, which is the first mode supported by a
uniform mushroom structure. The propagation of the TM surface wave (TM-SW) is considered
along the z-axis.
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Figure 5.2: Transmission line models of Mushroom MTS. (a) OIBC Model. (b) PIBC model.

5.1.2 Opaque IBC

Opaque IBC is a versatile homogenization model suitable for a wide range of metasurface (MTS)
configurations, as it is defined at the interface between air and the top layer of the MTS structure.
In this case, the OIBC is derived by relating the average tangential electric field to the average
tangential magnetic field at z = 0%. This model accounts for the electromagnetic contributions
from both the metallic patches and the grounded wire medium (WM).

E.(z=0") = jXoH,|o+ (5.1)

The dispersion relationship between the opaque surface reactance, jXo, and the transverse
wavenumber (Bsw ) of the propagating TM surface wave (TM-SW) can be derived using the
transverse resonance technique at the MTS-air interface. This relationship is expressed as fol-
lows:

Bew — kg

ko

The corresponding equivalent transmission line model, which is based on equation , is
depicted in Figure a).

Xo=-Xt=¢ (5.2)

5.1.3 Penetrable IBC

In the following, we present the penetrable IBC model for uniform mushroom MTS, reproduced
from the work covered in [88]. The key distinction between this and the previous model is that
PIBC, denoted as Xp,,, accounts specifically for the contribution of the top patch layer, while
the rest of the structure, the wire medium (WM), is modeled separately by X TW M. This
division of contributions is illustrated in the transmission line model shown in Figure b).
The values of Xppr and Xy, ,, are retrieved by applying the TRE technique, as given in ||
Notably, Xpys exhibits capacitive characteristics, whereas Xy, ,, is inductive for the TM mode.

1 1 1
_t —— 4+ =0 5.3
Xt Xpu Xem o
where
) M), ko (cTM _ ¢,
s oy + B0 ) ) (5.4)

ko+/Er1o

Xyyar  YTMT0
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A novel contribution of this work is the application of this model to the case of a modu-
lated mushroom MTS, where k, will take on complex values due to the impedance modulation.
This extension is crucial for analyzing leaky-wave properties and surface-wave conversion in
modulated metasurfaces.

5.2 Modelling of Modulated Muhsroom MTS

Once the structure has been homogenized by a impedance model, the next step is to synthesize
impedance modulation profile for the MTS structure for desired leaky-wave properties. In this
work, we employ synthesis procedure based on Floquet-wave expansion of waves on periodically
modulated IBC. This procedure was covered extensively in Chapter where it was derived
for PIBC modelled printed patches on grounded dielectric. To apply this synthesis process
to mushroom MTS, we modify the system equation for the OIBC, resulting in equation
(5.8). Here, X is replaced with Xp, and Xgp with Xgp_o, where Xp and Xgp are defined in

equations (b.1) and (5.11)), respectively.

3 X0 - Xep_g (k;n>) JM 0 p=0,41,+2, .. (5.8)
q=—00
Xop o= —X+ (5.9)

The design procedure follows the same steps outlined in Chapters [2| and 3} where the target
values for «, and (3, are provided to the system equation . After solving the system,
the modulation parameters are retrieved. Similarly, the synthesis equation for PIBC-modeled
mushroom MTS is formulated as shown in .

o0
S X9, T — Xap_pa (k;m) JW =0 n=0,+1,42, .. (5.10)

o
where,

X (k) Xy (R
X+ (ké”’) + X, (k;"))

In the following sections, full-wave simulations will be performed to validate the accuracy of
equations (|5.8) and (5.10) in modeling modulated mushroom MTS.

Xer_pm = — (5.11)
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5.3 Full Wave Analysis of Modulated Muhsroom MTS

For the numerical investigation, we selected high central frequency value of 26 GHz. This is
motivated by the need to study the effects of biasing lines for reconfiguration MTS at this band.
The values of mushroom MTS paramteres shown in Fig. are a = 0.65 mm (A/10), r0 = 0.05
mm, h = 0.508 mm and ¢, = 6.

5.3.1 Unit Cell and Impedance Maps

In this section, full-wave simulations will be performed to validate the accuracy of equation
in modeling modulated mushroom MTS. Following the double-scale approach outlined
earlier, we first establish a mapping between the impedance values, both PIBC and OIBC, and
specific geometry of the mushroom MTS. To achieve this, we performed an eigenmode analysis
using the HFSS solver on the mushroom’s unit cell. This allowed us to compute the tangential
wavenumber (k,) associated with the TM polarized wave supported by the mushroom MTS.
The calculated k, values were then applied to equations (5.2)) and to derive Xp and Xpus
for varying patch sizes [, as shown in Fig. Notably, Xo exhibit an exponential behavior
as a function of [. This phenomenon can be explained by , where increasing the value of
[ leads to a greater capacitive Xpjs that approaches the inductive value of Xy, ;,, resulting in
resonance and consequently a significant increase in Xo.
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Figure 5.3: Xop and Xpjs values of mushroom’s unit cell as a function of parameter [.

5.3.2 Simulation Setup

To assess the accuracy of the impedance modulation models, full-wave simulations using HF'SS
were performed on several modulated MTS designs, with the setup illustrated in Fig. [5.4 The
MTS LWAs were designed to meet specific target values for the leakage constant () and the
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Radiation Boundary

Figure 5.4: Simulation setup.

propagation constant (8,), as detailed in Table The values of «, were derived by first
calculating the surface wave input power (P;,) entering through Port; and the output power
(Pout) exiting through Porty. These values were then substituted into equation , which
defines the relationship between «, and P;, and P,,;. The parameter L, representing the
length of the MTS, was kept constant at 3A. For the calculation of (3., the simulated field data
were exported and processed using the ”generalized pencil-of-function method” to extract its

value .

Pout = Pzn (]- - e—2aL) (512)

5.3.3 Opaque IBC Results

Using the OIBC model we created nine broadside radiating MTS-LWAs, with details provided
in Table [5.1] The results show that the OIBC model is reasonably accurate in predicting the
leakage properties when low (3, < 1.2kg) and mid (8, < 1.3kg) wavenumber values are used in
the MTS design. However, it tends to overestimate a, when designing for higher values (o, > 9)
within this range. Notably, the MTS-LWA effectively suppresses the OSB, as indicated by S
being below -15 dB. On the other hand, for higher operating wavenumber values (8, < 1.4ko),
the OIBC model becomes significantly inaccurate, and strong OSB effects are observed when

designing for high a.
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Table 5.1: Performance summary of modulated MTS based on OIBC model

Sr. | Predicted Simulated

No. |a | B/ke | a | Aa(%) | B/ko | AB(%) | S11(dB)
1 31198 | 299 | 1.84% | 1.176 | 1.83% -27
2 6 1.2 5.9 2.42% | 1.185 | 1.17% -23
3 9 1.2 7.3 19.6% | 1.189 | 1.11% -22
4 3 1.3 3.7 -22% 1.29 0.86% -28
5 6 1.3 6.1 -0.5% 1.31 | -1.26% -26
6 9 1.3 7.5 17% 1.32 | -1.67% -22
7 3| 143 | 05 83% 1.427 | 2.62% -35
8 6 | 1.43 5 17.6% | 1.416 | 1.15% -14
9 9| 143 | 0.3 94.4% 1.39 1.15% -4.6

Table 5.2: Performance summary of modulated MTS based on PIBC model

Sr. | Predicted Simulated

No. | a | B/ko | a | Aa(%) | B/ko | AB(%) | S11(dB)
1 3| 1.198 | 3.1 | -3.75% 1.174 1.75% -25
2 6 1.2 | 55| 892% 1.21 0.17% -18
3 9 1.2 7 22.3% | 1.196 | 1.75% -15
4 3 1.3 32| -6.6% 1.29 2.0% -34
5 6 1.3 | 5.7 -5% 1.319 2.2% -21
6 9 1.3 | 75| 16.6% | 1.326 | 1.45% -15
7 311429 | 32| -5.8% | 1.398 | 2.62% -21
8 6 | 1.429 | 5.5 | 6.07% 1.4 1.15% -23
9 9 | 143 | 6.5 | 282% | 1.397 | 1.15% -19

5.3.4 Penetrable IBC Results

We repeated the simulations using the PIBC model, with a performance summary provided in
Table Similar accuracy patterns were observed for this model at low and mid 3, values.
In this range, the PIBC slightly overestimates «, compared to the OIBC model. However,
the PIBC demonstrates significantly better accuracy than the OIBC model when the MTS-
LWA operates at higher dispersive wavenumber values, with notably stronger suppression of the
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OSB.

To provide further insight, we plotted the impedance profiles predicted by both models along-
side the corresponding synthesized unit cell geometry profiles, characterized by the parameter
I, for the target values @ = 3 and 8 = 1.43ky. For the OIBC model, the synthesized [ values
exhibited minimal variation across the modulation period, leading to an almost uniform MTS
structure. Consequently, the simulated a value was substantially lower than the predicted value.
In contrast, the PIBC model produced a well-defined modulation profile for [, aligning closely
with the expected values. The simulation results verified the improved accuracy of the a predic-
tion using the PIBC model. Notably, PIBC model was significantly more accurate than OIBC
model in a comparable analysis for MTS LWAs realized using metallic patches on a grounded
slab (without vias).
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Figure 5.5: Mushroom MTS designed for o = 3 and = 1.43ky. (a) Opaque IBC profile (b)
Penetrable IBC profile (¢) Synthesized unit cell parameter [ profiles.
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Figure 5.6: Geometry of reconfigurable Mushroom MTS.

5.4 Design and Analysis of Reconfigurable Muhsroom MTS

To create a reconfigurable version of the mushroom MTS, varactors are placed between adjacent
patches, with one patch connected to a positive voltage source and the other to a negative source.
In effect, the unit cell of the proposed MTS consists of two mushroom structures, as illustrated
in Fig. |5.6] There are two primary approaches for designing reconfigurable MTS LWAs [95]. In
the first approach, the patch geometry remains fixed, and impedance variation is achieved by
adjusting the capacitance of the varactors. For each target beam angle, specific bias voltages
are applied to individual varactors to implement the impedance profile corresponding to that
angle. This approach offers a large scanning range and consistent aperture efficiency. However,
the unique biasing required for each element results in a complex biasing network. In the second
approach, each varactor receives the same bias voltage for any given beam scan angle, simplifying
the biasing network. Here, impedance modulation is achieved by varying the patch geometry.
As the varactor capacitance is adjusted, the operating wavenumber of the MTS LWA changes,
thereby altering the radiating beam angle.

5.4.1 Unit cell and Impedance Maps

As a first step, impedance maps for the reconfigurable mushroom MTS are created by varying
the varactor capacitance (C), calculated using the eigenmode setup approach outlined earlier.
The parameters of the mushroom structure remain the same as in the static case, with the
patch size fixed at [ = 0.32 mm. Fig. illustrates the impedance values (Xo and Xpjs) of
the reconfigurable mushroom as a function of C'. Notably, the OIBC impedance X increases
exponentially with the rise in C. Additionally, as expected for the reconfigurable case, the
capacitive PIBC impedance X p), is effectively controlled by variations in C.

5.4.2 Reconfigurable Mushroom MTS LWA

In the final part of this study, we present a reconfigurable MTS LWA designed for continuous
beam scanning from —30° to 30°. Based on the analysis of the static mushroom MTS, the
design operates at a low wavenumber of 1.2kq, where the OIBC and PIBC models are reasonably
accurate and generate similar impedance profiles. For each beam angle, an impedance profile
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Figure 5.7: Xp and Xpj; values of reconfigurable mushroom’s unit cell as a function of para-

meter C.

is synthesized using our design procedure and realized through the reconfigurable mushroom
MTS, following the impedance map shown in Fig. The beam angle is determined by
the modulation period. The length of the MTS along the z-axis is set to 16\, primarily to
limit simulation time, though in principle, longer MTS structures can be designed. In practical
applications, the unit cell would also be repeated along the y-axis. For this length of (uniformly
modulated) LWA, the target leakage constant is set to 6 m~! to achieve a maximum radiation
efficiency of 81%.

Fig. [5.8| shows the simulated realized gain pattern of the proposed mushroom MTS LWA.
Similar to the static MTS case, a slight misalignment was observed between the target and
simulated beam angles. Consequently, the MTS unit cell parameters were adjusted to achieve
the desired target, requiring only two rounds of simulation-based optimization. Importantly, the
radiation beam at broadside does not exhibit any OSB effects, which is crucial for our design.
This result validates both the accuracy of our models and the effectiveness of the impedance
synthesis approach.

5.5 Conclusion

We presented a systematic approach for designing reconfigurable mushroom MTS LWAs. By
employing two impedance models, we demonstrated the ability to accurately predict and control
the electromagnetic behavior of mushroom MTS structures. Our proposed reconfigurable MTS-
LWA achieved continuous beam-scanning across a wide angular range without encountering
OSB-related radiation nulls at broadside, validating the accuracy of the impedance-based design



5.5. Conclusion 79

10 T T T
d1
8 (\ d2
d3
d4
6 ds
do
4 d7

Realized Gain (dB)
=

MA/\

Tl40 20 0 20 40
0 (deg)

Figure 5.8: Simulated realized gain patterns for different states of reconfigurable mushroom
MTS LWA. Here, d1 = 6.73, d2 = 7.405, d3 = 8.3, d4 = 9.504, d5 = 10.47, d6 = 12.349 and
d7 = 14.832 with units in mm.

approach. Additionally, the integration of biasing vias within the reconfigurable LWA design
addresses critical design challenges at mmWave frequencies, paving the way for more efficient
high-frequency MTS-LWAs in future applications.






Chapter 6

Conclusions

6.1 Summary of Work

This thesis has presented the development of metasurface-based devices for wireless commu-
nication applications. The proposed devices can effectively collect wireless signal power and
convert it into guided surface waves, which are then transported across the communication en-
vironment, bypassing obstacles before radiating toward the intended direction. Additionally,
we demonstrated advanced functionalities, such as coverage for radio blind spots, physical-layer
frequency multiplexing, multi-beam creation for MIMO channels, and electronic beam scanning.
To achieve these results, several technical challenges were addressed and resolved, as detailed in
Chapters 2 through 6 of this thesis. The following text summarizes the key conclusions drawn
from this work.

Chapter [2] addressed the design of MTS-based SW-SPW couplers, with a particular focus
on achieving efficient conversion of arbitrary propagating waveforms into SWs, while also en-
abling customized beamforming in the reciprocal SW-SPW case. The design method relied on
modulated impedance surfaces. First, an analytical model was developed, establishing a direct
relationship between arbitrary fields—described by the magnitude and phase distribution across
the aperture—and the local impedance boundary conditions. This model allowed us to analyze
constant-average, non-uniform sinusoidal impedance modulation for finite-length MTS.

For the design process, we introduced a simple yet effective routine for MTS synthesis,
aimed at generating a target output field distribution. A key part of this approach was the
derivation of novel designer’s equations, linking the local impedance modulation index and period
to the field’s attenuation and phase constants. From these parameters, the final impedance
profile was synthesized using a closed-form expression, enabling a direct design procedure. The
effectiveness of this synthesis method was demonstrated through multiple MTS designs for
various applications, all realized with metallic patches on a dielectric substrate.

Full-wave simulations confirmed the high conversion efficiency of these designs and their
ability to produce the desired radiation patterns. Notably, this method was applied to develop a
SW-based MTS-RIS for SRE applications. In this design, the first section of the MTS efficiently
converted incoming wireless EM signals into SWs, while another section radiated a beam toward
the intended user, demonstrating the system’s versatility and effectiveness.

In Chapter [3] we expanded on the work from Chapter 2] focusing on the creation of MTS
capable of receiving or transmitting propagating waves at any angle. We demonstrated the
effectiveness of non-uniform modulation techniques in achieving high conversion efficiency. In
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Chapter[2] the modulation function was based on a sinusoidal form due to its simplicity, allowing
us to establish a direct design procedure. However, sinusoidally modulated impedance surfaces
(SMIR) are known to suffer from open stopbands at broadside and the formation of undesired
side-lobes when pointing towards forward angles.

To address these limitations, we developed an analytical model for the SW-SPW coupler
using a Fourier series formulation to analyze any periodic impedance boundary modulation.
Through this model, we identified the source of degradation in SMIR due to higher-order
Floquet-wave modes. Subsequently, we proposed a solution based on sinusoidal modulation with
two harmonics, demonstrating through our model that this approach is sufficient to suppress
unwanted modes. The resulting MTS-based SW-SPW designs, developed from the synthesized
impedance profiles, successfully suppressed the open stopband at broadside in both receiving
and transmitting scenarios. Similarly, for forward angles, the suppression of higher-order modes
was achieved.

Additionally, we demonstrated that by using sinusoidal modulation with three harmonics,
we could further extend the forward angle range. Importantly, these new impedance modulation
functions allowed us to derive closed-form expressions for creating constant-average, non-uniform
impedance profiles for finite-length MTS. The analytical nature of the design process led to
smoother impedance traces, making the realization of these designs with metallic patches on
a dielectric substrate more feasible. Full-wave simulations of the patch-type MTS validated
the high conversion efficiency and beamforming capabilities for both challenging broadside and
forward angles.

The limitations of the SW-SPW coupling techniques presented in Chapters [2] and [3| are the
following: they consider only linearly polarized waves and account solely for SPWs impinging
along the direction of the modulation period, without addressing other incidence angles.

In Chapter [4 the SW-based MTS reflectors developed in previous chapters were leveraged
to achieve innovative functionalities for wireless system applications. First, we introduced the
design of an MTS capable of efficiently collecting wireless signals at a specified angle over a
broad frequency range. These signals were converted into SWs, which were then re-radiated
at frequency-dependent angles, enabling frequency multiplexing. Second, we demonstrated an
MTS design that could bend SPWs around obstacles, facilitating signal rerouting across differ-
ent planes. For both functionalities, we employed simple and effective design algorithms that
manipulated and controlled the dispersion characteristics of SWs on the MTS.

The proposed concept was implemented using standard microstrip technology, featuring
metallic patches on a grounded dielectric substrate, and accurately modeled using penetrable
impedance boundary conditions (PIBC). The design process involved two key steps. First, the
modulation parameters of the PIBC were defined based on the desired SW-SPW conversion at
the center frequency, as well as the dispersion characteristics across the operating bandwidth.
Second, the dimensions of the patch elements were optimized through a detailed numerical
dispersion analysis of the unit cell. Validation was performed using full-wave simulations in the
HFSS simulator, confirming the accuracy of the patch-type MTS design. Additionally, an MTS
design featuring a sharp 90° bend was presented, capable of receiving an impinging SPW on one
plane and reradiating the captured power from the perpendicular plane. Full-wave simulations
demonstrated the MTS’s ability to guide SWs around obstacles in the environment, further
validating its effectiveness.
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Chapter [5| addressed the challenges of adapting the MTS SPW-SW couplers developed in
Chapters [2| and [3] for reconfigurable applications. To achieve this, we developed a reconfigurable
meta-element using a voltage-controlled varactor embedded between two mushroom plates, with
the mushroom’s vertical pins serving as biasing lines. Impedance models were derived to describe
the EM behavior of static, modulated mushroom MTS designed for SW to SPW conversion.
Extensive full-wave simulations were conducted to evaluate the models’ ability to accurately
predict leakage and phase constants for radiating SPWs across various design targets.

Building on these findings, varactor properties were incorporated into the design process,
enabling the development of a reconfigurable MTS-based SW-LWA with continuous beam-
scanning capabilities. Full-wave simulations confirmed that the MTS-LWA achieved continuous
beam-scanning over a broad angular range without encountering OSB-related radiation nulls
at broadside, thus validating the robustness of the impedance-based design approach. Further-
more, the integration of biasing vias within the reconfigurable LWA design effectively addressed
critical design considerations at mmWave frequencies, establishing a foundation for efficient,
high-frequency MTS-LWAs in future applications. Notably, in the broader context of our SW-
MTS RIS system, the proposed reconfigurable MTS could serve as the transmitter section, of-
fering combined benefits of SW-based signal steering around obstacles and reconfigurable signal
rerouting.

6.2 Future Directions

This thesis explored various aspects of metasurface technology, including analytical models,
design methodologies, implementation, and numerical evaluations, all aimed at creating ad-
vanced devices for smart radio environment applications. Through this work, a robust founda-
tion has been established, enabling a broad range of potential applications. However, there are
many aspects of the research presented in this thesis that deserve further attention. Below, we
outline some of the potential future research directions that could build upon this work.

In Chapter [2] we presented a systematic approach for synthesizing an isotropic impedance
profile through sinusoidal modulation, achieving high SPW-SW conversion efficiency and SW-
based beamforming. A key contribution was the derivation of an equation that established a
direct relationship between design parameters and target field characteristics. Extending this
method to dual-polarized and circularly polarized waves, commonly required in practical applic-
ations, would be a valuable direction for future research. For these cases, deriving direct design
equations would require working with anisotropic impedance boundary conditions, presenting
new challenges and opportunities in the design of versatile, polarization-adaptive metasurfaces.
The presented analysis method can be extended to account for cases where the impinging SPW
arrives from a direction different from that of the impedance modulation. This extension would
allow the MTS to receive electromagnetic signals from any elevation and azimuthal angle relative
to the metasurface.

In Chapter [3] we addressed the canonical issue of OSB-related radiation nulls at broad-
side in modulated impedance surfaces and LWAs, successfully resolving it through sinusoidal
modulation with multiple harmonics. Extending this approach for dual-polarized MTS designs
would be highly beneficial, especially for applications requiring enhanced polarization versatil-
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ity. Additionally, our approach was implemented for metallic patches on a grounded dielectric
substrate, where we found that two harmonics sufficed to achieve precise field control. For other
implementation technologies, characterized by different Green’s functions, further rigorous ana-
lysis would be necessary to determine the optimal number of modulation harmonics required to
achieve comparable field control and performance.

In Chapter [4] we developed a broadband SW-based MTS capable of wide frequency beam-
scanning for SRE applications. This design was realized using metallic patches on a grounded
dielectric substrate. Exploring alternative implementation technologies with higher dispersion
properties could be beneficial, especially for the transmitter section, to achieve even larger
frequency-scanning capabilities. However, this approach would likely require a matching sec-
tion to effectively interface the transmitter and receiver sections. Additionally, in the case of
bent MTS designs, a conformal MTS approach could enhance performance by ensuring better
alignment with the desired curvature, reducing transmission loss and increasing efficiency.

In Chapter |5 we developed a reconfigurable MTS for continuous beam-scanning applica-
tions, with an emphasis on precise impedance boundary-based modeling of a reconfigurable
unit cell where a varactor was embedded within a mushroom structure. Future work could
explore designing a more complex unit cell with an asymmetrical configuration, which would
reduce the number of varactors needed along one principal axis, thereby simplifying the design
and potentially enhancing efficiency. Additionally, a multi-layered unit cell could be investig-
ated to achieve anisotropic boundary conditions, offering finer control over the polarization and
propagation characteristics of the reconfigurable MTS. This approach could unlock new design
possibilities for high-performance, adaptable metasurfaces tailored to complex operational re-
quirements.
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