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Abstract

Smart Electromagnetic Skins (SESs) are emerging as key enabling technologies for the
evolution of wireless communication systems toward 5G, 6G, and beyond, where con-
ventional links are strongly affected by high path loss and limited coverage. SESs are
thin engineered structures designed to manipulate the propagation of electromagnetic
waves, typically by redirecting incident fields through anomalous reflection. They are
discretized into a large number of unit cells, whose geometry determines the overall
electromagnetic response of the surface. In particular, passive SES, based on resonant
metallic patches printed on a dielectric substrate above a ground plane, represent an
attractive solution due to their simplicity, low cost, and ease of integration.

This thesis focuses on the design and analysis of a passive SES operating at 60 GHz
for indoor communication scenarios. The first part of the work is devoted to the study
of the unit cell, based on a square patch geometry, and to the investigation of different
dielectric materials used as substrates. A detailed electromagnetic characterization of
the unit cell has been carried out through full-wave simulations, analyzing its reflection
properties as a function of the geometrical parameters and frequency of operation.
This analysis has made possible to compare several dielectric materials and identify
the most suitable choice for operation at millimeter-wave frequencies.

Based on the unit cell design, complete SES structures were designed by defining
the required phase distribution across the surface to compensate that of the incident
field. This procedure allowed defining the arrangement of the unit cells, enabling the
realization of a passive SES tailored for operation at 60 GHz in indoor scenarios.

In the final part of the study, multiple SES configurations were designed for a sim-

plified indoor environment. For each SES, the required phase distribution and the



corresponding unit cell parameters were determined according to specified angles of
incidence and pointing direction. The complete surfaces were then simulated using
CST Microwave Studio. The results confirmed that the designed SESs successfully di-
rected the mm-Wave signal toward the shadowed area, demonstrating the effectiveness
of the proposed design approach.

Despite its passive and relatively simple configuration, the designed SES proves to
be an effective tool for enhancing signal coverage in indoor environments, reducing
blind spots and improving communication reliability. These findings highlight the
potential of passive SESs as practical and efficient solutions for future wireless networks

operating at millimeter-wave frequencies.
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Chapter 1

Introduction

The use of millimeter-wave(mmWave) frequency bands, such as 28,29 and 100GHz, is
considered one of the key enabling technologies for fifth-generation (5G) mobile net-
works, as well as for future generations beyond 5G and 6G.

The wider bandwidth available in the mmWave spectrum allows for higher data rates
and lower latency compared to previous generations operating at sub-6GHz frequen-
cies.

However, mmWave propagation is characterized by higher path loss and greater pen-
etration losses, making the signals more susceptible to blockage by physical obstacles.
Elements such as buildings, walls, furniture, or glass panels, depending on whether

the environment is outdoor or indoor, can create coverage gaps known as blind zones.

Access

Figure 1.0.1: Smart Electromagnetic Environment [1]



1.1 Smart Electromagnetic Environment

To mitigate the coverage limitations of mmWave communications, the simplest solu-
tion would be to increase the number of base stations (BSs). While effective, this
strategy inevitably leads to higher deployment costs, greater power consumption and
an overall rise in electromagnetic field (EMF) exposure. An alternative and more
sustainable approach is offered by the concept of the Smart Electromagnetic Environ-
ment(SEE). This perspective shifts the role of the environment from being merely a
passive element, alongside base stations and mobile devices, to becoming an active
resource that introduces a new degree of freedom (DoF) for enhancing network per-
formance and improving overall Quality of Service (QoS) |2], where information is
transmitted not by generating new signals but by intelligently reusing existing ones
whenever possible.[3]. In this approach,the traditional network of mmWave BSs is
supported by a mix of complementary technologies, including Integrated Access and
Backhaul (IAB) nodes, smart repeaters, Reconfigurable Intelligent Surfaces (RISs),
and passive Smart Electromagnetic Skins (SESs).[4]

1.2 Introduction to Smart Electromagnetic Skins

SESs have emerged as versatile solution to address critical challenges in next-generation
SEE scenarios. Their exceptional capability for wave manipulation is achieved through
the precise control of local electromagnetic properties, enabled by tailored design of
their structure([5],[4],[6]).

Two main approaches can be adopted for their implementation. The first consists of
completely passive (static) surfaces, designed to redirect the incident field toward a
fixed direction or to provide a predefined coverage pattern. The second involves recon-
figurable (dynamic) configurations, generally referred to as reconfigurable intelligent
surfaces, in which the beam shape or direction can be modified in real time by adjust-
ing the surface’s electromagnetic response through the integration of tunable elements.

Depending on the design they can:



Redirect an incoming signal toward a desired direction (beam steering);

Focus the energy in a specific area (beam focusing);

Modify polarization to match the receiving system;

Scatter or suppress unwanted interference.

Improve the QoS of the network

1.2.1 Advantages and Disadvantages

In short, SESs are artificially engineered surfaces, consisting of periodic/aperiodic

2
2

) or sub-wavelength (= 2 )unit

arrangements of specifically designed resonant size (~ i

cells(UCs).

In case in which resonant size UCs are used, SES are comparable to reflectarrays, and
the procedure adopted for their design is essentially the same.

These features make them a more advantageous solution compared to increasing the

number of BS. Key advantages includes:

e Cost efficiency: manufacturing and deployment costs are significantly lower com-
pared to active network infrastructure since they are in most of the case made

of a Printed Circuit Board(PCB)
e Scalability: SESs can be installed incrementally as coverage needs evolve.

e Aesthetic integration: flat, lightweight panels can be seamlessly integrated into

building surfaces.

e Energy efficiency: passive or semi-passive operation greatly reduces power re-

quirements.

On the other hand RISs have attracted significant attention due to their reconfig-
urability, enabled by tunable components such as varactor diodes [7], liquid crystals
[8], graphene [9], or p-i-n diode switches [10]. Compared to their simpler static coun-

terparts, RISs present some limitations. In particular, each unit cell typically has a



finite number of discrete states (e.g.,2" for an N-bit design), which can reduce beam-
forming performance and generate unwanted spurious beams. While increasing the
number of states by adding more diodes or interfacing varactors with DAC(digital to
analog converter) can improve performance, it also leads to higher power consumption
and more complex, costly control networks. Additionally, the increased architectural
complexity makes RISs more sensitive to manufacturing tolerances and the non ideal
behavior of embedded tunable loads, potentially causing significant deviations from

their nominal or simulated performance. [11]

1.3 State of art

In recent years, significant research has been devoted to understanding how RISs and
SESs can be effectively deployed in realistic environments, both indoor and outdoor.
For outdoor applications, the main challenge lies in integrating these surfaces into
complex urban settings, where buildings, streets, and other obstacles create multiple
reflections and propagation paths that need to be managed.

Early implementations of SESs and RISs typically considered them as flat panels
mounted on building facades. While this configuration is relatively straightforward
for indoor scenarios, it becomes more complex outdoors due to constraints such as
architectural regulations, historical preservation, window placement, or misalignment
between buildings and base stations.

In [12] the authors address The optimal planning of electromagnetic skins installed on
the building facades to enhance the received signal strength, and thus the wireless cov-
erage and the QoS in large-scale urban areas, is addressed. More specifically, a novel
instance of the System-by-Design (SbD) paradigm is proposed toward the implemen-
tation of a SEE where low-cost passive static reflective skins are deployed to enhance
the level of the power received within selected Regions of Interest (Rols). Thanks to
the ad hoc customization of the SbD functional blocks, which includes the exploitation
of a Digital Twin (DT) for the accurate yet fast assessment of the wireless coverage
condition, effective solutions are yielded. Numerical results, dealing with real-world

test beds, are shown to assess the capabilities, the potentialities, and the current limi-

4



tations of the proposed SES planning strategy.

In [13], the authors explored a purely passive solution to enable beam scanning with-
out relying on active components. Their innovative SES design allows the reflected
beam direction to be steered simply by mechanically rotating the surface around its
supporting pole. This approach demonstrates the feasibility of low-complexity imple-
mentations but remains limited in terms of flexibility and dynamic adaptability.

A more advanced solution was presented in [14]|, where a reflect-array of 224 reconfig-
urable patches was designed for 60 GHz Wi-Fi signals. Each patch is equipped with
electronically controlled relay switches, which can be turned on or off depending on

the switch state. The system architecture is shown in Fig. 1.3.1.

Micro-controller

Reflector uni

Switch

Smart reflect-aray

Figure 1.3.1: System architecture [14]

To operate the array, the authors proposed a beam-searching algorithm in which the
Access Point (AP) and the reflectarray cooperate to identify the beam direction that
maximizes the signal quality at the user side. The main drawback of this implementa-
tion lies in the hardware: only two phase states (binary control) are supported, which
inevitably reduces the achievable signal-to-noise ratio (SNR). [15]

A different approach is found in [16], where the SES design relies on the well-known
Intersection Approach for near-field beam shaping. This is particularly important
because, in the considered scenario, users are located within the Fresnel region of the
SES rather than in the far-field. The design goal is to generate a prescribed shaped

beam in the near-field area, supporting two orthogonal linear polarizations. To this



end, the synthesis results are implemented in a reflective SES composed of coplanar
dipole elements (Fig. 1.3.2), which enable independent control of both polarizations

using only a single dielectric layer.
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Figure 1.3.2: Layout of the periodic structure [16]

In the last few years, significant progress has been made toward the development of
optically-transparent and modular SES. In [17] the authors proposed a high-resolution
fabrication procedure that allows precise control of the electromagnetic properties
while maintaining optical transparency. The modular design enables flexible integra-
tion in various scenarios, making these SES adaptable to different wireless communica-
tion environments. This work demonstrates the potential of combining transparency,
modularity, and high electromagnetic performance in next-generation SES devices.
Recent studies have reported the first large-scale indoor validation of the SES concept,
using static-passive panels to enhance coverage in 5GHz Wi-Fi networks [18]. The SES
were installed on walls respecting architectural constraints, with the goal of capturing
maximum energy from the access point and directing it towards the Rol.

The panels consisted of dual-layer unit cells,as shown in Fig.1.3.3 with metallic patches
on FR-4 PCBs, designed to achieve a smooth, controllable reflection phase. Both simu-
lations and experiments showed a significant improvement in coverage: the average re-
ceived power increased by approximately 2.6dB, with peaks up to 9.6dB. Intermediate-
sized SES provided the best trade-off between performance and architectural limita-

tions, reducing the uncovered Rol area by up to 70%. The resulting electromagnetic



field distribution confirmed the SES’s ability to form a controlled directive beam, im-

proving propagation in complex indoor environments.
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Figure 1.3.3: Layout of the dual-layer SES [18]

Building on the concept of static-passive SES for indoor coverage, Oliveri et al. [19]
investigated the potential of static passive electromagnetic skins for NLOS specular
wireless links. They derived analytical expressions for the total path attenuation and
showed that, under proper design conditions, SESs can outperform conventional metal-
lic reflectors of the same aperture by modifying the phase response of the reflected field.
Their simulations highlight the dependence of link performance on panel size, incidence
angle, and reflection geometry, demonstrating that SESs can provide significant gains
in NLOS scenarios without requiring any active control or power supply. This study
confirms the potential of passive EM skins as efficient solutions for enhancing wireless
coverage in more complex propagation environments.

In addition to improving coverage and link quality, smart electromagnetic skins are

7



increasingly being investigated for their potential in Integrated Sensing and Commu-
nication (ISAC) systems. In this context, SES can serve not only as passive reflectors
for communication signals but also as tools for passive localization of users or objects,
exploiting the modifications they induce on the propagation environment. In particu-
lar, the recent work [20] demonstrates that smart surfaces can be leveraged to localize
mobile users without relying on traditional power-hungry methods such as GPS or
deploying additional infrastructure. By exploiting the controlled reflective properties
of the surface elements, this approach enables opportunistic passive localization, accu-
rately estimating user positions through trained learning models applied to the signal
reflections induced by smart electromagnetic surfaces. Extensive simulations and ex-
perimental results report positioning errors as low as 5% relative to the field size, while
even a low-complexity implementation on a limited embedded system achieves errors
in the 11% range with minimal energy overhead (+2.7% compared to a classical RIS).
This approach highlights the dual functionality of smart surfaces: they can improve
wireless coverage while simultaneously providing sensing and localization capabilities,

representing a crucial step toward practical ISAC-enabled smart environments.

1.4 Thesis Outline

The aim of this thesis is to investigate the use of smart electromagnetic skins for
enhancing communication and localization performance at millimeter-wave frequencies,
with particular focus on the 60 GHz band. Applications operating at 60 GHz are
used to achieve ultra-high-speed and high-capacity wireless connectivity, especially in
dense environments or for short-range links. The 60 GHz band provides a much larger
bandwidth compared to traditional frequencies, but with a more limited range due to
atmospheric absorption, and typically requires a direct LoS connection.

The work combines both design and simulation activities to evaluate how passive
engineered surfaces can be employed to reshape the propagation environment and
mitigate coverage issues in indoor scenarios.

The study is organized into four main parts:



Chapter 1 introduces the concept of smart electromagnetic skins, reviewing

their operating principles and surveying the most relevant state-of-the-art works.

Chapter 2 focuses on the design and electromagnetic characterization of the unit
cell, including the selection of a suitable dielectric substrate and the analysis of

its impact on the reflection properties.

Chapter 3 describes the design of the complete SES surface, detailing the pro-
cedure to map the desired phase distribution onto the array and to determine

the corresponding patch dimensions.

Chapter 4 presents the design of an indoor environment where multiple SESs
are deployed to overcome a coverage gap caused by the presence of a separating
wall between two rooms. The study evaluates how the controlled reflection and

redirection of the mm-Wave signals can extend coverage into blind regions.

Chapter 5 presents a summary of the key results of the thesis and highlights

possible avenues for future research in the area of smart electromagnetic skins.



Chapter 2

Unit Cell design

The focus of this work is on the design of passive smart electromagnetic skins based on
resonant unit cells. A SES can be regarded as a planar structure composed of a quasi
periodic array of radiating elements such as metallic patches, which are designed to
provide a specific phase response. By properly tailoring the phase distribution across
the array, the reflected wavefront can be controlled to form a focused beam in a desired,
non specular, directions when illuminated by the field radiated an external source.
The simplest solution consist in realizing the smart skin with a single layer PCB.
The dielectric material plays a crucial role since its electromagnetic properties, in
particular the relative permittivity, the loss tangent and the thickness [23|, directly
affect the resonance behaviour of the patches and consequently the overall design and
performance of the SES.

The design process begins with the characterization of the single SES elements, whose
reflection phase and amplitude responses must be carefully studied [24]. Once the
unit cell have been characterized, the elements can be combined into an array with
the desired aperture size and phase distribution, ultimately enabling the realization of
the entire SES. The characterization of the unit cell requires extracting the so-called
S-curve, which relates the phase of the reflection coefficient to the variation of the UC
physical parameters, under either orthogonal or oblique plane-wave illumination. A
common and effective approach for this purpose is the adoption of the infinite array
model based on Floquet’s theorem. This method allows the analysis to be restricted

to a single UC, periodically replicated to form an infinite array. The approximation
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provides a reliable estimation of the actual electromagnetic response of the structure,
since it inherently accounts for the mutual coupling between adjacent elements.
In practice, Floquet theory is implemented in full-wave electromagnetic solvers such

as CST Studio Suite by means of Floquet ports and periodic boundary conditions.

Ym tcel | Ymax [unitcen v —
Zmin: [ electic (Et=0) o| zmax [op - D D
Floquet Bound: %

Figure 2.0.1: Infinite array

2.1 Square Patches

A simplest solution for the UC consists in employing patch elements and controlling
the unit cell behaviour varying one of more of its geometrical parameters. Among the
different geometries, the square configuration is particularly suitable, since by properly
tuning its side length it is possible to control the phase delay of the reflected wave.
In theory, a single resonance would allow the entire 360° phase cycle to be covered. In
practice, however, the maximum achievable phase range is more limited due to several
constraints, such as the finite separation between adjacent cells, the thickness of the
dielectric substrate, and the intrinsic properties of the material.

The relationship between the patch size and the induced phase shift is highly non-
linear: a steep variation occurs in the vicinity of the resonant dimension, whereas a
much smoother dependence is observed at the edges of the design range. This peculiar
behaviour gives rise to the characteristic phase—size response curve, often referred to as
the S-curve, which clearly highlights the transition between the slow and fast variation
regions. This curve is a fundamental design tool, since it provides the mapping between
the physical geometry of the resonant element and the electromagnetic phase response,

and it is later exploited in the synthesis of the entire surface to impose the desired
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phase distribution.

2.2 Substrate Material Selection

As already mentioned, the dielectric substrate is a key component in the SESs design,
as its electrical and physical properties directly influences the behaviour of the reso-
nant unit cells.

Among the possible substrate, low cost materials such as FR4 are not suitable for
mmWave applications due to their high losses and poor dielectric stability. For this
reason in this work the adopted materials is Rogers RO3003, a laminate specifically
used for high frequencies applications that guaranteed a good stability of the dielectric
constant over a various range of temperatures and frequencies [25], as demonstrated,

for example, in recent designs of mmWave antennas on RO3003 [26].

Table 2.2.1: Comparison between FR4 and Rogers RO3003 substrates

Property FR4 Rogers RO3003
Dielectric constant e, 4.2-4.8 (variable) 3.0 (stable)

Dissipation factor tand @10 GHz 0.02-0.025 0.0010

Losses at mmWave frequencies High Very low

Thickness availability Standard PCB sizes | Multiple options (e.g. 0.13-1.52 mm)
Suitability for mmWave Poor Excellent

According to the manufacturer datasheet, the Rogers RO3003 laminate is available in

a set of standard thicknesses, namely:

e 0.005” (0.13 mm) +0.0005"

0.010” (0.25 mm) +0.0007"

0.020” (0.51 mm) +0.0010"

0.030” (0.76 mm) +0.0015"

0.060” (1.52 mm) +0.0030"

12



The first step of the UC characterization therefore has consisted in its analysis consid-
ering these thickness values, so as to evaluate the effect of the substrate height on the

resonance behaviour and the corresponding reflection phase response.

substrate

\ ) thickness

px =Dpy I
Figure 2.2.1: Unit cell using a square patch

The main parameters adopted in the simulations are summarized below.

Parameters used for the characterization
e Design Frequencies: 58 GHz, 60GHz, 62GHz
e Unit Cell size: & 3 Qfy = 60GH 2
Substrate Properties
e Dielectric constant: ¢, = 3
e Dissipation factor: tand = 0.0010
e Thickness: Variable
Patch Properties
e Patch width W: Variable

e Metal thickness: Omm (PEC)
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2.2.1 Analysis for normal incidence

In the first stage of the analysis, the standard substrate thicknesses of Rogers RO3003
were investigated, with the exception of the 1.52 mm laminate, which was not consid-
ered due to its excessive thickness. For each of the selected thicknesses, the reflection
coefficient was extracted in terms of both magnitude and phase in order to study how
the unit cell response varies as a function of the patch width W. The analysis was
performed at 58, 60, and 62 GHz, assuming normal incidence of the plane wave, while
the patch width W was swept from 0.2mm to 2.4mm to obtain the characteristic

phase and magnitude curves of the unit cell.

ROGERS ro3003 @58GHz

-100 -

Phasel’]

-150 -

-200 -

-250 |-

-300 -

-350

w [mm]

Figure 2.2.2: Phase response of the unit cell under normal incidence at 58 GHz for
different substrate thicknesses.
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Figure 2.2.3: Phase response of the unit cell under normal incidence at 60 GHz for
different substrate thicknesses.

ROGERS ro3003 @62GHz
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Figure 2.2.4: Phase response of the unit cell under normal incidence at 62 GHz for
different substrate thicknesses.
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-0.05 —
01
015
02—
thick = 0.13
thick = 0.25
thick = 0.51
———thick = 0.76
-025—
03 L L | L |
0 0.5 1 15 2 25
w [mm]
Figure 2.2.5: Magnitude of the reflection coefficient of the unit cell under normal

incidence at 58 GHz for different substrate thicknesses.
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Figure 2.2.6: Magnitude of the reflection coefficient of the unit cell under normal

incidenc

e at 60 GHz for different substrate thicknesses.
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Figure 2.2.7: Magnitude of the reflection coefficient of the unit cell under normal
incidence at 62 GHz for different substrate thicknesses.

From the obtained results it can be observed that the reflection phase does not always
vary in a smooth and controlled way with respect to the patch dimension. In particular,
the regions where the phase exhibits steep slope are undesirable for practical design,
since even a small variation in the patch size or fabrication tolerances would result in
a large and unpredictable phase shift, leading to instability in the overall response of
the surface.

Similarly, the magnitude plots highlight the presence of multiple spikes associated
with resonant phenomena. These resonances correspond to points where the unit cell
is strongly mismatched and the reflected field is highly perturbed. Such behaviour is
detrimental for the SES operation, as it reduces the efficiency and introduces distor-
tions in the reflected wavefront.

From the analysis of the results, it can be noticed that for the thinner substrates,
namely 0.13, mm and 0.25, mm, the obtained phase range largely exceeds 360°. How-
ever, this apparent advantage is counterbalanced by the presence of very steep varia-
tions in the phase curve, which make the response highly sensitive to small changes in
the patch width and therefore unstable in practical implementations.

In addition, the reflection magnitude for these thicknesses exhibits more pronounced

resonant spikes, indicating stronger mismatches and higher losses around specific patch
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dimensions. This behaviour further compromises the efficiency of the unit cell.

For these reasons, the 0.13, mm and 0.25, mm laminates were discarded as potential
candidates for the SES substrate.

On the other hand, the substrates with thicknesses of 0.51, mm and 0.76, mm exhibit
a much more suitable behaviour. In particular, the 0.51, mm laminate provides a
complete 360° phase coverage, while the 0.76, mm laminate achieves a range of approx-
imately 300°. In both cases, the phase response shows a smooth and gradual variation
with respect to the patch width, ensuring better stability and predictability of the unit
cell behaviour.

Moreover, the reflection magnitude remains stable and free of significant resonant
spikes, which indicates low losses and a reliable electromagnetic response. For these
reasons, the 0.51, mm and 0.76, mm laminates were selected as the most promising

candidates.

2.2.2 Analysis for oblique incidence

After identifying 0.51, mm and 0.76, mm as the most promising substrate thicknesses,
a further analysis was performed to evaluate their robustness under oblique incidence
conditions. The reflection coefficient, both in terms of magnitude and phase, was ex-
tracted for incidence angles ranging from 0° to 50°, at the frequencies of 58, 60, and

62 GHz. The resulting curves are reported below.

Results Thickness 0.51mm
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Figure 2.2.8: Phase response of the unit cell under oblique incidence at 58 GHz for
0.51mm substrate thicknesses.
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Figure 2.2.9: Phase respounse of the unit cell under oblique incidence at 60 GHz for
0.51mm substrate thicknesses.
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Phase @62GHz - thickness = 0.51 mm
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Figure 2.2.10: Phase response of the unit cell under oblique incidence at 62 GHz for
0.51mm substrate thicknesses.
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Figure 2.2.11: Magnitude of the reflection coefficient of the unit cell under oblique
incidence at 58 GHz for 0.51mm substrate thicknesses.
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Figure 2.2.12: Magnitude of the reflection coefficient of the unit cell under oblique
incidence at 60 GHz for 0.51mm substrate thicknesses.
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Figure 2.2.13: Magnitude of the reflection coefficient of the unit cell under oblique
incidence at 62 GHz for 0.51mm substrate thicknesses.

Results Thickness 0.76mm
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Phase @58GHz - thickness = 0.76 mm
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Figure 2.2.14: Phase response of the unit cell under oblique incidence at 58 GHz for
0.76mm substrate thicknesses.
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Figure 2.2.15: Phase response of the unit cell under oblique incidence at 60 GHz for
0.76mm substrate thicknesses.
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Phase @62GHz - thickness = 0.76 mm
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Figure 2.2.16: Phase response of the unit cell under oblique incidence at 62 GHz for
0.76mm substrate thicknesses.
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Figure 2.2.17: Magnitude of the reflection coefficient of the unit cell under oblique
incidence at 58 GHz for 0.76mm substrate thicknesses.
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Figure 2.2.18: Magnitude of the reflection coefficient of the unit cell under oblique
incidence at 60 GHz for 0.76mm substrate thicknesses.
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Figure 2.2.19: Magnitude of the reflection coefficient of the unit cell under oblique
incidence at 62 GHz for 0.76mm substrate thicknesses.

Compared to the normal incidence case, when larger incidence angles are considered
the phase response exhibits sharp variations around a patch width of approximately
1.75, mm, which reduces the usable phase range of the unit cell.

For the 0.76, mm substrate, these effects are more pronounced: the magnitude re-
sponse shows stronger resonance spikes, while the phase,especially at higher frequen-

cies,becomes less stable.
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Conversely, the 0.51, mm thickness provides a wider and smoother phase range across
all the analyzed frequencies, together with less pronounced resonances in the magni-
tude response.

For these reasons, the 0.51, mm substrate has been identified as the most suitable

choice for the subsequent SES design.
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Chapter 3

Design of Smart Electromagnetic Skins

Once the single UC is characterized, it is possible to synthetize the complete smart
electromagnetic skin.

The main objective is to determine the physical dimensions of the patch element in
each unit cell so that the overall surface provides the desired phase distribution when
illuminated by an external feed.

The reflection phase curves obtained for the selected substrate thickness in the previous
chapter form the basis for the SES design. These curves relate the patch width to the
phase shift of the reflected wave. By interpolating them, the required patch width for
each unit cell can be determined, ensuring that the target phase profile is accurately
reproduced across the array.

Since the phase response is nonlinear and frequency-dependent, the interpolation must
be performed carefully to avoid abrupt jumps and maintain a smooth phase variation.
Once the patch dimensions are established for all elements, the complete SES layout

can be generated and prepared for full-wave simulation or fabrication.

3.1 Required Phase Distribution

The methodology to evaluate the phase shift required for each unit cell is described in
[27]. This approach allows calculating the phase distribution that each element must
provide to achieve the desired wavefront shaping, taking into account the relative

position of the unit cells within the array.
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The coordinate system considered for this analysis is shown in the figure below:

desired (scatter)
direction

Figure 3.1.1: Coordinate system used for the analysis of the required phase distribution
[27]

The progressive phase distribution across the surface, required to direct the reflected

beam toward a target direction (6, ¢p), can be written as:

O(4, ;) = —kosin Oy cos @y, x; — k, sin Oy, sin @y, y; (3.1.1)

where kg indicates the free-space propagation constant at frequency fo, and (x;,y;)
denote the coordinates of the i-th element.

The total phase of the reflected field at each position is obtained as the sum of the
phase of the incoming wave and the additional phase contribution imparted by the

unit cell:

o(xi, yi) = kodi + Or(Ti, yi) (3.1.2)

where ¢r(z;,y;) represents the reflection phase associated with the i-th element, while
d; is the distance between the source and that element. In the case of a source located
in the far-field, as for a SES, the incident field can be modeled with a plane wave, and

the term kod; reduces to:

kod; = ko(z;sin @y cos oy + y; sin 0y sin ¢ (3.1.3)

where (01, ¢;) define the direction of arrival of the incident plane wave (see Fig.3.1.1)
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Combining 3.1.1 and 3.1.3 the required phase shift at each element is given by:

Or(Ti, i) = —kox;[sinfrcospr + sinbBycospy] + yisinbrsingr + sinbysingy]  (3.1.4)

3.1.1 Field on the Reflectarray Elements and Scattered Field

The plane wave field incident on each UC is given by
En(ela @I) = ejkﬁ'ﬁ

where 7) corresponds to 6 or ¢ depending on the polarization of the incoming wave,
while (67, p) indicates its actual angle of incidence. If the field across each element
is considered uniform and approximated by its value at the element’s center, then the

term kr; can be simplified as follows:
kr; = k(z;sin 0y cos pr + y; sin 07 sin ¢y)

The field at each element is transformed into the Cartesian components by the expres-

sion
Er. sinfycos p; cosfycosp; —sinpy 0
Erc = Ery| = |sinfsinp; cosfrsingr coser FEy
Er, cos 0 —sin 0; 0 E,

For simplicity, the subscript ¢ referring to the element index has been omitted. The
vector on the right-hand side of the previous equation describes the case of an arbitrar-
ily polarized incident plane wave. This transformation is applied to all the elements
of the surface for the actual direction of incidence (r, @), which may differ from the
nominal design direction. The x and y components of Egc represent the complex
amplitudes of the incident electric field on each element.

Subsequently, the scattered field produced by the metasurface in response to the inci-
dent wave can be expressed as follows:

e*]k)?“

[cos ¢ B (u,v) + sin o Egy(u, v)]
r
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e—jkr

E,(0,¢) = jk 5 [— sin @ Egg(u, v) 4 cos o Egy(u,v)] cos 8
o
where
~ ku kv el
Eryy(u,v) = Kipgpy Sinc( 2}%) sinc (%) E;';; (m, n)elk(umpatonpy)

and

K, = e—jk?"/Q[j)\(uw—l)pl.(vy—1)py]
u=sinfcosp,  v=sinfsing

N, and N, are the number of elements along the x and y axes, respectively. p, and
py are the periodic spacings of the elements in the 2 and y axes, respectively.
The Bistatic Scattering Cross-Section (BSCS) of the metasurface is given by

b
By
i
7

o (01,01, 0, 6) = 1%1_{1;0 Amrr?
1

Here, n and v refer to the polarizations of the incident and scattered fields, respectively,
while they are also associated with the corresponding incident and scattered directions.
By substituting the expressions introduced above, the scattered field can be obtained

as

dm . ) - 2
w01, 01,6, o) = 2 [COS b Ery(wp, vp) + sin oy Egry(us, Ub)]

47 ) - - 2
00 (01, 01,0, 01) = 2 [— sin pp Erg (up, vp) + 08 pp Ery(up, Ub)] cos” 0

For the Monostatic Scattering Cross-Section (MSCS), the scattered angles coincide
with the incident angles, i.e., 8, = 6; and ¢, = ¢;. It is important to note that this
derivation neglects mutual coupling between the elements and diffraction effects from

the edges of the finite metasurface.
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3.2 Mapping the Required Phase to Patch Dimen-
sions

Once the required phase distribution ¢g(z;,y;) has been determined for the entire
aperture, the next step consists in translating this profile into the physical geometry of
each unit cell. This translation relies on the reflection phase curves obtained during the
electromagnetic characterization of the unit cell, as discussed in the previous chapter.
Such curves describe the relationship between the patch width W and the reflection
phase at different frequencies and incidence angles.

For the chosen substrate thickness of 0.51 mm, which has shown the most stable be-
havior in terms of both magnitude and phase, the reflection phase at 60 GHz was
selected as the reference. The goal is therefore to associate each required phase shift
or(z;,y;) with the corresponding patch width W. Since the dependence of the phase
on W is nonlinear, a direct analytical inversion is not possible; instead, an interpola-
tion procedure is applied to retrieve the correct patch size. In this way, the mapping
process ensures that each element of the SES provides the phase contribution required
by the design.

This approach makes it possible to construct a complete map of patch dimensions
across the SES surface. The resulting layout is then used to generate the array geome-
try in the electromagnetic solver, enabling full-wave simulations of the overall structure.

The workflow of this design stage can be summarized as follows:

1. Compute the required phase profile ¢g(z;,y;) for each element using Eq. (3.1.1)—
(3.1.3).

2. Select the substrate thickness and operating frequency for which the phase curves

are available.

3. Interpolate the reflection phase vs. patch width curves to identify the patch

dimension corresponding to each required phase.

4. Assemble the complete SES layout by assigning the calculated patch width to

every unit cell in the array.
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3.3 Full-Wave Simulation and Validation

Once the SES layout has been fully defined, the next step is to validate its performance
through full-wave electromagnetic simulations. The complete array was modeled in
CST Microwave Studio by assembling the unit cells with the interpolated patch widths
derived in the previous section. The simulation was carried out by illuminating the
surface with a plane wave at the operating frequency of 60, GHz, under open boundary
conditions to reproduce free-space propagation.

The analysis focused on verifying that the reflected wave is redirected toward the
desired direction (6, ), in accordance with the theoretical phase distribution. In
particular, the simulated radiation patterns were used to evaluate the beam pointing
capability, the directivity of the main lobe, and the presence of side lobes arising from
the discretization of the aperture. Furthermore, the frequency response of the SES

was examined to assess its stability in a narrow band around the design frequency.

3.3.1 10x10 SES design

In this section, the design methodology is applied to a practical case study.

Before designing the 24 x 24 SES, a smaller prototype composed of 10 x 10 unit cells
was first analyzed. This preliminary simulation was carried out to validate the design
methodology and verify the correct beam steering behavior of the surface. By starting
with a reduced array, it was possible to quickly assess the effectiveness of the phase
mapping approach and the expected reflection characteristics before scaling up to a
larger aperture.

In this section a smart electromagnetic skin composed of an array of 10 x 10 unit cells
is considered. It corresponds to a size of 25mm x 25mm = 5\ x 5\ at the design
frequency fo = 60GHz The structure is illuminated by a normally incident plane wave,
i.e. with (0; = 0°,¢; = 0°). The design objective is to synthesize a phase distribution
across the array that redirects the reflected beam toward a target angle of 6, = 30°,
while maintaining ¢, = 0°.

Under these conditions, the required phase shift for each unit cell can be calculated
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using Eq.3.1.4. Specifications

e Working band: 60GHz

A
2

Cell size:

Array dimension: 10 x 10

Direction of arrival of the plane wave: 8y = 0°, ¢; = 0°

Desired direction of the reflected beam: 8, = 30°, ¢, = 0°

100 Rogers ro3003 @60GHz ¢ = 0°, thickness = 0.51 mm
T T

-100 —

w [mm]

-150 —

-200 —

-250 —

-300 —

-350 —

Phase []

Figure 3.3.1: Phase curve used for the design
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Required Phase Shift Distribution

Figure 3.3.2: Required phase distribution

W distribution

Figure 3.3.3: Patch width distribution

The design workflow is summarized in Figs. 3.3.1-3.3.3, showing how the target phase
distribution is mapped into the corresponding patch width values through interpolation
of the reflection phase curve. Once the required patch widths were calculated for all
elements, the resulting layout was exported as a DXF file. This file was then imported
into CS'T Studio Suite to generate the SES geometry, enabling full-wave simulation of

the complete array with the exact physical dimensions.
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Figure 3.3.4: SES layout 10x10

For simplicity, only the 3D far-field pattern at 60 GHz is shown here to illustrate that

the design works as intended.

Bistatic Scattering
enabled (kR >> 1)
farfeld (=60} [pw]
nnnnnnn Abs
RCS

uenc;
tal RCS -29.11 dBm32
otal ACS -62.40 dBm32
RCSmax -7.189 dBm2

Figure 3.3.5: 3D far-field pattern at 60 GHz for the 10 x 10 SES

3.3.2 24x24 SES design

The methodology applied to the 10 x 10 array is now extended to a larger SES com-
posed of 24 x 24 unit cells, corresponding to an aperture of 60 mm x 60 mm = 12\ x 12\
at fo = 60 GHz. The surface is illuminated by a normally incident plane wave
(0 = 0°,¢7r = 0°), and the reflected beam is designed to point toward 6, = 30°,
wp = 0°.

The layout and simulation workflow follow the same procedure outlined in Section 3.3.1
for the smaller surfaces, with the only difference being the increased number of ele-

ments.
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Specifications

Working band: 58GHz - 62 GHz (the design has been done at the central fre-
quency 60GHz)

A

Cell size: 5

Array dimension: 24 x 24

Direction of arrival of the plane wave: 8; = 0°, ¢; = 0°

Desired direction of the reflected beam: 6, = 30°, @, = 0°

S Rogers r03003 @60GHz 6 = 0°, thickness = 0.51 mm
T T

-100 — -

w [mm]

-150 {— .

-200 — -

-250 — —

-300 — —

-350 - -

400 I I L I

Phase [°]

Figure 3.3.6: Phase curve used for the design
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Required Phase Shift Distribution
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Figure 3.3.7: Required phase distribution

W distribution

y index
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x index

Figure 3.3.8: Patch width distribution

Based on the mapping procedure described in the previous section, the final SES layout

for the 24 x 24 array was obtained, as shown in Fig. 3.3.8.
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Figure 3.3.9: SES layout 24x24

In the following, the far-field results are presented, visualized both as three-dimensional
(3D) radiation patterns and as Cartesian cuts along the principal planes.
It is important to note that the field observed behind the SES corresponds to the

incident plane wave.

58 GHz Cartesian cut 58 GHz 3D pattern

Figure 3.3.10: Farfield results at 58 GHz: Cartesian cut (left) and 3D pattern (right).

58.5 GHz Cartesian cut 58.5 GHz 3D pattern

Figure 3.3.11: Farfield results at 58.5 GHz: Cartesian cut (left) and 3D pattern (right).
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59 GHz Cartesian cut 59 GHz 3D pattern

Figure 3.3.12: Farfield results at 59 GHz: Cartesian cut (left) and 3D pattern (right).

59.5 GHz Cartesian cut 59.5 GHz 3D pattern

Figure 3.3.13: Farfield results at 59.5 GHz: Cartesian cut (left) and 3D pattern (right).

60 GHz Cartesian cut 60 GHz 3D pattern

Figure 3.3.14: Farfield results at 60 GHz: Cartesian cut (left) and 3D pattern (right).

60.5 GHz Cartesian cut 60.5 GHz 3D pattern

Figure 3.3.15: Farfield results at 60.5 GHz: Cartesian cut (left) and 3D pattern (right).
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61 GHz Cartesian cut 61 GHz 3D pattern

Figure 3.3.16: Farfield results at 61 GHz: Cartesian cut (left) and 3D pattern (right).

61.5 GHz Cartesian cut 61.5 GHz 3D pattern

Figure 3.3.17: Farfield results at 61.5 GHz: Cartesian cut (left) and 3D pattern (right).

62 GHz Cartesian cut 62 GHz 3D pattern

Figure 3.3.18: Farfield results at 62 GHz: Cartesian cut (left) and 3D pattern (right).

3.3.3 Results

As the frequency increases from 58 GHz to 62 GHz, some clear trends can be observed
in the reflected field patterns. In particular, the power of the side lobes becomes
more pronounced at higher frequencies, meaning that part of the reflected energy is
no longer fully concentrated in the desired direction. At 62 GHz, this effect is even

more evident: the three main lobes — corresponding to the desired reflection and two
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secondary ones — reach similar power levels, showing a clear degradation of the beam
focusing capability.

These behaviors are illustrated in Fig. 3.3.19, where the patterns at 58,59,60, 61 and
62 GHz are plotted together. The figure confirms that, as the frequency increases, the

reflected energy tends to spread over a wider angular range, with stronger side lobes

and a less defined main beam.

Bistatic RCS [dBm?]

Figure 3.3.19: Comparison of the reflected field patterns at 58GHz,59GHz, 60GHz,
61GHz and 62GHz. The curves confirm that side lobes increase in magnitude and number
as frequency increases, with almost comparable levels observed at 62GHz

Among the reflected lobes:

e The principal lobe at 6, = 30° represents the intended beam direction defined in

the design.

e A secondary lobe is a specular reflection of the incident plane wave.
e Another secondary lobe is a specular reflection of the desired beam direction

The obtained results confirm that the designed SES can achieve beam redirection
in agreement with the theoretical model, thereby validating the effectiveness of the
adopted design procedure. At the same time, they highlight the frequency-dependent

behavior of the SES, showing that higher operating frequencies increase side-lobe levels
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and generate undesired reflections, which must be considered in practical implementa-

tions.
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Chapter 4

Realistic Indoor Scenario

In this chapter, a realistic indoor scenario is considered to evaluate the effectiveness
of SESs. The aim is to verify the performance of communication and localization
systems at mm-Wave frequencies based on the deployment of multiple SESs. The
indoor environment represents a challenging propagation context, where walls and
obstacles introduce blind regions and limit direct Line-of-Sight(LoS) coverage. By
strategically positioning several SESs, it is possible to manipulate the electromagnetic
wavefront, enabling controlled reflections and coverage enhancement in the Non-Line-
of-Sight(NLoS) areas.

More recently, the use of SESs has also been investigated for the design of passive local-
ization systems, integrated with communication functionalities. The main advantage
of passive localization is that it does not require the target to carry any active device.
This not only helps to reduce costs but also ensures a higher level of privacy. If prior
knowledge of the angular response of the RIS or SES is available, this information can
be exploited to support the localization of an active terminal. In practice, by collecting
the transmitted power associated with different RISs or SESs, and assuming that the
receiver is able to distinguish the signals coming from different angular directions, it

becomes possible to identify the sector from which the terminal is transmitting.
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4.1 Reference Scenario

In [28], the reference scenario was analyzed. The reference scenario is shown in Fig. 4.1.1.
The setup consists of an indoor laboratory with two rooms separated by a partial wall.
A transmitter was placed in one room, which creates a shadowed area in the other. By
deploying multiple SESs, the electromagnetic environment can be modified to extend

coverage and overcome this limitation.

Figure 4.1.1: Realistic indoor environment with multiple SESs

Initially, a preliminary study was carried out to assess the received power distribution
and to optimize the placement of the SESs, aiming at minimizing undesired interfer-
ence between them, commonly referred to as cross-talk. In this context, cross-talk
refers to the unintended interaction between multiple SESs, where the reflection from
one surface can interfere with the beam produced by another, potentially degrading

the overall signal quality and the intended coverage in the target region.

To carry out this analysis, a 2 X 8 patch array antenna was employed, capable of
performing beam steering between —54° and +54° in azimuth, while in elevation the

beam could be directed at —18°, 0°, or +18°. The hardware setup previously described
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was reproduced in MATLAB through ray-tracing simulations based on a propagation
model accounting for up to two reflections. The beam weights were imported from the
hardware configuration in order to generate realistic radiation patterns.

To evaluate the performance of the different configurations, the spillover power was
analyzed by configuring the transmitter with the five optimal beams required to il-
luminate the five SESs placed at fixed positions in the environment. For each SES,
the optimal beam was chosen by selecting the one that maximized the received power,
after testing all the preconfigured beams available on the transmitter.

The analysis results and the best SES placement configuration are shown in the fol-
lowing figures. It is possible to clearly see how each SES is illuminated by its intended
beam, as well as the spillover effects on the other surfaces. Among the tested configura-
tions, the W-shaped arrangement proved to be the most effective (Fig. 4.1.2), ensuring
optimal illumination of each SES. The corresponding spillover power distribution is

reported in Fig. 4.1.3, highlighting the limited interference between adjacent SESs.

Figure 4.1.2: "W" SESs Configuration
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Figure 4.1.3: Spillover power for the "W'" SESs configuration

For this reason, in the following analysis the W-shaped placement will be consid-
ered as the reference configuration characterizing the pointing direction of the reflected
field. To make the setup clearer, the following table reports the Angles of Departure
(AoD)and the corresponding Angles of Arrival (AoA),i.e the angles defining the inci-
dent direction, at each SES for the W-shaped configuration. These values provide a
complete overview of how the beams are oriented within the scenario and highlight

the specific directions used to illuminate each surface.

Table 4.1.1: Angles of arrival and departure (azimuth, elevation) the configuration
SESs

Angle of Arrival [] Angle of Departure [°]
SES  Azimuth Elevation Azimuth Elevation

SES 1 -26 Y 39 -20
SES 2 -38 -12 -91 0
SES 3 -48 8 -124 -23
SES 4 -70 -18 -140 0
SES 5 -93 9 -151 -12
SES 6 -26 6 -62 -14
SES 7 -48 12 -113 -15
SES 8 -70 -15 -131 1

45



Figure 4.1.4: Angle Convention used for the Azimuth and Elevation angles

It is worth noting that the reference system adopted in Table 4.1.1 differs from the
conventional spherical coordinate system but it used the azimuth and elevation angles

defined in 4.1.4.

4.2 Modeling and Simulation of the SESs

The SESs of the W configuration have been designed and numerically analysed. For
each surface, the complete design workflow is presented: starting from the phase re-
sponse curve, proceeding to the layout design, and finally reporting the far-field radi-
ation results. To keep the analysis focused on the intrinsic behaviour of the SESs, the
simulations have been performed under plane-wave excitation. The direction of arrival
of a plane wave can be represented through its propagation vector k. In Cartesian
coordinates, the components of the unit propagation vector can be calculated from the

spherical angles # and ¢ as follows:

k. = sin 6 cos ¢,
k, = sin @ sin ¢,

k, = cos@.

Using these expressions, the Cartesian components of the propagation vector can be
directly inserted in CST to define the plane-wave excitation according to the desired

incidence angles.

46



4.2.1 SES1

Specifications

e Working frequency: 60GHz

A

Cell size: 5

Array dimension: 20 x 20

Substrate thickness: 0.51mm

Direction of arrival of the plane wave: 6; = 64°, p; = 5°

Desired direction of the reflected beam: 6, = 39°, ¢, = —20°

SES1 phase curve ¢ = 64°
200 T

-100 -

-200 — -
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Figure 4.2.1: Phase curve used for the SES 1 design
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The patch width distribution is used to generate the layout, which is then exported to

CST Microwave Studio as a DXF file for full-wave simulation.

~

Figure 4.2.4: SES 1 layout

The results are presented in terms of the 3D radiation pattern, providing a global view
of the reflected beam, and the 2D cuts of the Radar Cross Section (RCS), which allow

a clearer analysis of the main lobe direction and side lobe levels.
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Figure 4.2.5: 3D far-field radiation pattern (left) and RCS map (right) of SESI.

SES1 @60GHz
-10 T

Bistatic RCS [dBm?]

Figure 4.2.6: 2D RCS cuts of SES 1 far-field response

The 2D far-field cut has been extracted by aligning the reference system with the main
lobe direction, i.e., by rotating the coordinate system so that the z-axis points along
the maximum of the reflected beam. This choice allows for a clearer representation of
the RCS levels around the main lobe and provides a direct comparison of side lobes
with respect to the desired beam direction.

Looking at the SES1 layout, the distribution of patch widths varies smoothly according

to the required phase profile. This variation confirms that the phase distribution has
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been properly translated into the physical geometry, without abrupt discontinuities
that could otherwise introduce additional scattering.

However, the far-field results show that the reflected beam does not perfectly match
the desired direction. This mismatch is likely due to the incidence angle of the in-
coming plane wave, which reduces the efficiency of the surface in pointing the beam.
Specifically, the reflected beam is observed at # = 31° instead of the target 6, = 39°,
and at ¢ = 13.5° instead of the expected ¢, = —20°.The relatively steep incidence of
the incoming plane wave (0; large and ¢; non-zero), combined with the wide angles
of the desired reflected beam, makes it challenging for the SES to uniformly compen-
sate the phase across the array and to redirect the beam accurately. As a result, the
beam steering does not perfectly reach the desired direction. Also the finite size of the
SES array introduces discretization effects, which inherently limit the precision of the
beam shaping and can lead to a shift in both azimuth and elevation of the main lobe.
Moreover, the reflected power is relatively low, with the main lobe reaching approxi-
mately -12dB, while the side lobes range from -25dB and lower, as highlighted in the
2D RCS cut. Another relevant effect is the presence of the specular reflection, which
remains significant, whereas it should ideally be strongly suppressed to maximize the
redirection efficiency.

Overall, SES 1 highlights the limitations imposed by very steep incidence angles: while
the design procedure is consistent, the surface struggles to efficiently steer the incoming

wave, leading to reduced gain, misalignment, and unwanted scattering.

4.2.2 SES 2

Specifications

e Working frequency: 60GHz
o (ell size: %

e Array dimension: 20 x 20

e Substrate thickness: 0.51mm
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e Direction of arrival of the plane wave: 6y = 52°, p; = —12°

e Desired direction of the reflected beam: 8, = —1°, ¢, = 0°

SES2 phase curve 6 = 50°
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Figure 4.2.7: Phase curve used for the SES 2 design
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The patch width distribution was used to create the SES 2 layout, which was subse-

quently imported into CST Microwave Studio as a DXF file for full-wave simulation.
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Figure 4.2.10: SES 2 layout

The simulation results are shown through the 3D far-field radiation pattern, providing
an overall view of the reflected beam, and the 2D RCS cuts, which allow for a detailed

assessment of the main lobe orientation and the levels of side lobes.
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Figure 4.2.11: 3D far-field radiation pattern (left) and RCS map (right) of SES2.

52



SES2 @60GHz
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Figure 4.2.12: 2D RCS cuts of SES 2 far-field response

From the far-field results of SES 2, it can be observed that the reflected beam is
properly redirected towards the desired direction, confirming the effectiveness of the
design. The main lobe reaches a maximum level of approximately 0 dB, while the side
lobes are about -12dB, ensuring a clear distinction between the desired reflection and
unwanted scattering. Compared to SES 1, this configuration demonstrates a more
accurate beam steering and higher efficiency in terms of reflected power.

Looking at the layout, the patch width distribution shows coherence with the required
phase distribution. This smooth variation confirms that the phase distribution has

been properly translated into the physical geometry, without abrupt discontinuities

that could otherwise introduce additional scattering.

4.2.3 SES 3

Specifications

Working frequency: 60GHz

Cell size: %

Array dimension: 20 x 20

Substrate thickness: 0.51mm
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e Direction of arrival of the plane wave: 6y = 42°, p; = 8°

e Desired direction of the reflected beam: 8, = —34°, o, = —23°

SES3 phase curve 0 = 40°
100 T T

-700

Phase [*]

Figure 4.2.13: Phase curve used for the SES 3 design

The phase curve adopted for SES 3 was exploited up to a patch width of w = 1.9 mm.
Beyond this value, the curve becomes excessively steep, which would have increased
the sensitivity to discretization and could have led to inaccuracies or errors in the

layout generation.

Required Phase Shift Distribution W distribution
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Figure 4.2.14: SES 3 Required Figure 4.2.15: SES 3 Patch width
phase distribution distribution

From the computed width variation, the SES 3 layout was constructed and imple-

mented in CST for subsequent full-wave simulations.
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Figure 4.2.16: SES 3 layout

The results are illustrated through both 3D far-field plots, which highlight the overall
beam redirection, and 2D RCS sections, useful for quantifying the main and secondary

lobes.
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Figure 4.2.17: 3D far-field radiation pattern (left) and RCS map (right) of SES3.
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SES3 @60GHz
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Figure 4.2.18: 2D RCS cuts of SES 3 far-field response

The far-field analysis of SES 3 highlights that the reflected beam is accurately steered
towards the intended direction, demonstrating the validity of the design approach. The
main lobe exhibits a peak value close to 1dB, whereas the side lobes remain suppressed
around —12dB, which guarantees a good separation between the desired reflection and

spurious components.

4.2.4 SES 4

Specifications

o Working frequency: 60GHz

A

Cell size: 5

Array dimension: 20 x 20

Substrate thickness: 0.51mm

Direction of arrival of the plane wave: 6; = 20°, p; = —18°

Desired direction of the reflected beam: 6, = —50°, ¢, = 0°
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Figure 4.2.19: Phase curve used for the SES 4 design

For SES 4, the phase curve exhibits a spike near w = 1.95 mm. To avoid potential
instabilities during the layout generation, the design was limited to a maximum patch

width of 1.9 mm, ensuring a smoother and more reliable implementation.
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Figure 4.2.20: SES 4 Required Figure 4.2.21: SES 4 Patch width
phase distribution distribution

The layout corresponding to SES 4 was derived from the width distribution and then
modeled in CST Microwave Studio through a DXF import for electromagnetic simu-

lation.
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Figure 4.2.22: SES 4 layout

To assess the electromagnetic behavior, both 3D far-field maps and 2D RCS cuts are
presented, offering complementary perspectives on the reflected beam and scattering

levels.

SES4 RCS [dBm?]
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Figure 4.2.23: 3D far-field radiation pattern (left) and RCS map (right) of SES4.
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Figure 4.2.24: 2D RCS cuts of SES 4 far-field response

From the far-field results of SES 4, it can be observed that the main lobe is properly
steered towards the desired direction. However, compared to previous surfaces, a larger
number of side lobes appear, with a power difference of approximately 10 dB relative
to the main lobe (main lobe at about -3 dB, side lobes around -13 dB).

The increase in side lobes is mainly due to the truncation of the phase curve at w = 1.9
mm. By limiting the phase variation, the SES cannot perfectly reproduce the desired
phase profile across the array, which causes part of the energy to spread into undesired
directions. As a result, the main lobe power decreases compared to the other SESs,
while the side lobes rise, reducing the contrast between the main reflection and the
scattered energy. This behavior can be problematic for localization applications, where
a clearly dominant main lobe is required. If the side lobes are comparable in power to
the main reflection, it becomes more difficult to unambiguously identify the intended

illuminated region, potentially reducing the accuracy of the localization system.

4.2.5 SES 5
Specifications
e Working frequency: 60GHz
e Cell size: §
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Array dimension: 20 x 20

Substrate thickness: 0.51mm

Direction of arrival of the plane wave: ; = —3°, p; = 9°

Desired direction of the reflected beam: 6, = —61°, @, = —12°

SES8 phase curve 6 = 0°
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Figure 4.2.25: Phase curve used for the SES 5 design
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Figure 4.2.26: SES 5 Required Figure 4.2.27: SES 5 Patch width
phase distribution distribution

The SES 5 layout was obtained from the calculated patch width distribution and
subsequently implemented in CST Microwave Studio by importing it as a DXF file for

full-wave analysis.
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Figure 4.2.28: SES 5 layout

The electromagnetic performance is evaluated through 3D far-field patterns and 2D
RCS cuts, providing a comprehensive view of the reflected beam and the associated

scattering characteristics.
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Figure 4.2.29: 3D far-field radiation pattern (left) and RCS map (right) of SES5.
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Figure 4.2.30: 2D RCS cuts of SES 5 far-field response

For SES 5, the reflected beam points in the desired direction, but a noticeable specular
component along the incident plane wave is also present. This is likely because the
reflection angle is very wide (6, = —62°), making it harder for the surface to focus all
the energy into the intended beam. Consequently, the RCS in the specular direction
reaches about -5 dB, lower than the main lobes of the other SESs, showing how some

energy spreads due to the extreme steering.

4.2.6 SES 6

Specifications

e Working frequency: 60GHz

Cell size: %

Array dimension: 20 x 20

Substrate thickness: 0.51mm

Direction of arrival of the plane wave: 0; = 64°, p; = 6°

Desired direction of the reflected beam: 8, = 28°, ¢, = —14°
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Figure 4.2.31: Phase curve used for the SES 6 design
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The patch width distribution was translated into the SES 6 layout, which was then

imported into CST Microwave Studio as a DXF file for full-wave simulations.
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Figure 4.2.35:

Figure 4.2.34: SES 6 layout
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The simulation outputs include the 3D far-field radiation pattern, offering a compre-
hensive visualization of the reflected beam, along with 2D RCS cuts that enable a

precise evaluation of the main lobe direction and the magnitude of the side lobes.

SES6 RCS [dBm?]

1]

3D far-field radiation pattern (left) and RCS map (right) of SES6.



SES6 @60GHz
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Figure 4.2.36: 2D RCS cuts of SES 6 far-field response

In this case as well, the main lobe is correctly directed towards the desired angle,
reaching approximately -1 dB, while the side lobes are around -17 dB. The specular
reflection corresponding to the incident plane wave is more pronounced, and an addi-
tional lobe symmetric to the main lobe is also visible. Unlike SES 1, where a similar
incidence angle caused some inefficiencies, here the incidence differs enough that no

significant issues are observed in the beam steering performance.

4.2.7 SEST7

Specifications
e Working frequency: 60GHz

Cell size: %

Array dimension: 20 x 20

Substrate thickness: 0.51mm

Direction of arrival of the plane wave: 0y = 42°, p; = 12°

Desired direction of the reflected beam: 6, = —23°, ¢, = —15°
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Figure 4.2.37: Phase curve used for the SES 7 design

For SES 7, the same phase curve used for SES 3 was applied, limiting the patch width
to w = 1.9 mm. Beyond this point, the curve becomes too steep, which would have
increased sensitivity to discretization and could have caused errors or inaccuracies in

the layout design.
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Figure 4.2.38: SES 7 Required Figure 4.2.39: SES 7 Patch width
phase distribution distribution

The SES 7 layout was generated from the patch width distribution and then imported

into CST Microwave Studio as a DXF file for full-wave simulations.
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Figure 4.2.40: SES 7 layout

The outcomes are presented with a 3D far-field radiation pattern, offering a complete
visualization of the reflected beam, along with 2D RCS cuts to closely examine the

main lobe direction and the intensity of the side lobes.
Y
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Figure 4.2.41: 3D far-field radiation pattern (left) and RCS map (right) of SES7.
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Figure 4.2.42: 2D RCS cuts of SES 7 far-field response

From the simulation results, it can be observed that the main lobe of SES 7 reaches
approximately 0 dB, while the side lobes are around -13 dB. The reflected beam is
correctly directed towards the desired angle. As in previous cases, a weaker lobe

appears in the direction specular to the incident plane wave.

4.2.8 SES 8

Specifications

Working frequency: 60GHz

A

Cell size: 5

Array dimension: 20 x 20

Substrate thickness: 0.51mm

Direction of arrival of the plane wave: 6; = 20°, p; = —15°

Desired direction of the reflected beam: 6, = —41°, ¢, = 1°
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Figure 4.2.43: Phase curve used for the SES 8 design

SES 8 uses the same phase curve as SES 4, so the same considerations apply: the
patch width was limited to a maximum of 1.9 mm to avoid instabilities during layout

generation and to ensure a smooth and reliable implementation.
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Figure 4.2.44: SES 8 Required Figure 4.2.45: SES 8 Patch width
phase distribution distribution

The patch width distribution was used to create the SES 8 layout, which was subse-

quently imported into CST Microwave Studio as a DXF file for full-wave simulation.
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Figure 4.2.46: SES 8 layout

The simulation results are shown through the 3D far-field radiation pattern, providing
an overall view of the reflected beam, and the 2D RCS cuts, which allow for a detailed

assessment of the main lobe orientation and the levels of side lobes.

SES8 RCS [dBm?]

Figure 4.2.47: 3D far-field radiation pattern (left) and RCS map (right) of SESS.
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SES8 @60GHz
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Figure 4.2.48: 2D RCS cuts of SES 8 far-field response

As with the previous surfaces, SES 8 successfully redirects the beam towards the
desired direction. The layout exhibits the usual repetitive pattern, and the main lobe
reaches approximately 0 dB, with side lobes around -13 dB. The specular lobe is still

present but weaker compared to the main reflection.

4.3 Frequency Response of SESs

After analysing the SESs at the design frequency of 60GHz, each surface is simulated
across the frequency band 58-62GHz to evaluate its behaviour. This allows assessing
the robustness of the reflection performance and the effect of frequency variations on
the main lobe direction, side lobes, and specular reflections. The following analysis
compares the stability of each SES by observing changes in main lobe power, side lobe

levels, and specular reflection.
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Figure 4.3.1: RCS cut of SES1 for multiple frequencies around the design value of
60GHz.

For SES1, at the lower frequency (58GHz) the main lobe slightly deviates from the
target direction; at higher frequencies (59-62GHz) it aligns with the intended direc-

tion but gradually decreases in power. Side lobes become more pronounced, and the

specular reflection increases significantly.
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Figure 4.3.2: RCS cut of SES2 for multiple frequencies around the design value of
60GHz.

For SES2, the main lobe decreases in power as frequency increases, and side lobes grow
more pronounced. However, the pointing direction of the main lobe remains essentially

unchanged, indicating better robustness to frequency variations compared to SESI.
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Figure 4.3.3: RCS cut of SES3 for multiple frequencies around the design value of
60GHz.

SES3 shows only a minimal reduction of the main lobe across the frequency range,
while the side lobes remain nearly constant in amplitude. The main lobe pointing

direction is stable, indicating an essentially robust response from 58GHz to 62GHz.
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Figure 4.3.4: RCS cut of SES4 for multiple frequencies around the design value of
60GHz.

SES4 exhibits similar behaviour to SES3: the main lobe decreases only slightly in
power, side lobes remain almost unchanged, and the main lobe direction stays stable.

The reflection performance is robust across the analysed frequency range.
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Figure 4.3.5: RCS cut of SES5 for multiple frequencies around the design value of
60GHz.

For SES5, as frequency increases from 58 GHz to 62GHz, the main lobe slightly grows
in amplitude instead of decreasing, while side lobes become nearly comparable to the
main lobe. Additionally, the main lobe direction shifts with frequency. Combined with
the already significant specular component, this behaviour indicates that the energy
distribution is strongly influenced by the reflection angle, leading to less efficient beam

focusing and more pronounced scattering.
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Figure 4.3.6: RCS cut of SES6 for multiple frequencies around the design value of
60GHz.

SES6 behaves similarly to SES1: at lower frequencies (58-59GHz) the main lobe
slightly deviates from the target direction, while at higher frequencies (61-62GHz)
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it aligns with the intended direction but gradually decreases in amplitude. Side lobes

grow more pronounced, and the specular reflection increases significantly.
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Figure 4.3.7: RCS cut of SES7 for multiple frequencies around the design value of
60GHz.

SES7 shows minimal main lobe reduction across the frequency range, with side lobes
remaining nearly constant. The main lobe direction is stable, indicating an essentially

robust response from 58 GHz to 62GHz.
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Figure 4.3.8: RCS cut of SES8 for multiple frequencies around the design value of
60GHz.

SES8 behaves similarly to SES7: the main lobe amplitude changes very little, side

lobes remain nearly constant, and the main lobe pointing direction is stable, showing

75



a robust response across the analysed frequency range.

4.4 Conclusions of the SESs Analysis

In summary, the analysis of the eight SESs within the realistic indoor scenario shows
that the designed surfaces can effectively steer incident plane waves toward the desired
directions. The far-field simulations confirm that the main lobes are generally well
aligned with the target angles, while the side lobes remain sufficiently low, ensuring a
clear distinction of the beams, with only minor specular reflections observed.

The layout of the patch distributions has proven effective in translating the phase
profiles into physical structures, minimizing unwanted scattering and maintaining pre-
dictable radiation behaviour. Differences in performance, such as slightly lower main
lobe levels or stronger specular components, are mainly due to extreme steering angles
or the truncation of the phase curves, highlighting the limitations due to the small size
of the arrays.

Finally, comparing different SES placements in the indoor environment shows that
careful positioning,such as the W-shaped configuration,can significantly reduce inter-
surface interference, improving the overall efficiency of wave redirection and supporting
both communication and passive localization functionalities. These results provide a
solid foundation for further studies on deploying multiple SESs in complex propagation

scenarios.
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Chapter 5

Conclusions

This thesis has investigated the design, analysis, and simulation of smart electromag-
netic skins for applications at 60 GHz in indoor communication and localization sce-
narios. After introducing the concept of the smart electromagnetic environment and
highlighting the potential of SESs, a systematic approach was developed, starting from
the characterization of the unit cell up to the validation of complete surfaces integrated
into realistic environments.

The design of the unit cell, based on square patch elements, enabled the analysis of
different dielectric substrates and the identification of the most suitable materials to
ensure a wide phase range and low losses at mmWave frequencies. Based on this
characterization, a procedure for mapping the desired phase distribution into patch
geometries was established and applied to realize several SESs configurations. The
comparison between arrays of different sizes highlighted the critical role of aperture
dimensions in achieving high directivity and reflection efficiency.

The integration of SESs into a realistic indoor scenario confirmed their ability to miti-
gate the limitations of mmWave propagation. The results also demonstrated the strong
dependence of system performance on the placement and orientation of the surfaces,
suggesting effective deployment strategies to simultaneously support communication
and localization functionalities.

In summary, the main contributions of this work can be outlined as follows:

e Development and validation of a design methodology for passive SESs at 60 GHz.
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e Comparison of different dielectric substrates.

e Demonstration, through full-wave simulations, of the SES capability to enhance

coverage and improve signal reliability;

e Evaluation of deployment strategies to minimize undesired scattering and mutual

interference among multiple surfaces.

Although the results are promising, some limitations remain. The study focused on
passive surfaces, whose finite size can create unwanted lobes and reduce efficiency,
especially at extreme reflection angles. Still, the numerical simulations highlighted
important directions for future work. Moving forward, it would be useful to carry out
full-wave simulations in realistic environments, for example using HF'SS, and eventually
validate the designs with real-world measurements, bridging the gap between theory

and practice.
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Appendix A

MATLAB Code for SES Design

This appendix reports the MATLAB scripts developed to support the design of the
Smart Electromagnetic Skin. The code allows the extraction of the reflection phase
curves from CST Studio Suite simulations, processes the data to evaluate the required
phase shift for each unit cell, and calculates the corresponding patch width through
interpolation. These scripts provide a systematic and automated approach to map the
desired phase distribution onto the physical dimensions of the SES elements, enabling

accurate and efficient design of the complete surface.

clear all

2l close all

sl clc

5| %% LOAD DATA

data = readtable (’FILENAME.txt’); % file containing phase

values for different theta, thickness, w

w = data.w; % extract the ’w’ column

theta = data.theta; % extract the ’theta’ column

thickness = data.thickness; % extract the ’thickness’ column

phase = data.Value; % extract the ’Value’ column (phase)
2lphi = data.phi; % extract the ’phi’ column
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14

16

s Target values

sithickness_target = 0.51; % desired thickness
theta_target = 0; % desired theta
/|phi_target =0; % desired phi

/% Filter data for desired thickness and theta

idx = (thickness == thickness_target) & (theta == theta_target)

& (phi==phi_target);

»lw_plot = w(idx); % select ’w’ values corresponding to the
filter
»;| phase_plot = phase(idx); 7 select phase values corresponding to

the filter

;| % Phase unwrapping

phase_unwrap_rad = unwrap(deg2rad(phase_plot)); % unwrap phase

in radians

phase_unwrap_deg

unwrapped phase back to degrees

% Interpolation function

rad2deg (phase_unwrap_rad) ; % convert

interp_fun = @(phi) interpl(phase_unwrap_deg, w_plot, phi, °’

nearest’, ’extrap’);

% creates a function to map phase to corresponding ’w’ value

using nearest neighbor interpolation

3% Plot filtered phase curve

figure;

plot( w_plot, phase_unwrap_deg,
phase vs w

xlabel (’Phase [deg]l’);

-axis

b,

30

’LineWidth’, 2); % plot

% label x




59

60

61

64

5| £

ylabel (’w [mm]°’); % label y-

axis
title ([’Rogers ro3003 Q@60GHz \theta = ’ num2str (theta_target)

deg, thickness = ’ num2str(thickness_target) ’ mm’]);

ol% set the title with target theta and thickness

grid omn; % enable

grid

%% ARRAY PARAMETERS

N = 10; % number of elements per side
= 60e9; % operating frequency in Hz
c = 3e8; % speed of light in m/s
lambda = c/f; % wavelength
d = 0.5 * lambda; % element spacing
9|k0 = 2*pi/lambda; % wave number
x = ((1:N) - (N+1)/2) * d; % x coordinates centered around O
y = X; % y coordinates (same as x)

)

[X, Y] = meshgrid(x, y); % create 2D grid of element positions

% Arrival and beam angles

theta_i = deg2rad(0); % incident azimuth in radians

7l phi_i = deg2rad (0); % incident elevation in radianms
theta_b = deg2rad(30); % beam azimuth in radians
phi_b = deg2rad (0) ; % beam elevation in radians

% Required phase

2lphi_R = -kO0O * ( X*(sin(theta_b)*cos(phi_b) +sin(theta_i)=*cos(

phi_i))

3|+ Y*(sin(theta_b)*sin(phi_b) + sin(theta_i)*sin(phi_i)) );

% computes the required phase at each element for beam steering
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phi_R_deg = mod(rad2deg(phi_R),

/|% convert phase to degrees and

9% Plot required phase

figure;
imagesc (phi_R_deg);
as 1image

cb = colorbar;

360) - 360;

wrap between -360 and O

% display phase distribution

% add colorbar

cb.Label.String = ’Required phase shift [degl]’; % label colorbar

caxis ([-360 0]);

% set color axis limits

title(’Required Phase Shift Distribution’); % set title

%% W MAP

w_map = interp_fun(phi_R_deg);
% plot required w

figure;

imagesc(1:N, 1:N, w_map);

axis equal tight;

colorbar;

s)title (W distribution?);

xlabel(’x index’); ylabel(’y index’);
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Appendix B

Generation of DXF file

¥

% Script for exporting the patch width distribution to CST

3|% by generating a DXF file representing the SES layout.

5| % Name of the DXF file to be generated

7|tmpScriptFile = ’FILENAME.dxf’;

o/% Define the cell spacing (converted to millimeters)

dx = dxle3; % Element spacing along x-direction [mm]

dy d*1e3; % Element spacing along y-direction [mm]

3| % Create a new temporary CST script file

fid = fopen(tmpScriptFile, ’wt’);
51% Matrix containing the patch width distribution
W_mn = (w_map);

s| [Nx,Ny]l = size(W_mn); % Number of elements along x and y

% Write DXF header

dxfHeader (fid) ;

83




23| % Loop over the array elements to generate the geometry

2 for 1 = 1:Nx

25 for j = 1:Ny

26| % Compute coordinates of the element center

27 X = (1 - 1/2 - Ny/2) * dy; % Center position along y-
axis

28 Y = (j - 1/2 - Nx/2) * dx; % Center position along x-

30|% Retrieve the patch width from the distribution matrix

31 W= W_mn(j,i); % Patch width [mm]

33| %h Draw a square patch with side length W at position (Y, X)
34 dxfRectangle (fid, [Y, X1, W, W);
35 en d

36| end

35|/ % Close DXF file

30| dxfClose (fid) 5

B.1 Function dxfRectangle

2 e e e e
s|% DXFHEADER

4|% Function: - write 4 vertex of a rectangular to .dxf file
5|% Input: - Dimension and center of the rectangular

6| % Output: - convert to 4 verties and write to a file

7|

function dxfRectangle(fid,Center ,Width,Height)

1w0|% Calculate 4 verties (X1,Y1); (X1,Y2); (X2,Y1); (X2,Y2);
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26

36

&

X1 = Center (1) - Width/2;
X2 = Center (1) + Width/2;
Y1 = Center(2) + Height/2;
15/Y2 = Center (2) - Height/2;

fprintf (fid, ’0\n’);
fprintf (fid, ’SOLID\n’);
% Write vertex (X1,Y1)
fprintf (fid, ’10\n’);
fprintf (fid, ’%f\n’,X1);
fprintf (fid, 220\n’);
fprintf (fid, ’%f\n’,Y1);

% Write vertex (X1,Y2)
fprintf (fid, ’11\n’);
fprintf (fid, ’%f\n’,X1);
fprintf (fid, ’21\n’);
fprintf (fid, ’%f\n’,Y2);

% Write vertex (X2,Y1)
fprintf (fid, 212\n’);
fprintf (fid, *%f\n’,X2);
fprintf (fid, ’22\n’);
fprintf (fid, ’%f\n’,Y1);

% Write vertex (X2,Y2)
fprintf (fid, 213\n’);
fprintf (fid, ’%f\n’,X2);
fprintf (fid, ’23\n’);
fprintf (fid, ’%f\n’,Y¥Y2);
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=

B.2 Function dxfHeader

o o ________
3| % DXFHEADER

% - write header for .dxf file

h o _______

function dxfHeader (fid)

fprintf (fid, ’0\n’);

ol fprintf (fid, °’SECTION\n’);

fprintf (fid, ’2\n’);

fprintf (fid, ’ENTITIES\n’);

B.3 Function dxfClose

3| % DXFHEADER

% - Closing the .dxf file

function dxfClose (fid)

fprintf (fid, ’0\n’);

ol fprintf (fid, ’ENDSEC\n’);

fprintf (fid, ’0\n’);
fprintf (fid, ’EOF\n’);
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