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Abstract

Metasurface (MTS) antennas are 2D structures composed of a thin dielectric slab
on which periodic arrays of metal patches are disposed. Feeding pins are located
inside of the substrate and generate surface waves (SWs) when supplied. These
propagating surface waves (SWs) in the dielectric slab are being perturbed by the
slow spatial variation in the shapes of the patches. The resulting perturbation
generates leaky-wave radiation, which can be controlled by altering the size, shape,
and orientation of the patches. In particular, this master thesis focuses on the 3D
design and full-wave analysis of sparse-array MTS antennas. Such arrays are based
on a common metasurface but feature wider beam spacing, offering an efficient
alternative for beam scanning applications compared to traditional phased array
antennas. This larger spacing reduces the density of electronic components, at
the expense of a reduced field of view. This technology has the potential to offer
innovative solutions to a wide range of applications, including air traffic control,
satellite communications, and other fields.

The primary objective of this master thesis is to design the feeding network of the
sparse-array MTS antennas, which is responsible for supplying the feeding pins.
The purpose of the feeding pins is to launch a planar surface wave that propagates
along the MTS and excites the arrays of patches in a uniform manner. The feeding
network aims therefore to achieve homogeneous currents in the aforementioned
feeding pins, despite the very strong coupling between those pins. Firstly, a
theoretical model of the feeding network is constructed, based on the principles of
transmission line theory. The model is then subjected to a series of parametric tests
and optimisations until the results are deemed satisfactory. Afterwards, a spectral
analysis is conducted to ascertain the consistency of the propagating fields and the
similarity between the radiation pattern generated by the MTS and the predicted
one. We validated and improved the 2D simulations conducted in a previous study
through 3D full-wave analysis, by comparing the radiation patterns obtained using
a full-wave commercial solver and those simulated with a simpler in-house code. A
satisfactory design has been found.
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Chapter 1

Introduction

1.1 Context and Problem statement
Nowadays, the demand for advanced communication and radar systems is constantly
growing, driven by the need to increase performance, reliability, and versatility,
while trying not to increase cost too much. To keep pace with these evolving
demands, antennas constantly improve, leading to cutting-edge technologies that
enhance communication systems and other applications. One of these technologies
that is of main interest for this work is the beam scanning antenna, it consists
of an antenna capable of controlling the direction of the radiated pencil-shaped
field. Beam scanning is a very useful technology employed across a wide range of
frequency bands for applications in many domains such as defense, air traffic control
to monitor aircraft movements, satellite communications, 5G networks, remote
sensing, astronomy, and many other areas as described in [1], [2], [3]. Among the
different ways of realising beam scanning, the phased array antenna stands out
and will be used as a basis for comparison in this work. This technology offers
unparalleled beam steering and signal processing capabilities, making it an ideal
reference point for developing and evaluating new beam scanning methods.

1.1.1 Phased array antennas
Unlike traditional antenna systems that rely on mechanical movement to direct their
beams, phased array antennas use multiple radiating elements with electronically
controlled phased shifters. This allows the accurate control of the beam steering
angle as depicted in Figure 1.1 [4], [5]. It makes this technology highly efficient
and easily adaptable. Phased array antennas can indeed be very useful since they
provide high directivity, rapid beamforming, and flexibility to support multiple
simultaneous beams. These features are essential for modern applications where
speed, accuracy, and reliability are paramount.
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CHAPTER 1. INTRODUCTION 2

Figure 1.1: Phased array antennas with beam steering [4].

1.1.2 λ/2 spacing constraint
Phased array antennas are a set of spatially distributed antennas. In this work,
only the case of equally spaced antennas along a line is considered, where adjacent
antenna elements are separated by a distance d, called the element spacing. The
element spacing is a critical factor for phased array antennas. The expression of
this spacing d to ensure an ideal directivity is given by the following condition
extracted from Nguyen Thanh Huong’s book [5] and adapted to the θ angle from
Figure 1.1 as:

d

λ
≤ 1

1 + |cos(π
2 − θ)| (1.1)

where λ is the free-space wavelength and θ is the angle from broadside, also called
the angle of arrival. It is represented in Figure 1.1 and has a range going from 0 to
2π radian. The worst case for this condition would be θ = π

2 radian, which yields
the condition for the element spacing of d ≤ λ/2. Although, in reality, a scan angle
of π/2 rad is usually not requested. Instead, a range of angles between −π/3 rad
and π/3 rad is more realistic, allowing for a maximum spacing of 0.536λ, which is
nearly equivalent to the common spacing of λ/2.

Maintaining a spacing of d ≤ λ/2 helps to avoid so-called grating lobes (as explained
in Section 2.1.2) by ensuring that the main lobe is prominent in the radiation
pattern. However, a smaller spacing increases the mutual coupling between adjacent
elements, which can affect the impedance and radiation pattern of each element. It
also requires a greater number of elements for a given array aperture size, increasing
complexity, cost and power consumption. An increase in spacing would result
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in the emergence of non-negligible grating lobes, which correspond to repetitions
of the main lobe in other directions. This would give rise to directivity issues,
resulting in power losses in these unintended directions. The spacing is directly
proportional to the wavelength at the operating frequency. Consequently, as the
frequency increases, the spacing decreases, due to the inverse relationship between
wavelength and frequency. This results in a very high electronic density at high
frequencies, which leads to higher manufacturing complexity and cost, making this
technology difficult to use for this type of applications. A larger spacing is therefore
required, but the challenge of dealing with the grating lobes remains [5].

1.2 Solutions provided by metasurfaces
A solution to the problem encountered with phased array antennas is the more
recent technology named metasurfaces (MTS) [6]. The objective of this technology
is firstly to allow the manipulation of near-fields, and additionally to achieve a
significant reduction in electronic density through an increase in element spacing
and a modification of the feeding method. An example of a MTS antenna at
multiple scales is shown in Figure 1.2.

Figure 1.2: Example of a circular MTS antenna at multiple scales [7].

Metasurfaces are increasingly favoured for their simple structure and versatility
compared to traditional technologies. They manipulate electromagnetic waves at a
scale smaller than the wavelength, allowing precise control over properties such as
beam shape [8]. Their thin structure and efficiency make them ideal for compact,
integrated applications in various fields. Overall, metasurfaces offer advanced capa-
bilities that drive innovation across different technologies. However, beam-scanning
defeats the purpose of simplicity offered by MTSs. This is not a concept that is
frequently discussed in the context of conventional MTSs. It remains a challenging
undertaking, as it a priori necessitates the reconfiguration of each sub-wavelength
metal patch of the MTS in order to alter the embedded element pattern (EEP)
and the orientation of the beam.
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Considering how phased array antennas function, this work shows how its concept
is applied to MTS to allow it to perform beam scanning. While phased array
antennas need a spacing d ≤ λ/2, the MTS presented in this master thesis have a
spacing of 2λ and can perform beam scanning as proven by 2D simulations realised
in this parallel work [9]. The trade-off for this increased spacing is a reduction in
the scan range. In the remainder of this work, we will refer to this particular type
of MTS with a spacing larger than usual as a sparse-array metasurface antenna.
The use of metasurfaces is therefore not so simple if we want to use them in a
way similar to phased array antennas, but the solution presented in this work is
promising. The metasurface antennas presented in this work aim to scan over a
large rectangular window and use beam steering similar to the phased array antenna
to scan in different directions. Additional information about the functioning and
origin of metasurfaces is given in Chapter 2.

This master thesis takes place in the framework of the FITNESS project and focuses
on the design of the feeding network of the sparse-array MTS [10]. It provides a
3D analysis of how the electromagnetic fields behave in the device and allows one
to compare the actual radiation pattern with the one previously simulated thanks
to simulations made using the software CST Studio Suite 2022 (CST)[11].

1.3 Goal and Outline
To summarise, the objective of this master thesis is to design the feeding network of
the sparse-array metasurface. To achieve this, the various options already available
in the literature will be analysed and the transmission lines (TLINs) theory will be
applied to the specific case presented in this work, taking into account the multiple
challenges it presents. To determine when the feeding network is operational, CST
is employed to simulate the interactions of the electromagnetic field within the
model and to ascertain whether the currents flowing in the different ports (in
terms of both magnitude and phase) meet the requisite specifications. Once the
simulations have been completed and deemed satisfactory, the feeding network with
the different layers and the metasurface patches (previously designed to obtain
the desired rectangular EEP) are merged to observe the radiation pattern. It is
only after these steps have been completed that the prototype of the MTS can be
manufactured and tested in an anechoic chamber to observe whether it functions
as intended, with a comparison between the observed results and the simulations.

This master thesis is organised into several chapters. First of all, Chapter 2 begins
with a theoretical review of phased array antennas, followed by an examination
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of the state of the art in metasurfaces. This enables an understanding of the
technological advances and the purpose of the MTS. Finally, the spectral field
representation is discussed, and the equations describing the behaviour of the
propagating field are derived. This chapter will provide an overview of the specific
characteristics of the sparse-array MTS. The Chapter 3 will address the design
and circuit analysis of the feeding network. It will begin by outlining the decisions
made to determine its overall configuration explaining the various assumptions
made. The preliminary designs are created using the Advanced Design System
(ADS) [12]. The Advanced Design System (ADS) is a software tool frequently
employed for microwave circuit analysis. It enables the simulation of the complete
feeding network with TLINs in 2.5D, which is a representation halfway between
2D and 3D. This enables the identification of the most promising possibilities and
the rejection of those that are not feasible, prior to commencing a 3D analysis of
the model on CST. Chapter 4 is devoted to the design and full-wave analysis using
CST. The objective is to optimise the feeding network in order to mitigate the
impact of coupling generated by closely spaced connectors and between adjacent
elements of the sparse-array MTS. Furthermore, the integration of the patches into
the CST design will be examined to ascertain the necessary modifications for the
prototype to function correctly and to achieve the desired radiation pattern. Once
the feeding network is operational, a series of tests will be conducted to analyse the
behaviour of the fields and the resulting radiation pattern. Finally, a comparison
of the full-wave simulations performed with CST and 2D MATLAB simulations
will be carried out. The final chapter concludes this work and offers suggestions
for potential improvements and further avenues of investigation.



Chapter 2

Phased array antennas and
metasurfaces

2.1 Phased array antennas
An antenna array is used to obtain different radiation patterns by modifying the
individual phase of each antenna element (see Figure 1.1). The total radiation
pattern is the result of the sum of the contributions from each radiating element.
Assuming a similar amplitude for each antenna element, the total pattern is
determined solely by the distribution of the antennas in the array and the phase
differences induced in each element. Beyond the short introduction in the previous
chapter, this section will serve as a more detailed theoretical review of phased array
antennas explaining how they work. The equations discussed in this section are
elaborated in greater detail in Chapter 2 of the course LELEC2910 Antennas and
Propagation [13]. They aim to explain how the radiation pattern is determined and
allow the derivation of the λ/2 constraint for phased array antennas density, which
was mentioned in the introduction.

2.1.1 Array factor and embedded element pattern
Considering a set of N antennas arranged as shown in Figure 1.1, and denoting the
electric field radiated by antenna n as

−→
E n, and thanks to the linearity of Maxwell’s

equations, one can write the total field radiated by the set of antennas as:

−→
E =

N∑
n=1

−→
E n (2.1)

where each field
−→
E n radiated by a single antenna n is evaluated without other

antennas active. In passing, this doesn’t mean that the radiated field is the same

6
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as if the antenna was isolated, because there is still mutual coupling between the
different antennas [13]. To sum up the contribution of different antennas, the
translation and multiplication principle is considered to obtain easily the total
radiated field of an array. It states that we can translate different sources to a
central point with the only difference being the phase shift due to the difference of
distance of propagation. Thanks to this principle and by considering that every
antenna has the same radiation pattern, we can express the radiated field of an
antenna array with only the radiated field of the central antenna and the different
phase shifts due to other antennas. The hypothesis that each antenna has the
same radiation pattern would be valid in the case of an infinite array. This is
due to the fact that each antenna would have an identical number of antennas on
its sides, regardless of its position within the array. Conversely, in a small array,
we cannot assume that two radiation patterns will be identical if we compare the
centre element of the array with another at the edge of the array. In that case,
mutual coupling does not have the same effect on center and edge elements.

Figure 2.1: Antenna array with an illustration of the translation principle.

First of all, the radiated field of the source O1 emitted at a large distance r1 (i.e.
the Fraunhofer region1) can be expressed depending on this distance as:

−→
E 1 = exp(−jk r1)

r1

−→
F (−→
u 1) (2.2)

where k = 2π/λ is the wavenumber, j is the imaginary unit, and
−→
F (−→
u 1) is the

radiation pattern along the unit direction vector û1.

1Region where the radiation pattern does not change shape with distance r even though the
fields still decay in 1

r [14].
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The translation principle applied for a far-field region allows one to write the
radiated field from O2 as shown in equation 2.3. By applying this to each radiating
source, one can easily express the total radiated field as:

−→
E 2 =

−→
E 1 exp(jk −→

ρ · −→
u) (2.3)

where −→
ρ is the translation vector. It indicates the relative position shift between

adjacent antennas in the array. The radiation pattern of an antenna n with respect
to a chosen point O can be written as:

−→
F no(−→

u) = an

−→
F o(−→

u) (2.4)

where an is a complex number which indicates that the only differences between
the radiation patterns from different antennas are their amplitude and phase.2
By merging equations 2.1 to 2.4, we can get the radiated field of the array denoted
as:

−→
E =

∑
n

−→
E n = exp(−jk r)

r

−→
F o(−→

u)
∑

n

an exp(jk −→
ρn · −→

u) (2.5)

It allows us to define the array factor (AF) as the only term depending on the
array itself by writing:

R(−→
u) =

∑
n

an exp(jk −→
ρn · −→

u) (2.6)

The multiplication principle enables us to derive an expression for the radiation
pattern directly, which links the radiation pattern of one antenna Fo(−→

u) with the
array factor R(−→

u). This expression depends solely on the geometry of the array.
−→
F (−→
u) =

−→
F o(−→

u) R(−→
u) (2.7)

This is analogous to stating that the radiation pattern is the product of the em-
bedded element pattern (EEP) and the AF, where

−→
F o(−→

u) is the EEP in this
equation. In the time domain, it corresponds to the convolution of the inverse
Fourier transforms (IFT) of the EEP and the AF (see Appendices A for a reminder).

For a linear array, the AF can be rewritten from equation 2.6 by solving the dot
product −→

ρ · −→
u = xn cos(θ) where xn is the distance of antenna n respectively to the

origin. When the N sources are spaced by a distance d and by placing the source
n = 0 at the origin, the following expression is obtained:

2Since an imaginary number a + j ∗ b = r ∗ exp(jθ) with the amplitude being r =
√

a2 + b2

and the phase θ = arctan(b/a).
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R(θ) =
N∑

n=0
an exp[jn(kd cos(θ))] (2.8)

In the particular case of phased array antennas, it is common to use a phase varying
linearly with position to steer the arrival angle as desired by adjusting the phase
shift. In that case, one can write:

an = An exp(jnα) (2.9)
with An being the amplitude of an and α is the chosen phase shift between
consecutive array elements. This allows us to perform a change of variables as:

ψ = kd cos(θ) + α (2.10)
Finally, let us consider an odd number of source N = 2M + 1 and sources located
symmetrically around the central source such that A−n = An. The AF obtained
can be written as:

R(θ) = A0 + 2
M∑

n=1
An cos(nψ) (2.11)

2.1.2 Grating lobes
Typical AFs can be represented as a real periodic function varying in cos(nψ), as
shown by the electric field expression in equation 2.2. An example with a certain
number of elements N is shown in Figure 2.2.

As previously stated, the AF is a periodic function of the variable ψ. However,
only a subset of the ψ domain represents the physically feasible radiation pattern,
which is referred to as the visible region. As illustrated in the diagram, this region
is represented by the circle and corresponds to:

0 < θ < π (2.12)

which can be written in terms of ψ from equation 2.10:

α− kd < ψ < α + kd (2.13)

The shift of the circle by an angle α allows us to graphically draw the polar radiation
pattern. The factor determining the part of the AF that appears in the visible
region is therefore the element spacing d. In particular, we will exactly have one
period of R(θ) in the visible region when 2kd = 2π or d = λ/2 since k = 2π/λ. If
this spacing d is greater than λ/2, we can observe that the visible region will contain
repetitions of the main lobe, which we want to avoid as much as possible. These
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Figure 2.2: Graphical representation of the array factor [15].

grating lobes usually have a great amplitude; they lead to both power losses and
ambiguities since the power is radiated in many directions. The spacing constraint
introduced in the first chapter comes from this development and it is crucial for
phased array antennas to respect this constraint if a high directivity is required.

The directivity which describes how focused the radiation pattern of an antenna
array is, is also enhanced by taking a distance lower than λ/2. The directivity of
an antenna is defined as the ratio of the radiation intensity in a given direction to
the average radiation intensity in all directions. For a given angle θp, this can be
rewritten as:

D(θp) = 4π
ΩA

(2.14)

where ΩA quantifies the total power radiated by the antenna over all directions and
is written as:

ΩA =
∫ 2π

0
dϕ

∫ π

0
|R(θ)|2 sin θ dθ = 2π

∫ π

0
|R(θ)|2 sin θ dθ (2.15)

As previously stated, the sparse-array MTS being designed in this work will have a
spacing of 2λ between its elements. This spacing is not practical in the context of
phased array antennas, as it leads to grating lobes. Consequently, the upcoming
chapters will focus on the design of the feeding network and the subsequent analysis
of the radiation pattern, with the primary objective of avoiding these grating lobes.
To achieve this, a rectangular EEP is required to cut the grating lobes of the AF,
as discussed in [16].
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2.2 State of the Art and Origin of Metasurfaces

2.2.1 Metamaterials
To understand where these metasurfaces come from, let us first look at their origins,
which lie in the field of metamaterials. The latter comes from the Greek “meta”
and “material”, meaning beyond materials. These artificial materials, fashioned
from composites such as metals or plastics, cannot be found in nature and may
exhibit unique properties in response to electromagnetic fields. They are composed
of a multitude of sub-wavelength-sized objects, periodically arranged to form a
3D structure in such a way that they exhibit unique properties, such as negative
permittivity and permeability, as represented in Figure 2.3 [17], [18].

Figure 2.3: Categories of materials according to their permittivity (ϵ) and perme-
ability (µ) [19].

Waves in double-negative or left-handed media, as shown above, behave in such a
way that their direction of propagation k is opposite to their Poynting vector

−→
S .

The latter represents the directional energy flux of an electromagnetic field as:
−→
S =

−→
E ×

−−→
H (2.16)

where
−→
E and

−−→
H are respectively the electric field vector and the magnetising field

vector. It can be demonstrated that metamaterials are theoretically capable of
producing a phenomenon whereby the energy propagates in a direction opposite
to that of the waves themselves, as evidenced by [20]. The objects forming
metamaterials can have different shapes and have their own properties depending on
how they are arranged and how electric and magnetic fields interact with each object.
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Figure 2.4 shows different existing ways to assemble objects to create metamaterials.
These metamaterials have also proved their worth in improving chiroptical response

Figure 2.4: Different possible shapes of metamaterials [18].

by manipulating the amplitude, phase and polarisation of electromagnetic fields.
Chiroptical refers to the optical properties of chiral substances, which are materials
that have a non-superimposable mirror image, like left and right hands. These
properties include how such substances interact with circularly polarised light,
leading to phenomena such as optical rotation (the rotation of the plane of polarised
light) and circular dichroism (differential absorption of left- and right-handed
circularly polarised light) [21].

2.2.2 Metasurfaces
Metasurfaces can be seen as two-dimensional (2D) or planar versions of metama-
terials and are constructed from stacked layers of dielectric materials interleaved
with layers of conducting metals, forming a composite structure where patches are
meticulously arranged on the top surface or even at each interface. The layer’s
thickness is small compared to the wavelength [21].

MTS antennas are designed and optimised to serve as a tool for controlling electro-
magnetic waves. They are treated periodically and the desired response at each
point of the surface is obtained by slowly varying the shapes, sizes and orientation
of the periodically repeated patches and their mutual arrangement. It enables
precise control of the angle of reflection/transmission and to reach anomalous
reflections or transmissions, but also to focusing waves towards a specific point, to
absorb the incident waves, ...
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The principle of the MTS is that the antenna is excited by a surface wave (SW)
which propagates within the dielectric slab along the entire MTS and excites all
the patches on its surface. As the SW propagates, it encounters and is affected
by minor spatial variations resulting from the presence of the patches. That per-
turbation generates leaky-waves, potentially producing a well-controlled radiation
pattern, contingent on the configuration of the patches in relation to one another [6].

When a MTS antenna is modulated at the wavelength scale (with a periodicity
p), several spatial harmonics of the fundamental wavenumber are created, some
of which may fall within the visible range and cause radiation. As the spatial
harmonics interact with the modulation pattern, they can give rise to leaky-wave
radiation. In this case, energy is gradually radiated away from the metasurface
as the wave propagates, which can be used to generate a directional beam. These
harmonics are called Floquet modes and correspond to the following wavenumbers:

k(n)
x = ksw + n

2π
p

∀ n ∈ Z (2.17)

where ksw is the wavenumber of the SW. On the other hand, if the surface impedance
is considered unmodulated (constant), the SW will propagate in the MTS but will
not radiate because its wavenumber is outside of the visible region [9].

2.2.3 Global structure of the designed MTS
The operating frequency selected for this work is fc = 24 GHz, which yields the
free-space wavelength employed throughout the remainder of this work as follows:

λ = c/fc = 12.5 mm (2.18)

where c ≈ 3 108 [m/s] is the speed of light in vacuum. The metasurface structure
presented in this work is unusual since it is divided into 7 identical cells of dimensions
2λ along the x-axis and 4λ along the y-axis, running consecutively along the x-axis,
which corresponds to a MTS of dimensions 14λ× 4λ. On top of every cell, series of
patches are periodically arranged as represented in Figure 2.5. Each of these cells
with its respective patches is considered as an element of the metasurface array
(in the case of phased array antennas, each antenna is individually controlled in
the antenna set) and is composed of a feeding network within the bottom layers
that will be discussed in Section 3.3.1. The spacing between consecutive unit cells
is chosen to be twice the wavelength which is 4 times larger than the maximum
element spacing used in phased array antennas, as explained in Section 1.1.2. In
the remainder of this work, this particular type of MTS will be referred to as a
sparse-array metasurface antenna.
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Figure 2.5: Representation of a metasurface composed of 7 cells with their radiation
and the surface wave propagating.

The particularity of these sparse-array antennas is thus to have a large spacing
between consecutive cells to drastically reduce the density of electronic components
previously used for phased array antennas. However, as explained during the
introduction and developed in Section 2.1.2, the greater the spacing, the higher
the sidelobe level (SLL) will be, compared to the main lobe. These sidelobes must
be avoided if we want the antenna to work as desired. To do so, the patches are
designed to obtain a sharp rectangular EEP that filters out the grating lobes, as
explained in Section 2.2.4.

2.2.4 Principle and desired behaviour in our case
The reference frequency used in previous work is 24 GHz. The relative bandwidth
(BW) is determined according to the reference pattern obtained at the central
frequency fc = 24 GHz. The operating frequency limits are defined as the frequen-
cies at which a 3 dB difference with respect to the reference pattern is observed.
Simulations performed in [16] gave an approximated BW of 5%. The frequency
range is therefore given by:

flow = 24 − ∆f
2 ≤ f ≤ 24 + ∆f

2 = fup (2.19)

where ∆f = BW × fc = 0.05 × 24 GHz = 1.2 GHz. Thus, frequencies within the
range of [flow − fup] = [23.4 − 24.6] GHz yield results that are comparable to those
previously simulated [22].

In this application, all patches are identical along the y-axis and they are separated
by a distance ∆y = λ/7. Along the x-axis, however, they are periodically repeated
every 2λ/3 and separated by a distance of ∆x = λ/12. The desired behaviour is
obtained when the propagating SW is invariant along the y-axis, so that each patch
radiates similarly along that axis. This is also called a planar wavefront (PW) and
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represents a wave propagating along the x-axis that is in phase at each point along
the y-axis. To obtain this PW, many SWs are generated directly so that the sum
of these SWs can be approximated by a PW. In fact, 16 vertical elementary dipoles
(VEDs) are evenly spaced by λ/4 along the y-axis of each cell, as shown in Figure
2.6. Each dipole is excited by the feeding network to generate a SW. The feeding
network is therefore designed parameter by parameter to achieve the desired planar
wavefront.

Figure 2.6: Representation of the MTS from the top with the 7 cells and 16 VEDs
along the y-axis.

The proper operation of the sparse-array metasurface is checked through the analy-
sis of the embedded element pattern (EEP) one gets when a single feed network
is excited at a time. It will differ with respect to the cell being excited, since the
position of the cell is important in a finite MTS. The truncation effects of the
MTS cannot be avoided. These results will therefore allow us to compare the EEP
obtained from each feeding network and observe the impact of array truncation
along x. By supplying all the feeding networks, different phases can be applied to
the different feeding networks, resulting in the generation of different propagating
PWs with distinct phases and, consequently, different radiation patterns. Beam
scanning is thus achieved by adding together the radiation patterns generated by
each propagating PW.

The propagating SWs, stimulate the multitude of patches arranged on the upper
substrate. The patches being excited will radiate depending on their shape and
their mutual arrangement, creating a unique EEP [6]. In this specific case, the
desired EEP is a sharp rectangle covering a region from −π/a to π/a in the spectral
domain as represented in Figure 2.7. Parameter a is the spacing between consecutive
elements of the antenna array and corresponds to a = 2λ in this specific case. It
can be observed that the grating lobes exhibit a periodicity of 2π/a with respect
to the spectral coordinate kx = k0 sin(θ), where k0 = 2π/λ0 is the wavenumber
and the steering angle in relation to the vertical is represented by the parameter θ.
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This demonstrates that an increase in the spacing a results in a reduction in the
total field of view. The latter is given by the following equation:

|θmax| = arcsin
(
π

ak0

)
(2.20)

where θmax is the maximum allowed steering angle with a spacing a. It gives a
theoretical scanning range of:

2 × θmax = 2 × arcsin( π

ak0
) = 2 × arcsin( π

2λ2π
λ

) = 28.96◦ (2.21)

Figure 2.7: Desired EEP for filtering secondary lobes of the AF [9].

In the context of signals, and in accordance with Fourier uncertainty principle.
This principle states that there is an inverse relationship between the width of a
function in the time (or spatial) domain and the width of its Fourier transform (FT)
in the frequency (or spectral) domain [23]. In other words, the more a function
is localised in one domain, the more it is spread out in the other domain. In the
case of the EEP presented, it is very localised in the spectral domain, which means
that it will spread out a lot in the spatial domain. One can solve the IFT of the
function EEP(kx) to obtain the corresponding spatial function f(x) as:

f(x) =
∫ ∞

−∞
EEP (kx) ejkxxdkx =

∫ π
a

− π
a

ejkxxdkx = 2π
a

sin
(

πx
a

)
πx
a

(2.22)

Which can be written in terms of the cardinal sine function as:

2π
a

sin(πx
a

)
πx
a

= 2π
a

sinc(x) (2.23)

If the EEP generated by the MTS is indeed a rectangular function, then the desired
radiation from the MTS should have a shape similar to a sinc(x) with a localised
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peak in the centre and a decaying amplitude with increasing distance, spreading
out quite widely as expected from the uncertainty principle, as shown in Figure
2.8. It is interesting to notice that this function has its zeros located at the other
feed points.

Figure 2.8: Sinc(x) shape of the desired radiated field from the entire MTS [9].

2.2.5 Analysis of 1D periodic metasurface antennas
The analysis of 1D periodic metasurface antennas involves understanding how indi-
vidual patches within the periodic structure influence the overall electromagnetic
performance. Each patch is specifically designed to contribute to the collective
behaviour of the EEP. The impedance characteristics and mutual arrangement of
these patches play a critical role in determining the radiation characteristics.

Metasurface (MTS) antennas can be analysed using full-wave simulations that
consider the characteristics of each patch, or by approximating the entire surface
with patches as a modulated sheet impedance, which means that it smoothly varies
from place to place on the surface [24]. Patches can exhibit different resonant
behaviour depending on their shape and configuration. For this MTS and full-wave
analysis, the patches are either capacitive or inductive, as illustrated in Figure 2.9.

Figure 2.9: Square patches of varying sizes (capacitive) and meander lines (inductive)
[9].
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Sheet impedance

The leaky wave antenna concept is based on the propagating surface waves that
are excited on an artificial sheet impedance and scattered by surface impedance
variations to produce the desired radiation pattern [25]. As mentioned, each VED
produces a SW that propagates along the x-axis; the high number of VEDs aims
to create a PW invariant along the y-axis to excite every patch similarly along
this axis. The periodic arrangement of patches is modulated by a periodic sheet
impedance at the level of the array cell size a = 2λ on the top grounded substrate
of thickness dsub = 1.524 mm.

Metasurface antennas are composed of a multitude of sub-wavelength patches.
Their size and their periodic arrangement allow us to approximate the microscopic
currents over a unit cell by surface-averaged polarisation densities and surface
current densities from a macroscopic point of view. Assuming a set of similar elec-
trically small unit cells leads to a homogenised model that can be replaced by a set
of electrically and magnetically equivalent current sheets. These are characterised
by surface current densities Je and Jm [21]. This periodic homogenised model
can be approximated by a sheet impedance using impedance boundary conditions
(IBCs) that allow us to link the averaged tangential electric field and the surface
current supported by the antenna. In this work, only the electrical currents will
be used. Many methods exist to synthesise modulated metasurface antennas, but
one relies on an entire-domain discretisation of the electric field integral equation
(EFIE), as presented in [24], [26]. The Method of Moments (MoM) [27] is widely
used in this type of discretisation and has been validated by comparing existing
methods, such as full-wave analysis of a MTS and Gaussian ring-based functions
in [28].

The sparse-array MTS antenna presented in this work was simulated using the
sheet impedance method in [16]. The optimised impedance used for the modulation
of the MTS is given by:

Zs(x) = jX0

(
1 +M sin

(
32π
a
x

))
(2.24)

with an average reactance X0 = −1200 Ω and a modulation depth M = 1.2. The
spatial coordinates x vary between −a/2 and a/2 for a total range of a = 2λ,
which is the cell size. This impedance is then repeated for each cell to periodically
modulate the entire MTS.
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Full-wave analysis of MTSs

This approach uses electromagnetic simulation techniques to accurately model
and study the interaction of electromagnetic waves with metasurfaces for both 1D
and 2D models. Each patch within the periodic array is considered individually
with its own characteristics (see Figure 2.9). The structure repeats along one
dimension and periodic boundary conditions are applied to simplify the analysis.
These conditions assume that the electromagnetic fields repeat periodically, which
reduces the problem size and the computational complexity.

Once all the conditions are applied, the system based on Maxwell’s equations is
solved. It relies on numerical methods such as the Finite Element Method (FEM) or
the Method of Moments (MoM). The results of these simulations are then processed
to extract information about the electromagnetic fields, radiation patterns and
other relevant parameters. References [16] and [29] respectively provide an example
using sheet-impedance modelling and another one using full-wave analysis.

For a metasurface to be modeled effectively, the elementary basis functions used to
represent the currents must be smaller than the wavelength. This ensures that the
functions can capture the detailed variations in the current distribution, leading
to more accurate simulations and designs. If the basis functions are too large,
important details may be missed, leading to errors like grating lobes, which can
degrade the performance of the metasurface. They are thus designed to work
at certain frequencies determined by the global size of the structure [6]. The
underlying concept is that an excitation source (often a vertical dipole) induces an
electromagnetic field which reacts with the top layer substrate and creates surface
waves (SW) propagating within the dielectric slab [30].

2.2.6 Different applications of metasurfaces
Metasurfaces are revolutionising the way devices can interact with waves, offering
an extensive toolkit for manipulating them. One of their standout features is
their ability to enhance antenna efficiency, ensuring better communication and
connectivity. But their usefulness doesn’t stop there; they can also be crafted into
ideal absorbers, enabling applications like stealth technology and efficient energy
harvesting. Moreover, metasurfaces open up possibilities for creating superlenses
that defy conventional optical limitations [31], as well as cloaking devices that can
render objects invisible at certain frequencies [32]. Additionally, they have shown
promise in eliminating scattering, paving the way for clearer imaging and more
precise sensing.
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While these applications have primarily been explored in the domains of microwaves
and optics, there is a real potential for metasurfaces to impact other fields [17], [33].
These applications have been tested and proven in numerous papers as mentioned
above and hereunder, yielding very interesting results on potential technologies and
new improvements that could emerge in the future. Some interesting applications
have been developed in the different areas listed hereunder.

Figure 2.10: Different radia-
tion patterns obtained with the
adaptive holographic structure
of a metasurface [6].

Holographic leaky-wave metasurfaces

The type of MTS used in this work is a holographic
leaky-wave MTS. It is composed of a multitude
of patches displayed on the top substrate. Chang-
ing the disposition of those patches results in a
change in the sheet impedance of the MTS it-
self. We can observe both the sheet impedance
and the resulting radiation pattern in the exam-
ple on the right (see Figure 2.10) when changing
the global holography of the MTS (the patches
arrangement).

Different beam angles can be achieved by al-
tering this holography, but it is not dynami-
cally adaptive and therefore needs to be reman-
ufactured for each change. Another problem is
the bandwidth or frequency stability of the pat-
tern. The bandwidth of the pattern is primar-
ily limited by the mismatch between the wave-
length of the SW and the periodicity of the IBCs,
which occurs when the operating frequency devi-
ates from the design frequency, as described in
[34]. Nevertheless, this type of MTS structure
is still the most feasible and accessible in terms
of shape, direction and polarisation control [6],
[35].

Reconfigurable Intelligent Surfaces

As explained in the comparison of phased array and metasurface antennas, the
problem with a conventional MTS is that the steering angle can’t be changed
without reconfiguring the patches arrangement or using a method that allows
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dynamic control of the radiation pattern. Unlike these conventional MTSs, a
reconfigurable MTS allows dynamic control of the structure. Many interesting
methods for dynamically controlling the configuration of the MTS are described
and developed in [36]. Advances in these methods will be particularly useful for
solving current problems, as explained hereunder.

For example, in large cities, antennas on buildings often can’t reach devices hidden
behind other structures. The use of reconfigurable MTSs as anomalous transmitters
can solve this problem by redirecting the emitted signal to the inaccessible targets
with controlled anomalous reflection, providing wireless power transmission (see
Figure 2.11) [37]. In addition, in satellite communications, reconfigurable MTSs can
dynamically adjust beam directions to maintain stable connections with moving
satellites, improving the reliability of data transmission while retaining the benefits
of MTS compactness. These advances will be significant for urban communication
networks and satellite systems, providing flexible and efficient solutions.

Figure 2.11: Cooperative networks based on Metasurface aided transmission [37].

Biomedical applications

The unique optical properties of metasurfaces have been explored for various
biomedical applications, particularly in beam shaping for laser processing, light
sheet fluorescence microscopy, HiLo microscopy and optical trapping, as discussed
in [38]. Metasurface-based light-shaping devices are promising, offering capabilities
difficult to achieve with conventional optical elements at the microscopic scale,
making them ideal for advanced biomedical devices. The ultra-compact size and
weight of metasurface-based optical elements can help to reduce the complexity
of the design of the multi-view light sheet microscope systems. The metasurface
enables the use of a single element for illumination that can be connected to the
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specimen holder, rather than using illumination from multiple directions as in
previous methods.

Optical manipulation

Metasurfaces are widely used in optical applications. Significant progress has
been made in holographic imaging thanks to metasurfaces. For instance, they
enable multiple degrees of freedom in optical manipulation. In particular, the
demonstration of helicity multiplexing or orthogonal physical channel multiplexing,
such as polarisation, has been showcased, as described in [39]. In this work, by
changing the helicity of circularly polarised light, it is possible to interchange two
centrally symmetric and off-axis holographic images (flower and bee), as shown in
Figure 2.12.

Figure 2.12: Helicity multiplexed metahologram producing flower and bee in the
reflection domain under left and right circularly polarised illuminations [39].

2.3 Spectral field representation
This section develops the equations needed to understand how the fields emitted by
the VEDs behave in a single layer grounded medium. This corresponds to the two
top layers of the MTS, which are the substrate and the ground plane just below
it, as represented in Section 3.3.1. As the SWs propagate within this dielectric
slab, it is interesting to understand the equations behind the observations made.
Once these equations are developed, they can be used to compare ideal fields and
fields obtained with the values obtained from CST to analyse whether or not they
behave as they should.
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2.3.1 TE and TM modes
The surface wave at the origin of the leaky-wave radiation corresponds to a trans-
verse magnetic (TM) mode. It is therefore interesting to understand the nature
of transverse electric (TE) and transverse magnetic (TM) modes before moving
on to the equations of the electric field. These modes describe the orientation of
the electric and magnetic fields in relation to the direction of wave propagation.
In TE modes, the electric field (E-field) is entirely transverse to the direction of
propagation. This means that the electric field has no component in the direction
of propagation, whereas the magnetic field has a component along the direction
of propagation. Conversely, in TM modes, the magnetic field (H-field) is entirely
transverse to the direction of propagation. This means that the magnetic field has
no component in the direction of propagation, but the electric field has a component
in the direction of propagation.

In an (x,y,z) Cartesian system of coordinates, the electric field can be written as:

E = A e−j(kxx+kyy+kzz) (2.25)

where one can define the wavenumber
−→
k as:

−→
k =

 kx

ky

±kz

 (2.26)

Furthermore, these plane waves can be represented in a layered medium with
a specific vector basis, where k̂ = ê × m̂, is a unit vector in the direction of
propagation, as shown in Figure 2.13. The characteristic directions, described in
[40], are defined as:

k̂ ≜
k⃗

|⃗k|
, m̂ ≜

1
β

−ky

kx

0

 , ê± ≜
1
β |⃗k|

±kxkz

±kykz

−β2

 (2.27)

where the subscripts + and − denote upward and downward propagating waves,
respectively. While β ≜ k2

x + k2
y, represents the radial propagation constant that

describes how the phase of the wave changes along the direction of propagation.
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Figure 2.13: Representation of the vector basis [40].

Using this vector basis eases the analysis of the fields in layered media. Since m̂
is always parallel to the interfaces, TE waves present an electric field solely along
that direction. Similarly, TM waves present a magnetic field solely along m̂. This
will be very useful for deriving the equations of fields in Section 2.3.3.

2.3.2 Green’s function
To compute the fields in layered media, it is first important to understand what
the Green’s function is. It corresponds to the field distribution associated with a
given point source in a given material environment. From a mathematical point
of view, they can be considered as the spatial impulse response of the radiation
operator. In free-space, the expression of the Green’s function is developed in [41].
For the magnetic vector potential, it can be written as:

G(R) = e−jk0R

4πR (2.28)

where R = |r − r′| with r and r′ being the points of observation and source,
respectively. From there, electric and magnetic fields are easily derived.

In its most general form, the Green’s function is dyadic, since fields and currents
have components in both x and y directions, and is therefore written as a tensor.
This function can be used to derive the amplitudes of TE and TM waves propagating
away from an interface, either upwards or downwards, expressed in the spectral
domain for each wavenumber pair of spectral coordinates (kx, ky). It can be obtained
in the spatial domain by convolution of the Green’s function G and the current
distribution J, which is equivalent to a product in the spectral domain. It can be
written as:
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• In spectral domain:

Ẽ(kx, ky) = G̃(kx, ky) J̃(kx, ky) (2.29)

• In spatial domain:
E(r) = G(r, r′) ⊛ J(r′) (2.30)

In the case of the MTS antenna, the layered medium considered is a single grounded
layer media and the final expression of the Green’s function is given by:

G̃(kx, ky) =
[
G̃xx G̃xy

G̃yx G̃yy

]
= G̃A(kρ)

[
1 0
0 1

]
+ G̃V (kρ)

[
k2

x kxky

kxky k2
y

]
(2.31)

The development of this result is rigorously detailed in [40]. The two scalar
potentials G̃A(kρ) and G̃V (kρ) for a single-layer substrate depends only on kρ =√
k2

x + k2
y and their analytical expressions are developed in [40], [41].

2.3.3 Spectral representation of fields in layered media
The copper ground plane medium is considered as a perfect electrical conductor
(PEC) to match with the assumptions made in [40]. Waves at this interface are
fully reflected, giving the following reflection coefficients ΓT E = −1 and ΓT M = 1,
defined as the ratio of the incident wave coefficient to the reflected wave coefficient.
Plane waves propagating in layered media are generally described with their electric
and magnetic fields as:

E± =
(
−m̂E±

TE + ê±E±
TM

)
e−jkxxe−jkyye∓jkzz (2.32)

H± = 1
η

(
ê±E±

TE + m̂E±
TM

)
e−jkxxe−jkyye∓jkzz (2.33)

where η =
√
µ/ϵ is the medium impedance, defined by the medium permeability

µ and the medium permittivity ϵ. In the case of the MTS antenna shown, the
excitations are VEDs. The electric field radiated by vertical equivalent currents
along ẑ produces only a TM component, which explains why the spectral field
radiated by a VED contains only a TM component as developed in [40]. This
simplifies a lot the analysis. For a VED oriented along ẑ the electric field on the
MTS along x and y can be rewritten as:

Ẽz(kx, ky) = Ẽxz(kx, ky)x̂+ Ẽyz(ky, kz)ŷ + Ẽzz ẑ (2.34)

To obtain the radiated field in the spatial domain, the IFT can be applied directly
to the expression found, but since the components of this equation are unknown,
the Green’s function is used to determine it instead.
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• For a single VED:

Ez(x, y) =
( 1

2π

)2 ∫∫
G̃z(kx, ky) e−j(kxx+kyy)dkxdky (2.35)

where G̃z(kx, ky) corresponds to the field distribution associated to an infinite
sheet of VEDs oriented along ẑ in this case and with phase slopes along
x and y, respectively. It is developed in detail in Appendix D.5 of reference [40].

• For the specific case presented of N = 16 VEDs aligned along x = 0:

Ez(x, y) =
( 1

2π

)2 ∫∫
G̃z(kx, ky) J̃(kx, ky) e−j(kxx+kyy)dkxdky (2.36)

where J̃(kx, ky) is the current source distribution defined by the following
FT:

J̃(kx, ky) =
∫∫

J(x, y) ej(kxx+kyy)dxdy (2.37)

with J(x, y) = ∑N−1
p=0 αp δ(y−yp)δ(x) where each VEDp is located at (xp, yp) =(

0 ,−2λ + λ(1 + 2p)/8
)

and αp being the current weight of the VEDp.
Imperfections and mutual coupling within the feeding network may lead to
large variations among the αp coefficients (see Section 4.2.2). It then becomes:

J̃(kx, ky) =
∫ ∑

p

αp δ(y − yp) ejkyydy
∫
δ(x) ekxxdx (2.38)

J̃(kx, ky) =
∑

p

αp e
jkyyp (2.39)

which gives:

Ez(x, y) =
( 1

2π

)2 ∫∫
G̃z(kx, ky)

∑
p

αp e
jkyyp e−j(kxx+kyy)dkxdky (2.40)

• Considering an infinite number of VEDs with unitary weights, one gets:

J̃(kx, ky) =
∫
ejkyydy

∫
δ(x) ekxxdx (2.41)

J̃(kx, ky) = 2πδ(ky) (2.42)
This gives the following expression of the electric field in spatial domain:

Ez(x, y) =
( 1

2π

)2 ∫∫
G̃z(kx, ky) 2πδ(ky) e−j(kxx+kyy)dkxdky (2.43)

Ez(x, y) = 1
2π

∫
G̃z(kx, ky = 0) e−jkxxdkx (2.44)



Chapter 3

Design and circuit analysis of the
Feeding Network

3.1 Feeding Network
As mentioned in the previous chapter, the goal is to excite the metasurface and its
numerous patches by first supplying a row of vertical elementary dipoles (VEDs)
to generate the surface waves (SWs) propagating all along the MTS. To achieve
this goal, a feeding network must be designed to power these feeding poles. The
objective is to establish a connection between the input point situated beneath the
MTS and the power cable, while ensuring that the power is distributed equally
among all the feeding poles. The purpose of the feeding network is to achieve a
uniform current magnitude and phase in each of the dipoles. There are multiple
approaches that could be employed to attain this goal; however, the challenge lies
in supplying power to 16 ports simultaneously, while incorporating the feeding
network within a relatively confined metasurface cell.

The design methodology behind this feeding network makes use of transmission
lines theory. There are numerous potential solutions for powering multiple ports,
but most are not feasible in a case like the one described here due to the complex
geometry.

3.1.1 Serial versus parallel feeds
Considering the case where we must supply 16 VEDs all aligned in the same plane,
there are two well-known methods for achieving this type of powering. Those are the
serial and parallel (also called corporate) feeding networks, as depicted in Figure 3.1.

27
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Serial power supply network
In a serial power supply network, the power source is connected sequentially to each
output terminal. This means the power signal passes through each component or
load before reaching the next. As a result, the current and voltage characteristics
at each output can vary due to the cumulative effects of the preceding components.
Specifically, the phase of the signal at each subsequent output can shift due to
the interactions and impedance of each load, leading to phase differences across
the outputs. This can be problematic in applications requiring uniform phase and
magnitude across all outputs.

Parallel power supply network
Conversely, a parallel power supply network connects each output terminal directly
to the power source, independently of the other outputs. It is achieved using
equal line lengths and power dividers for each element. This configuration ensures
that each output receives the same input signal directly from the power source,
maintaining consistent current magnitude and phase across all outputs. The par-
allel configuration is ideal for applications where uniformity in the power signal’s
characteristics is critical.

For these reasons, the supply network for this metasurface can only be achieved
with a parallel supply network and will therefore be examined in greater detail in
this work.

Figure 3.1: Series (a) and parallel (b) feeding networks.

3.2 Constraints and Innovations
The design of this feeding network is the main subject of this master thesis and it re-
quires a significant amount of time and effort to develop something operational. This
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task was much challenging than it initially appeared for several reasons listed below.

The main problem in designing this feed is the proximity of all the transmission
lines and VEDs. This is due to the limiting factor of the available size in which the
feed network has to fit. As mentioned above, a cell of the MTS is 2λ× 4λ along the
x-axis and y-axis respectively. In this space we need to fit a feeding network capable
of powering 16 VEDs simultaneously, ideally using as little space as possible to
avoid mutual coupling between adjacent cells. This presents a significant challenge,
as it constrains the potential design options, which may occupy a greater space
than is actually available.

Speaking of coupling, this is the most difficult problem to solve because it depends
directly on the proximity between the excited VEDs, which is only λ/4. Coupling
is omnipresent in this network because everything is close to everything else. Lines
are coupled, VEDs are coupled, and different feeding networks are coupled together
also. This is by far the most challenging aspect of the design due to the hazardous
nature of the coupling with constructive and destructive current densities originat-
ing from all directions. The design optimisation process is based on a number of
hypotheses and a certain degree of trial and error, with parameter sweeps performed
to achieve the closest possible approximation to the desired outcome. As the de-
sign progresses, new challenges emerge, which will mostly be addressed in Chapter 4.

The innovative aspect of this work will be based on the improvements made to
achieve the objective. A number of simulations and designs have been carried
out to identify the optimum solution. However, there are likely to be alternative
approaches to designing this feed network that could meet the requirements.

3.2.1 Reflected Power Quantification
Before moving on to the more practical side of feeding networks, it is important to
understand how to determine whether our antenna is working properly. The most
common approach to analysing this is through the use of the reflection coefficient
Γ. It is expressed thanks to the Scattering matrix [42]. This matrix is constructed
according to the power reflected and transmitted at each port (Sii is reflected and
Sji is transmitted from port i to port j).

In the 2-ports example, shown in Figure 3.2, the port 1 is fed and the other port
is considered as the output. It is essential that the S-parameters behave properly.
Therefore, we must ensure that the ratio between the forward power and the reflected
power into the input port, represented by the parameter Γ = S11 = b1/a1, is as
small as possible at the operating frequency. Conversely, the value of S21 = b2/a1
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should be as high as possible, as this represents the gain transmitted through the
network. The reflected power is given by:

Preflected = |Γ|2 Pincident [W] (3.1)

Figure 3.2: Example of a two-ports network.

One can also write the reflection coefficient as a function of the load impedance
(ZL) and the source impedance (Z0) which represents the matching between the
two impedances as:

Γ = ZL − Z0

ZL + Z0
(3.2)

More details can be found in [43]. The reflected power from equation 3.1 can be
rewritten in dB as:

Preflected = 20 log10(|Γ|) [dB] (3.3)
In the remainder of this work, the magnitude of the S-parameters observed is always
expressed in dB. Consequently, the value of S11 directly represents the reflected
power in dB, and is considered to be relatively insignificant if its magnitude is less
than −10 dB. Such a value indicates that less than 1/10th of the incident power is
being reflected.

3.3 Structure and Assumptions

3.3.1 Comparison between stripline and microstrip lines
Stripline and microstrip lines are two types of transmission lines used in microwave
circuits and antenna designs, each with distinct characteristics. A microstrip consists
of a conductive strip separated from a ground plane by a dielectric substrate, with



CHAPTER 3. DESIGN AND CIRCUIT ANALYSIS OF THE FEEDING
NETWORK 31

its electromagnetic field distributed both in the air and within the dielectric. This
makes microstrip lines easier to design and manufacture, but it typically has
higher losses due to radiation and surface wave propagation [44]. In contrast, a
stripline consists of a conductor sandwiched between two parallel ground planes, as
depicted in Figure 3.3. It is fully embedded within a dielectric material, confining
the electromagnetic field entirely within that dielectric. The stripline supports a
Transverse Electromagnetic (TEM) mode with lower losses and better impedance
control [44]. However, the design is more complex due to the need for precise
alignment within the dielectric layer and two ground planes.

Figure 3.3: (a) Microstrip & (b) stripline models with all layers.

The stripline is particularly advantageous for metasurface applications due to its
field confinement, lower losses, and precise impedance control. The confined electro-
magnetic field within the dielectric layer of the stripline ensures minimal external
interference while the lower losses in the stripline enhance efficiency, maintaining
the integrity of signals, which is essential for the high-frequency and high-precision
nature of metasurfaces. The symmetric structure of the stripline also allows for
better impedance control and reduces crosstalk between closely packed elements,
making it ideal since many elements are packed very closely. References such as
Bahl and Bhartia’s Microstrip Lines and Slotlines [45], [46], Wheeler’s studies on
stripline properties [47], and Pozar’s Microwave Engineering [42] provide in-depth
insights into the advantages of stripline for these applications.

The relative pros and cons of the two designs were considered in order to determine
the most suitable model for metasurface applications. It seems that the stripline
design is more appropriate for this type of application, as previously discussed.
The implementation process using both the ADS and CST software will be based
on the stripline model. Each layer will be carefully dimensioned according to
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the sizes available in the datasheets for the various materials. Table 3.1 shows
the thicknesses used for each material according to the design standards and the
material data. The symbols can be seen in Figure 3.3.

Thickness of each layer
Symbol used Description of the symbol Value (mm)
T Conductor/prepreg thickness 0.018 or 0.5 mil
hMT S Metasurface substrate (RO4350b) 1.524
H Top and bottom substrate of the

stripline (RO4350b)
0.762

hGND Ground plane thickness 0.018 or 0.5 mil

Table 3.1: Thicknesses and their respective description.

Most of the materials and thicknesses used are chosen based on the metasurface
previously built in 2023, as referenced in [48]. The standard thickness of the
conductor for this type of application is typically 0.018 mm. 1 mil is a unit often
used for short lengths and corresponds to 1/1000 inch which is ≈ 0.035 mm.

Prepreg, short for pre-impregnated composite fibres, is a dielectric resin used to
bond the top and bottom parts of the stripline in our case. Its properties used for
the simulations are similar to those of the two substrates embedding the conductor.
In this case, it is simulated as RO4450b, from ROGERS, which has a relative
permittivity ϵr = 3.7 instead of ϵr = 3.66 for the RO4350b used for the substrates,
as described in the datasheets [49], [50].

3.3.2 Stripline impedance calculator
The first step in designing the feeding network is to compute the stripline impedance
of each line. This can be done using various methods, such as online stripline
impedance calculators [51], analytical formulas, or software tools available in ADS1

and CST2, which incorporate these calculations directly. The impedance of a
stripline is primarily determined by its width, making it the critical factor we aim
to determine using these different tools. Each method or tool may provide slightly
different results due to variations in their underlying algorithms and assumptions.
To address these discrepancies and facilitate comparison, Table 3.2 presents the
different impedance values obtained from each method, allowing for a clearer
understanding of how each tool measures up against the others. This comparison

1LineCalc tool used for stripline (SLIN) can be used directly in the Advanced Design System
2In the macros tools, the line impedance calculator can be found and used for many applications

such as stripline
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is essential to ensure the accuracy and reliability of the impedance values used in
the feeding network design.

Widths for each impedance with different methods

Methods Impedances and their width W [mm]
50 Ω 70.7 Ω 100 Ω

CST 0.852 0.432 0.164
ADS 0.776 0.358 0.108

Online calculator 0.708 0.353 0.108
Analytical formula 0.85 0.421 0.221

Table 3.2: Widths obtained for each impedance using different tools.

The analytical formula is taken from the book of Pozar, Section 3.8, [42] and can
be written as:

Z0 = 30π
√
ϵr

b

We + 0.441b [Ω] (3.4)

where ϵr = 3.66 is the relative permittivity of the dielectric layer, b is the total
stripline thickness such that b = 2H + T with H and T represented in Figure 3.3,
and We is the effective width of the centre conductor given by:

We

b
= W

b
−


0 for W

b
> 0.35

(0.35 −W/b)2 for W
b

≤ 0.35
(3.5)

Impedance values for online calculator and ADS are similar and were therefore used
for the implementation in ADS. Whereas the values from the analytical formula
and CST were tested on CST to compare the results obtained with lines of different
widths.

3.4 Preliminary design with ADS
The journey to design this complex structure started with the Advanced Design
System (ADS), distributed by Keysight Technologies Inc. The method employed
by ADS for the simulations conducted by the momentum solver is the Method of
Moments (MoM). The current distribution on metal surfaces is determined by the
Momentum solver through the conversion of the problem into integral equations
and subsequent solution using the MoM, as outlined in [12]. It is particularly
effective for 2D or quasi-3D structures.
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The power dividers described in the existing literature were tested in this software,
as it allows for a more straightforward evaluation of the functionality of the feeding
network. This section will provide a brief overview of the papers that have inspired
this work in order to facilitate an understanding of the various possibilities for
designing an operational power divider and how to achieve effective power division.
Furthermore, this section will highlight the considerable disparity between models,
despite the fact that the dimensions may exhibit significant variations when they
are no longer very small compare to the wavelength.

3.4.1 Literature review and ADS implementations
Many feeding networks have been implemented either in microstrip or stripline for
decades. Some of them are interesting to mention since they inspired the design of
the final feeding network presented in this thesis.

a. Compact non-homogeneous Corporate Feed Network

As documented in reference [52], the quarter-wavelength power divider (λ/4 power
divider) is employed to divide the power in an equal manner between non-identical
rectangular microstrip antenna elements. The elements in question feature varying
lengths of TLIN and intermediate impedances, which are designed to ensure
accurate matching between the outer and inner lines. Figure 3.4 illustrates the
implementation of this concept.

Figure 3.4: Compact Modified Corporate Feed Network for Antenna Arrays with
non-identical Rectangular Microstrip antenna elements [52].

The reason for its inapplicability in this work is due to the difference in scale and the
number of elements that must be excited. The microstrip feeding in this example
is approximately ten times wider than that being designed in this work, and the
number of elements is N = 6, rather than N = 16 present in the design of the
sparse-array MTS. The assumptions made and issues encountered do not align with
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those presented in this master thesis. For example, the very long lines presented here
would not be feasible if they were positioned in closer proximity. In the case of the
MTS designed, the proximity is such that it would result in a high degree of coupling.

b. Wilkinson Power Divider

This power divider, sketched in Figure 3.5, is known to be very robust since it
meets nearly all the requirements. Its Scattering matrix reveals that the network is
reciprocal (Sij = Sji, which is often the case in power dividers), that the terminals
are matched (S11 = S22 = S33 = 0) considering that there are 3 entries, and also
that the output terminals are isolated (S23 = S32 = 0). Finally, an equal power
division is achieved (S21 = S31) [53]. The only condition that this power divider
can’t satisfy is the loss-less condition. An ideal power divider would result in an
ideal division of the input power, with no loss of power. Upon each division of the
power by two, a reduction of 3 dB is observed at the output terminal. This can be
expressed as follows:

Sj1 = N × 10 log10(
1
2) = −3 × N [dB] (3.6)

In this context, the value of N represents the number of divisions by two that are
necessary to achieve an equal distribution of power across 2N ports. For instance,
dividing the input power equally in 2N = 16 (N = 4) output terminals result in
Sj1 = −12 dB if no additional loss is taken into account. It is not possible to
achieve the ideal scenario of zero loss in this case, due to the inevitable loss of
power introduced by the resistor. However, this promising power divider has been
successfully implemented in ADS, both with and without the resistor, as illustrated
in Figure 3.5. This resistor serves the function of an insulator, with the power
reflected from ports 2 and 3 dissipated in the resistor. This ensures that S23 and
S32 are isolated, as referenced in [42].

Figure 3.5: Ideal two-port Wilkinson splitter [54].
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The results obtained with and without the resistor confirm what was said above,
since the coupling disappears completely when this resistor is added. The problem
is that resistors cannot be added easily in planar feeding networks such as stripline,
and this is the reason why this model is not used as the ideal power divider it could
have been. This problem was also pointed out in [55], which implemented an 8-way
Wilkinson power divider.

Figure 3.6 depicts the two designs and the Sj1 entries of the scattering matrix
obtained (where the j-index denotes the output terminals). The lower part of
Figure 3.6 illustrates the impact of the resistor on the S-parameters.

Figure 3.6: Wilkinson Power divider respectively without and with 100 Ω resistor
between every separation and their respective S1j parameters both in phase and
magnitude [dB].
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It can be observed that in the absence of a resistor, the curves are symmetrical
2-by-2 along the central axis (port 1 being the input, port 2 behaves as port 17,
3 as 16, and so on). In contrast, when a resistor is present, the curves are all
superimposed3. Furthermore, one can see in the upper right plot that all Sj1 : j ̸= 1
correspond to an approximate loss of −13 dB, which is almost the minimum loss
in such a power divider with 4 outputs separations, as explained in equation 3.6.
However, the power divider was not properly designed to match at the frequency
of 24 GHz, which explains why the S11 curve don’t yield optimal results at that
frequency in these simulations.

c. Classical Quarter-wavelength Power Divider

This power divider is one of the most well-known since it applies transmission lines
theory to split the power equally in all branches. In this case, we want to match
the 50 Ω impedance from the input terminal and find the same 50 Ω impedance at
every output terminal. The main idea for designing such a power divider, is that we
divide the power by two when we separate the initial TLIN of 50 Ω into two TLINs.
The impedance in each new line should be 100 Ω so that the equivalent impedance
seen at the intersection is 100 ∥ 100 = 50 Ω. The impedance seen at every output
terminal is then 100 Ω instead of 50 Ω as desired. To deal with this and match the
100 Ω lines to the 50 Ω lines, quarter-wavelength transformers are used by putting
an intermediary line of impedance

√
2 ∗ Z50 =

√
Z100 ∗ Z50 =

√
100 ∗ 50 = 70.7 Ω.

The latter has a particular length of λ/4 to cancel reflections at the desired fre-
quency. The signal will pass through the transformer, and since its length is λ/4,
the reflected power with a lower amplitude results in constructive interference with
the incident power [56].

This is how one can guarantee that the designed power divider functions correctly
at the operating frequency. It should be noted that this relationship with the
wavelength does not imply that the bandwidth will be zero. In practice, it will be a
few percent, as will be demonstrated at the end of this section. Finally, the length
of the 100 Ω line is of no importance and can take any value, zero included. This
is what was implemented in ADS, as depicted in Figure 3.7 where only 50 Ω and
70.7 Ω impedance lines are used. The model is inspired from the work presented
by Mauricio Sánchez Barbetty in [57].

3If the condition of equal power division is not achieved, as indicated by the inequality
Sj1 ̸= Sk1 for k ̸= j, it can be concluded that the main purpose of the power divider is lost when
the resistors are removed.
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Figure 3.7: Quarter-wavelength power divider with Z50 and Z70 impedances.

The results are presented in Figure 3.8 and are promising, as all the S-parameters
from the output terminals are superimposed in magnitude and phase, with a
difference of approximately 13-14 dB relative to the input terminal at the 24 GHz
operating frequency. This is nearly the optimal behaviour that can be expected
from a power divider. When simulating S-parameters for a circuit in ADS, the
inclusion of dielectric losses is dependent on the definition of appropriate material
properties, such as the relative permittivity (ϵr) and the loss tangent (tan δ). These
properties directly influence the insertion loss and, consequently, the S-parameters
observed. An additional perspective of the current density distribution in the
feeding network can be seen in Appendices B, where all ports are fed similarly.

Figure 3.8: Sij parameters of the quarter-wavelength power divider: phase (left)
and magnitude (right).

The markers present in the right-hand side plot of the figure show the bandwidth
obtained for such a power divider design. In fact, the power is correctly transmitted
in the circuit if its S11 has a reflection coefficient below −10 dB, which is the
case between about [25, 26] GHz. This results in a 4% bandwidth at the centre
frequency of 25.5 GHz with a reflection coefficient of −21.87 dB. However, it can
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be seen that the peak is centred at 25.5 GHz instead of 24 GHz, but it is possible
to move this peak by changing the parameters of the various TLINs in the feed
network. Before further research in this area, it is better to ensure that this first
design works properly for a 3D display by considering coupling and truncation
effects. It is therefore implemented in CST in the next chapter.

3.4.2 Decision based on ADS results
When designing radio frequency (RF) power distribution networks, choosing the
right type of power divider is crucial for achieving the desired performance in terms
of insertion loss, impedance matching, and port isolation.

A quarter-wavelength power divider uses TLIN segments that are one-quarter of the
wavelength (λ/4) of the incident wave. These segments have specific characteristic
impedances that enable effective signal splitting through impedance transforma-
tion (as explained in subsection 3.4.1). The simplicity of this design makes it an
attractive option for many applications. In contrast, a Wilkinson power divider is
a three-port network that uses resistors and λ/4 TLIN segments to achieve good
isolation between the output ports while maintaining perfect impedance matching.
It consists of two λ/4 TLINs and a resistor connected between the two output ports.

One major advantage of the quarter-wavelength power divider is thus its simplic-
ity. It requires only TLIN segments without additional components like resistors,
making it easier to design and manufacture. This simplicity also translates to
lower insertion loss, which is critical in high-frequency applications where every
decibel of loss matters. Moreover, quarter-wavelength dividers integrate well into
stripline structures, as they do not need discrete components that could complicate
manufacturing and integration because adding resistors would mean going beyond
the 2D aspect of powering a network circuit.

However, the quarter-wavelength power divider has a limitation: it does not provide
isolation between the output ports. This lack of isolation can lead to interference if
the output loads are not well-matched. Despite this, in many stripline applications,
the trade-off is acceptable due to the benefits of reduced complexity and lower
losses. The Wilkinson power divider, while offering excellent isolation and perfect
impedance matching, thanks to the added resistor, introduces additional complexity
and higher insertion loss due to the inclusion of the resistors. This added complexity
can be a disadvantage in stripline designs where manufacturing simplicity and
low loss are prioritised. For those reasons, stripline applications often prefer the
quarter-wavelength power dividers [42], [56], [58].



Chapter 4

Design and full-wave analysis with
CST

The aim of this thesis is to design an optimal power divider for the sparse-array
metasurface with 16 VEDs per MTS cell and to validate its performance by simu-
lation. In the previous chapter, the ADS software was used to evaluate different
power dividers, focusing on the quarter-wavelength power divider and the Wilkinson
divider. The analysis showed that the quarter-wavelength power divider offers
significant advantages in terms of simplicity, lower insertion loss and ease of inte-
gration, despite its lack of port isolation.

Based on these findings, we are now using Computer Simulation Technology (CST),
distributed by Dassault Systèmes, to perform detailed 3D electromagnetic simu-
lations of the selected power divider. The methods used by this software for 3D
electromagnetic (EM) simulations are the finite integration technique (FIT) for
the time domain solver, and the finite element method (FEM) for the frequency
domain solver. The FIT method is used to discretise Maxwell’s equations in both
time and space. It is powerful for transient analysis and provides a wideband
frequency response from a single simulation. Whereas, the FEM solver discretises
the problem domain into finite elements and solves Maxwell’s equations in the
frequency domain, which is ideal for narrowband applications [11]. CST provides
a more comprehensive simulation environment, allowing us to verify and refine
our ADS conclusions with greater accuracy. Contrary to ADS, CST includes all
the effects of mutual coupling between the VEDs. This step is critical to ensuring
that the selected power divider not only meets theoretical expectations, but also
performs effectively in practical scenarios.

40
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4.1 Goal of full-wave simulation
This section is essentially used to simulate and analyse the behaviour of the currents
in the various output ports and the fields throughout the model to see how they
interact with the circuit. The initial aim is to obtain currents with same phases
and magnitudes in each of the output ports. In order to optimise the similarity of
these currents, various methods will be tested and their effects will be discussed
in this section. Designing the prototype to obtain identical currents in each VED
turns out not to be the best way to produce a perfect planar wavefront in the MTS
layer because of the truncation effect, which will be discussed later in this section.

Once this objective has been met as well as possible for a model with a single
feeding network, the various optimisation steps will be repeated with several feeding
networks, as the coupling between these different networks will influence the results
obtained previously for a single feeding network.

Subsequently, a number of methods for reducing the coupling between feeds (referred
to in this context as different unit cells) are presented and tested. The most
affordable and effective of these is then implemented in the final model that will be
manufactured. The patches of the MTS will also be implemented on CST to make
many observations, such as their impact on the coupling, the radiation pattern
emitted from the MTS, and comparisons with the simulated MTS.

4.1.1 Input and output ports
In order to understand the following sections, it is important to understand what
assumptions have been made for the input and output measurements. Power is
supplied via the 53029-005J coaxial cable from Southwest Microwave [59]. For
the simulations, the coaxial cable is excited by a waveguide port located at the
bottom of the coaxial cable and the outer conductor is connected to the bottom
ground plane of the MTS as can be seen in Figure 4.1. The inner and outer
conductors are separated by a dielectric material with a typical relative dielectric
constant of ϵr = 4. The inner conductor passes through the lower layers until it
reaches the transmission lines, where it transmits power by making contact with
them. However, for a question of impedance matching, the coaxial cable used for
the simulations is not the one from the datasheet because it does not match the
50 Ω impedance in CST even though it is supposed to match it according to the
datasheet.
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Figure 4.1: 3D perspective view of the coaxial cable.

Regarding the output ports, there are many options available in CST, but very few
can be applied to the case of a VED. One cannot simply define a port at the top
of the VED, because no current should reach the top, as it is similar to an open
circuit. The idea then was to remove a thin layer from the VED, with a thickness
of tcut = hGr = 0.1 mm at the level of the top ground plane of the MTS (see Figure
3.3) and to use either a discrete port or a lumped element between the two parts
of the VED. The discrete port has the advantage of providing information about
the S-parameters in that port, but as it is not a physical component, the cut in
the VED acts as a capacitor and the current through it is not sufficient to obtain
consistent measurements. It is also much more consuming in terms of simulations.
On the other hand, lumped elements can be defined as very low resistors, such
as 1 mΩ, through which currents flow easily. This gives information about the
current, such as its phase, magnitude or even its real and imaginary parts. The
results obtained by this second method are more realistic and sufficient to analyse
the behaviour of currents. A 3D perspective view showing how the cut in the VED
was made in relation to the different layers can be seen in Figure 4.2.

Figure 4.2: 3D perspective view of the VEDs and how the ports are implemented.
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4.1.2 Single feeding network implementation
As decided after discussions about the implementations on ADS, designs made on
CST are only based on the quarter-wavelength power divider concept. It starts
gradually with 2, 4, 8 and 16 output ports before moving on to multiple cells, and
provides qualitative information about the S-parameters and current characteristics,
such as their phase and magnitude. Other ways are used to analyse if the design
works as it should or not, those different methods are described in this section also.
All the designs implemented to obtain the final feed network are not presented for
reasons of readability, but the important changes are shown to understand how the
feeding network evolved toward its final version.

16-ports equivalent to the ADS implementation

As mentioned earlier, the reason for using CST instead of ADS is that CST allows a
proper full-wave 3D analysis. In ADS, the last design presented worked as expected
in terms of currents. However, it was not possible to design the VEDs and the
entire feed network was planar, meaning that the input power was fed directly into
the circuit without any transmission via a coaxial cable to the TLINs. In summary,
ADS does not take into account the MTS truncation effects, the mutual coupling
between the VEDs, and it does not allow any 3D transmission from the coaxial
cable to the TLINs or from the TLINs to the VEDs. All these effects are very
important because this is how the real prototype will work. Figure 4.3 shows the
CST implementation of the network while Figure 4.4 shows how the current phases
and magnitudes behave now that all these effects have been taken into account.1

Figure 4.3: CST equivalent 16-port power divider.

1The different layers of the MTS are hidden for reasons of visibility, to show only the feed
network itself, but they are present during the simulations.



CHAPTER 4. DESIGN AND FULL-WAVE ANALYSIS WITH CST 44

Figure 4.4: Current phases and magnitudes of the CST equivalent implemenation.
As illustrated, the feeding network is no longer operational as it was in ADS, as
there are no observable similarities between the currents. It is notable that the
symmetry between opposite ports is conserved. This design will not be used as a
basis for further CST implementations.

Primary 8-port power divider

Following the ADS implementation, the first design presented in this master thesis
is an 8-port power divider supplied by a single coaxial cable as represented in Figure
4.5. The power is then divided into many branches to supply the VEDs equally.
This specific feeding network was designed at a larger scale with the feeding pins
spaced of λ/2 instead of λ/4 as would be expected according to the specifications
set out in Section 2.2.4.
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Figure 4.5: Primary model of an 8-port power divider designed using CST.

This first model applies the concepts of the λ/4 transformer with Z50, Z70, and
Z100 impedances as illustrated. Unfortunately, due to the high coupling between
the VEDs and the high reflection coefficient at the various junctions, the resulting
distribution of currents is highly uneven and there is no homogeneity between the
different ports, as evidenced in Figure 4.6.

Figure 4.6: Currents phases and magnitudes in the various output ports.
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In order to better comprehend the configuration of the prototype, the two 3D views
presented in Figure 4.7 offer a global, 3D perspective of the MTS, illustrating its
constituent layers and the feeding network extending from its input to its outputs.
The views are captured from an identical angle of observation.

Figure 4.7: 3D perspective views of the entire MTS and its feeding network.

Techniques for decreasing the parasitic effects.

There are many possible causes for the high reflected power observed. Each time
the network splits in half or turns to follow the path, the signals encounter what we
call discontinuities (or junctions). These discontinuities exert an influence on the
overall performance of the network, affecting the impedance matching and power
distribution between the branches. It is therefore essential to ensure that these
discontinuities are properly designed and optimised in order to minimise reflections
and losses and guarantee efficient power transmission throughout the network.

In this case, there are three discontinuities that cause parasitic effects in the power
transmission. These are the angle bends junctions, the T-junctions and the step-
width junctions, as represented with their equivalent circuit in Figure 4.8. The
techniques described below will assist in minimising parasitic effects, such as the
reflection coefficient at the various junctions. The most effective of these techniques
will be applied to the following models of feeding networks. They are inspired from
[44], [60], [61] and [62] and tested with CST.



CHAPTER 4. DESIGN AND FULL-WAVE ANALYSIS WITH CST 47

Figure 4.8: Different discontinuities encountered and their equivalent circuit. (a)
Right-angled bend, (b) Step-width junction, and (c) T-junction [62].

• Decreased capacitance technique for bends: Chamfering the corner
decreases the input reflection coefficients. The optimum one was achieved
with a 45◦ chamfer of l = 1.8 × width as represented in Figure 4.9(a).

• Step-width junction: A better transition from the 70.7 Ω to the 50 Ω
TLIN with less parasitic effects due to the width variation is achieved by the
smooth variation of the width from w1 to w2 as shown in Figure 4.9(b).

• T-junction: This arrow-shaped TLIN, inspired from [44] and [63], allows a
better transition from the 50 Ω impedance to the T-junction of 100 Ω thanks
to the smooth variation of the width from w1 to w2 as shown in Figure 4.9(c).

Figure 4.9: Techniques implemented in CST for decreasing parasitic effects due
to discontinuities. (a) Chamfered corner, (b) Smooth step from w1 to w2 with
w2 > w1, (c) Smooth step from w1 to w2 with w1 > w2.
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These techniques were tested in CST, where only the bends and T-junctions were
improved and retained for further modelling, as the step-width junction did not
give much better results than the original model without any adjustments.

16-port power divider with improved discontinuities

The design presented here uses these various techniques to reduce parasitic effects.
Other changes were made to the length/width of certain TLINs to change their
line impedance value. A higher impedance would result in less current flowing
through that TLIN, a higher impedance means a thinner line. Conversely, a wider
line corresponds to a lower line impedance and should carry more current. This
was used to achieve similar magnitudes in the different output ports. It is shown
in Figure 4.10.

Figure 4.10: 16-port power divider improved with its T-junctions, corners, and
magnitude matching.

The results obtained with such a design were promising, but there was still a
problem with the phases of the currents in the different output ports. As can be
seen in Figure 4.11. The frequency at which the currents are the most in phase is
at ≈ 23.5 GHz, it is also the frequency at which the S11 is the lowest.
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Figure 4.11: S11 parameter, current phases, and magnitudes in the different VEDs.

This feeding network is completely symmetrical with respect to the x-axis, which
runs through the centre of the feeding network. This means that any changes made
to the left part of the network are also made to the right part. This decision was
made based on results that verified the left-right symmetry between the ports; they
behave similarly in magnitude and phase.
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Currents homogeneity quantification

While comparing the currents, it is interesting to quantify their homogeneity. A
way to achieve this is by using the standard phase deviation. It is given by the
formula extracted from [64], and applied to the current phases as:

σϕ =

√√√√ 1
N

N∑
i=1

(
ϕi − ϕ̄

)2
[degree] (4.1)

where ϕi is the phase at the ith output port, ϕ̄ is the mean phase, and N is the
number of output ports.

A frequency is deemed operational if its associated standard phase deviation is
sufficiently low. In the case of 16 VEDs, frequencies with values of σϕ ≤ 30◦ will
be considered to exhibit good performance, whereas those with σϕ ≥ 60◦ will be
considered to exhibit poor performance, and deemed non-operational. The choice of
quantifying the currents in terms of their phases rather than magnitudes is driven
by the necessity of ensuring that the launched SWs exhibit a similar phase, in order
to achieve a propagating surface wave that is as planar as possible. Attempting to
address the differences in magnitudes tends to present a more challenging task in
the design of this feeding network than dealing with the phases.

Final version of the feeding network for a single cell

Mutual coupling between the TLINs themselves or between the feeding pins is
inevitable, resulting in unpredictable current phases. To counteract these effects,
the width and length of each final TLIN have been tuned to yield currents in the
pins that are as similar as possible, as shown in Figure 4.12. In order to find the
optimal parameters and minimise the computational time, parameter sweeps and
optimisations were performed directly with CST. Parameter sweeps were useful in
identifying the range of values for each parameter over which the design performed
better. Optimisations were then performed to find the optimum value within this
range for each parameter to achieve as similar currents as possible. Following the
previous feeding network, this is the revised design with the few changes made to
achieve the desired homogeneity between currents. It is the best design achieved
for a single cell with 16 VEDs and will be used as the basis for the multi-cell
implementations.
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Figure 4.12: Best design obtained for a single cell with 16 VEDs.

For a better understanding regarding the currents homogeneity quantification,
Figure 4.13 shows the standard phase deviation obtained in function of the frequency
based on the results presented in Figure 4.14. Two frequencies, considered non-
operational (f1 = 24.5 GHz) and operational (f2 = 23.5 GHz), are selected from
the frequency ranges and according to the S11 obtained, to be used for further
comparison.

Figure 4.13: Standard phase deviation of the feeding network in function of the
frequency.
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Figure 4.14: S11 parameter and current phases in the different VEDs of the improved
design.

The design of a functional feeding network now permits a comparison of the planar
wavefront generated at the two frequencies mentioned above. The field observed in
Figure 4.15 is the x-component of the total propagating field in the dielectric slab.
As mentioned earlier, the surface waves generated by the VEDs should propagate
along the x-axis and form a wavefront that is as planar as possible. For this reason,
the currents flowing through each VED must be sufficiently similar in phase and
magnitude so that each generated SW is in phase with each other.
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Figure 4.15: Propagating electric field in the dielectric slab of the MTS respectively
at f1 = 24.5 GHz and f2 = 23.5 GHz.

These results show the importance of having similar phases for the different currents.
At the non-operational frequency, no real planar wave is generated because the
launched SWs are destructive to each other during generation. Conversely, the
PW generated by the VEDs at the operational frequency f2 = 23.5 GHz is very
close to the ideal planar wavefront. One can observe some irregularities in the
propagating PW, which could be due to the fact that the phases and magnitudes
of the generated SWs are not 100% the same. The black rectangle in Figure 2
represents the BW at which the SWs generated can be approximated by a PW.
In this range, the current’s behaviour remains identical. The bandwidth can be
determined from the x-component of the electric field propagating in the MTS at
these distinct frequencies, as illustrated in Appendices C. The range of frequencies
between approximately 23.3 and 23.7 GHz provides a suitable PW, resulting in a
bandwidth of 0.4/24 = 1.7% instead of the 5% previously stated in [16].

4.1.3 Double feeding network implementation
Following the positive results achieved with the final version of the single feed
network, the next step is to assess the impact on the generated fields of incorporating
another feeding network. There are now two cells side by side, as will be the case
in the prototype to be manufactured. By placing a second feeding network next to
the first, the results obtained are quite different, but a more important observation
is that the second feeding network senses practically as much current in its VEDs
as the one being fed, as can be seen in Figure 4.16.
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Figure 4.16: Current magnitudes in the fed VEDs and in the VEDs excited by
mutual coupling, respectively on the top and bottom of this figure.

There are many possibilities that could explain the changes in the fed VEDs,
such as the mutual coupling between the feeding networks, and the changes in
the truncation since the substrate is larger than before. Mutual coupling will be
investigated with three cells to understand where it comes from and many ways to
reduce it will be discussed.

4.1.4 Implementation of a feeding network with three cells
As demonstrated by the double feeding network analysed in Section 4.1.3, the
incorporation of an additional cell and its associated feeding network into the
prototype leads to significant changes. The final prototype will comprise seven
identical cells. To reproduce the effects of having two cells adjacent to the central
one, which represents the worst case in terms of coupling, a design with three cells
was developed. This also corresponds to the maximum computational capabilities
of the computer itself when the patches are added to the simulations.
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Origins of the mutual coupling between different feeding networks

A number of simulations have been conducted with the aim of gaining insight into
the origin of the coupling. A variety of approaches have been considered, including
the use of a perfect electrical conductor (PEC) to simulate a Faraday cage by
surrounding the supplied network, as illustrated by the grey wall in Figure 4.17.
Monitoring the S-parameters and the currents in the different feeding networks can
provide valuable insights into the coupling between them. To further investigate
this, an experiment was conducted to examine the dielectric plate by digging into
it. This involved analysing whether the main cause of mutual coupling is the SWs
propagating on the MTS side and providing power to the other feeds. This second
experiment is illustrated in Figure 4.18.

Figure 4.17: PEC cage for reducing mutual coupling from the TLINs.

Figure 4.18: Trenches in the MTS substrate for reducing mutual coupling from the
SWs propagating on the MTS side.

The results are respectively represented in the Appendices D and E. Both ex-
periments indicate a slight variation in the mutual coupling, accompanied by a
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reduction in the magnitude of the currents in the other cells. It shows that the
currents in VEDs of the different cells are strongly influenced by the powered
feeding network, even though they are not powered themselves. It can be concluded
that the mutual coupling is a result of both the SWs propagating on the MTS side
and the TLINs on the feeding network side, or more specifically, the SW generated
by the coaxial cable. The most prevalent mode generated by a coaxial cable is a
transverse electromagnetic (TEM) mode that propagates between the two ground
layers in this instance. Further analysis of the results with three cells revealed
that the cell adjacent to the entry of the feeding network being fed senses a higher
current in its VEDs than the other cell that is not being fed. It is likely that this
discrepancy can be attributed to the asymmetry of the feeding network, given that
the central coaxial cable is situated nearly three times closer to the pins on its
right than on its left (see Figure 4.17). Further details about the magnitudes of
the currents can be found in Appendices D. For reference, cell 1 is the cell on the
right and cell 2 is the cell on the left (relative to the Figure 4.17).

Solutions for reducing mutual coupling

The first method investigated to reduce this mutual coupling is the use of blind
vias between the two ground planes, which act as a reflective wall to separate
the different feed networks. It is illustrated in Figure 4.19 and was optimised by
varying many parameters such as the position of the vias wall, the size of the vias,
and the spacing between the vias.

Figure 4.19: Blind vias used as a reflective wall for separating the adjacent feeds.

It can be observed that the use of vias serves two distinct purposes. Firstly, they
act as a reflecting wall, separating the different feeding networks. Secondly, they
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function as a waveguide at the output of the coaxial cable, reducing the dispersion
of the field. The results obtained using this method to reduce mutual coupling
are promising, although not perfect, since the coupling from the propagating SWs
within the top dielectric slab cannot be avoided and will remain. However, the
results shown in Figure 4.20 are satisfactory in both magnitude and phase around
the frequency f = 23.8 GHz. The selected frequency differs from the initially
selected 24 GHz operating frequency. However, there is some flexibility regarding
the frequency used, and the design can be rescaled later towards the target frequency
if necessary.

Figure 4.20: Phase and magnitude of the currents in the different VEDs of the
excited feeding network.

A difference of about 5 and 10 dB is observed in the magnitudes of the currents
in the other two feeding networks, which can be seen in the Appendices F. Now
that the results for several adjacent cells are likely to be statistically significant,
the patches can be added to observe their effect on the results and the emerging
radiation pattern. The EEP obtained will determine whether the results were
indeed convincing.



CHAPTER 4. DESIGN AND FULL-WAVE ANALYSIS WITH CST 58

4.1.5 Three-cell feeding network with additional patches
The array of patches being repeated all along the MTS that was used for the
simulations in [16] did not take into account the concomitant presence of the MTS
patches and the VEDs. It results in the removal of some patches that may change
the radiation pattern obtained. The MTS design is now complete for three cells
out of seven, as can be seen in Figure 4.21.

Figure 4.21: Metasurface patches displayed on the three-cells MTS.

The radiation pattern obtained from the patches excited over three cells is expected
to have a shape similar to a rectangle, but less sharp than that expected with more
cells. To get a clearer idea, Figure 4.22 shows a 3D view of the radiation pattern.

Figure 4.22: 3D radiation pattern obtained with the MTS designed.
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Figure 4.23 shows a 1D comparison of the radiation pattern obtained directly in
CST with this specific design and the ideal one simulated in MATLAB either with
unitary current weights, or simulated with an infinite wall of VEDs.

Figure 4.23: Radiation patterns with 3 cells compared to the ideal EEP (black
dashed line).

The radiation pattern obtained with the CST simulation only has an angular width
of ≈ 10◦ while it should be 28.96◦, as derived in Section 2.2.4. The quasi-rectangular
shape of the radiation pattern desired is not yet achieved. However, it is worth
noting that the radiation pattern’s zeros are similarly placed in both CST and
MATLAB simulations. The sidelobe level (SLL) is ≈ 10 dB lower than the main
lobe magnitude, which is also similar to the magnitudes observed in the MATLAB
simulated radiation patterns.

There are numerous potential explanations for the discrepancy between the antici-
pated and actual radiation patterns observed in CST. Firstly, the VEDs are not
included in the MATLAB simulations; they are superimposed by patches, which
are therefore removed in CST and do not contribute to the total radiated field.
Secondly, the coupling between the cells also affects the behaviour of the PW,
which is not as planar as expected and does not excite each patch in the same way.
Finally, the asymmetry observed in the radiation pattern provided by CST could
be due to the asymmetry of the feeding network itself, which is immutable for an
odd number of cells.
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4.1.6 Final design after discussion with the manufacturer
The final design presented in this work was developed after consulting with the
manufacturer. Some modifications were necessary to align with the manufacturing
conditions, including:

• The blind vias in between the two ground planes introduced in Section 4.1.4,
are not feasible and must be removed. It is necessary to consider alternative
solutions for reducing the mutual coupling on the feeding network side. The
resulting feeding network, designed with the objective of minimising mutual
coupling by increasing the distance between adjacent feeding networks, is
illustrated in Figure 4.24.

Figure 4.24: Feeding network without the blind vias for reducing the coupling.

• The minimum width of the conductor should be 100 µm, while the width of
the meander patches was approximately 26 µm. The meander patches were
therefore redesigned to match the requirements.

• It is not possible for the vertical pins (VEDs) to pass through the MTS; they
must be flush with the MTS. The top view of the MTS with the patches
and the flush pins is shown in Figure 4.25. An additional modification was
implemented by reducing the radius of the initial VEDs, thereby enabling
the incorporation of two patches per cell that were previously excluded.
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Figure 4.25: Top-view of the MTS with the new meander lines and flush pins.

The results provided by the ports in the VEDs such as the current phases, mag-
nitudes and S-parameters for this design can be found in Appendices G.1. The
noteworthy finding is that the radiation patterns obtained with the new patches
exhibit greater similarity to the desired patterns than those obtained prior to
adjustment. This results in a quasi-rectangular radiation pattern, as illustrated in
Figure 4.26.

Figure 4.26: Radiation pattern obtained with CST at the frequency of f = 23.9
GHz compared with simulated ones in MATLAB.
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It can be seen that the angular width of ≈ 18◦ obtained is greater than that
previously observed. The bandwidth (BW) obtained with this design can be
determined by looking at the different radiation patterns obtained for a range of
frequencies. The radiation patterns obtained in this range are shown in Figure
4.27.

Figure 4.27: Comparison of the radiation patterns obtained at many frequencies.

The optimal bandwidth (BW) for this design is between 23.7 and 24.3 GHz, despite
the angular width diminishing as the frequency increases. The resulting bandwidth
is thus 0.6/24 = 2.5%, which is an improvement over the previous result. The
sidelobe level (SLL) is observed to be at a minimum at the frequency of f = 23.9
GHz, exhibiting a value that is approximately 12 dB lower than that of the main
beam. An additional 3D view of the radiation pattern is provided in Appendices
G.2 to compare it with the one previously obtained.

Further details regarding the propagating field at the specified frequency of f = 23.9
GHz can be found in Appendices G.3. The analysis employs both the spectral field
representation and a 2D graphical representation of the x-component propagating
field.
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Power losses and radiated

A useful tool provided by CST enables the identification of losses and their sources,
while simultaneously providing the total radiated power. This information can be
obtained for all frequencies within the scope of the analysis, as illustrated in Figure
4.28.

Figure 4.28: Total radiated power and sources of loss.

The primary source of loss that results in a reduction of the radiated power is the
outgoing power from all ports. This is attributable to both the reflection coefficient
at the input port (i.e. the matching of loads) and the high mutual coupling between
adjacent cells where power flows and is lost. As evidenced by the S-parameters, the
power transmitted from the fed port to two other coaxial cables is not negligible
and represents the primary source of discrepancies in the radiation pattern.

Despite the numerous attempts to reduce this mutual coupling, the desired results
have not been achieved. Decoupling methods, including the use of electromagnetic
band-gap (EBG) structures inspired from [65] and [66], have been implemented
but have not yielded more favourable outcomes. Another unsuccessful method was
inspired by the reflection structure of Yagi-Uda antennas, as described in [67], [68].
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4.2 CST and MATLAB simulations based on
spectral field representation

Based on Section 2.3.3, an analysis of the electric field in the middle plane (y = 0)
can now be conducted since the equations describing the radiated field in the spatial
domain due to VEDs have been established. It can be expressed as follows:

Ez(x, y = 0) = Ezx(x, y = 0) + Ezy(x, y = 0) (4.2)

The diverse cases outlined in Section 2.3.3 can be evaluated in comparison to one
another in order to analyse the behaviour of the fields when employing the current
weights extracted in CST. This is achieved through the numerical integration of
the electric field equations and the utilisation of the Green’s function associated
with the VED along ẑ.

4.2.1 Infinite number of VEDs
In this first case, one wants to observe how the fields behave if an infinite wall of
VEDs is launching SWs. It is shown in Figure 4.29.

Figure 4.29: Field E along the x-axis with an infinite wall of VEDs.

It can be observed that for an infinite number of VEDs (with N = 1000 considered),
the propagating field amplitude remains constant along the x-axis. In the next case,
a finite number of VEDs is considered, and it is therefore of interest to ascertain
how the field should behave and whether the 16 VEDs are a sufficient number to
approximate an infinite wall of VEDs.
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4.2.2 Unitary versus CST weights
This second case with a finite number of 16 VEDs evaluates if the number of
VEDs chosen is sufficient to approximate the infinite wall simulated before, it also
shows the difference between unitary current weights and simulated ones from
CST. The model chosen to observe the impact of the currents homogeneity on
the propagating field is the one described in Section 4.1.2. The x-component of
the electric field propagating along the x-axis is evaluated at the two frequencies
previously discussed in that section, designated as f1 = 24.5 GHz and f2 = 23.5
GHz, respectively. Their respective field magnitudes are illustrated in Figure 4.30.

Figure 4.30: Comparison of the Ex propagating along the x-axis for 16 VEDs
with unitary and extracted weights from CST, respectively at an operational and
non-operational frequency is presented.
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It can be observed that the x-component of the field along the x-axis exhibits a
markedly different behaviour at the non-operational frequency f1 in comparison to
the Ex field obtained with unitary weights. Conversely, at the frequency f2, the
weights extracted from CST yield an Ex that behaves in a manner that is nearly
identical to that of the unitary weights. This result confirms that the x-component
of the field along the x-axis propagates as expected. One can also analyse the
y-component of the electric field propagating in the MTS, as shown in Figure 4.31.

Figure 4.31: Comparison of the Ey propagating along x-axis for 16 VEDs with
unitary and simulated weights at the operational frequency f2 = 23.5 GHz.

One can observe that the amplitudes are quite different from what is expected, they
should tend to be very close to zero. The important point here is to ensure that
the Ey component is negligible compared to Ex. A ratio of Ex

Ey
≈ 200 is reached

after a distance of 2λ0, and overall the Ey component decreases faster than the Ex

component.

The MTS antenna aims to have a zero Ey component along the y = 0 axis. The
antisymmetry observed in Figure 4.32 indicates that the Ey component along
the y = 0 axis should be close to zero. However, as evidenced by the MATLAB
simulations, this is not the case, as achieving perfect symmetry without perfectly
synchronised SWs is challenging. As stated in Section 4.1.2, the currents in porti

and port16−i are assumed to be homogeneous. However, the actual currents exhibit
a greater degree of inhomogeneity than is necessary to achieve the desired result of
Ey = 0 along that axis.
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Figure 4.32: Antisymmetry of the Ey component at the y = 0 axis in the MTS
substrate.



Chapter 5

Conclusion and future work

5.1 Conlusion
This research took place in the framework of a project aiming at the generation of
sparse regular arrays, i.e. with spacing larger than the wavelength, at the expense of
a reduced field of view. This suppose the generation of quasi-rectangular embedded
element patterns.

The aim of this work was to realise the feeding network of a sparse-array MTS,
but also to validate its performance by comparing 2D simulations carried out in
a previous work with 3D simulations carried out with CST. Before these results
could be compared, a large number of feeding networks were designed to meet
specific requirements. Rows of 16 vertical elementary dipoles (VEDs) fed by the
network allowed the generation of a planar surface wave that would propagate
uniformly along the x-axis to excite the numerous patches arranged on the MTS.
To ensure that the surface waves (SWs) generated by the different VEDs were in
phase, it was important to measure the currents directly in the VEDs to observe
their homogeneity.

The different models of the feeding network were designed step by step, under-
standing which parameters could be tuned to meet the requirements, and based
on the literature review. The path to these results involved several key stages,
including parametric testing and optimisation. First, a theoretical model of the
feeding network was constructed based on transmission line theory. The model was
then subjected to a series of parametric tests, during which design parameters such
as the width and length of the transmission lines were adjusted in order to control
the magnitude and phase of the currents in the VEDs. These tests were essential
to understand how each parameter affected the behaviour of the MTS. Once the

68
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homogeneity of the currents was maximised, a spectral analysis could be carried out
to determine whether the propagating field was consistent and whether the embed-
ded element pattern generated by the MTS was similar enough to the predicted one.

Throughout this research, significant progress has been made towards achieving the
stated objectives. The results show satisfactory success, with a good concordance
between the 2D and 3D simulations in terms of radiation patterns, but also in terms
of generation of the surface wave within the MTS, where the propagating fields
behaved as expected from the simulations. The transition to 3D simulations was an
essential step in the continuation of the FITNESS project and before any structure
could be manufactured, as it takes into account the full spatial configuration and
interactions within the MTS.

Although the results are promising and the full-wave simulations suggest that the
design would perform well in practice, final validation through physical testing in
an anechoic chamber could not be completed within the timeframe of this master
thesis. The manufacturing process required to produce the prototype typically
takes three months, preventing the planned tests from being carried out. However,
the consistency between the 2D and 3D simulations strongly indicates that the
feeding network and the MTS itself would perform as expected in practical scenarios.

5.2 Future work
Despite this satisfactory outcome, a number of challenges and areas for further re-
search were identified. One of the main challenges was the issue of mutual coupling
between the cells of the sparse-array MTS. Mutual coupling, which refers to the
interaction between adjacent cells in the array, can cause deviations in the radiation
pattern and reduce performance at certain frequencies. However, mutual coupling
is already included in our full-wave simulations. It is likely that mutual coupling
contributed to the small radiation pattern variations observed in the simulations.

For future work, addressing the issue of mutual coupling on the feeding network side
should be a priority. Potential approaches could include redesigning the physical
layout of the VEDs to minimise coupling, or introducing decoupling elements to
the feeding network or in between the two ground planes. Furthermore, it would be
advantageous to investigate alternative feeding network designs that are less prone
to mutual coupling between consecutive ports. A further avenue for future research
will be to conduct physical testing in an anechoic chamber once the prototype
is available. This will provide empirical validation of the simulated results and



CHAPTER 5. CONCLUSION AND FUTURE WORK 70

additional insights into the performance of the feeding network. Furthermore,
the full-wave simulations conducted with CST were constrained by the associated
computational expense. The use of a more powerful computer would have enabled
the simulation of a MTS with seven cells, rather than the three cells that were
used. Another idea for future work is to implement beam scanning in 2D (θ, ϕ).
This will allow the metasurface to cover a larger scanning area, thereby enhancing
its ability to adapt to a variety of scenarios.

In conclusion, the primary objectives of this thesis have been successfully achieved,
demonstrating the feasibility and effectiveness of a feeding network design for a
sparse-array metasurface. Although the final physical validation is still pending,
the significant concordance between the 2D and 3D simulations provides substantial
confidence in the design’s performance. It is essential to address the challenges
of mutual coupling on the feeding network side and to complete the experimen-
tal testing in order to further refine and enhance this innovative metasurface
technology.
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Appendices

A Convolution of two functions
The convolution of two functions f(t) and g(t) in the time domain is defined as:

(f ⊛ g)(t) =
∫ ∞

−∞
f(τ)g(t− τ) dτ (1)

In this context, the convolution operation ⊛ represents the integral of the product
of the two functions after one is reversed and shifted. This operation combines the
two functions into a single function that describes how the shape of one is modified
by the other [69].

B Current density repartition in the quarter-
wavelength model

Figure 1: ADS momentum visualisation of current density in quarter-wavelength
model
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C Bandwidth observable thanks to the surface
waves propagating at different frequencies

Figure 1 illustrates that a proper PW is generated for a frequency range of 23.3
to 23.7 GHz with a specific phase of 40°. This range corresponds to the interval
during which the current’s behaviour remains constant, as explained in Section
4.1.2.

Figure 2: Surface waves propagating at different frequencies.
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D Results obtained with the PEC cage

Figure 3: Results obtained with the PEC cage.
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E Results obtained with the trenches in the top
dielectric slab

Figure 4: Results obtained with the trenches in the top dielectric slab.
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F Results obtained with the blind vias added
between the two ground planes

Figure 5: Results obtained with the vias walls added between the two ground
planes.
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G Results obtained with the final design

G.1 S-parameters, currents phases and magnitudes

Figure 6: Results obtained with the final design after consulting with the manufac-
turer.
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G.2 3D representation of the radiation pattern

Figure 7: 3D representation of the radiation pattern obtained with the final model.
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G.3 Propagating field at the frequency of f = 23.9 GHz
The spectral representation employed in Section 2.3 for the analysis of the prop-
agating electric field can be utilised for a comparative evaluation of the results
presented here. Furthermore, the x-component of the propagating field on the MTS
substrate can be observed, which provides additional insight into the propagation
of the planar surface wave (PW), as illustrated in Figure 8.

Figure 8: (a) Propagating x-component of the electric field compared with unitary
weights, (b) graphical representation in CST showing the propagating field.

It can be observed that the x-component of the propagating field behaves in
accordance with the expected behaviour, resulting in the generation of a planar
surface wave.
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