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An advanced optimization strategy is deployed to design high performance nonlocal metasurface deflectors, which are used as
building blocks of a low-profile 2D-beam-steering-antenna in the Ka-band for SatCom. This new methodology combines two important
ingredients. The first one is the nonlocal near-field effect generated by the interactions among adjacent sub-wavelength dielectric
pillars. In this paper, we exploit this phenomenon, which was first investigated in the field of photonics, in the microwave domain.
Moreover, we have advanced our approach by introducing non-uniformity in the lengths of the all-dielectric pillars. This enhancement
has increased the degrees of freedom, offering a broader spectrum of design choices. These expanded choices lay the groundwork
for the second ingredient: global optimization algorithm based on statistical learning to derive the geometrical characteristics of the
constituting dielectric pillars, driven by a design objective. This optimization strategy delivers superior performance compared to the
traditional global optimization algorithms and requires fewer solver calls. In this scenario, the deflector is specifically designed for Ka-
band operation, achieving a 30° deflection angle at 30GHz. The proposed solution demonstrates exceptionally high performance across
the entire band of interest. The comparison between the optimized nonlocal metasurface deflector and its conventional counterpart,
i.e. a phase gradient metasurface, shows numerous advantages, mainly in enhancing the diffraction efficiency, reducing the side lobes
levels (SLL) and decriminalize the unwanted polarization. The experimental prototype confirms the results predicted by the simulation,
highlighting the potential of this advanced optimization strategy for the design of high-performance beam-deflection systems.

1 Introduction

Beam-steering antennas embedded in Satellite-based communication systems (SatCom) on-the-move [1–3]
aim to offer internet connectivity, facilitating information exchange with satellites, and ensuring secure
communication for civil and military aircraft and vehicles on the move. These advancements are critical in
the context of the rapidly growing demand for advanced connectivity and secure communication systems,
driving progress in civil aviation, defense, and space exploration technologies [4]. These antenna systems
are characterized by their ability to adjust their pointing direction, enabling coverage and scanning of a vast
area from different angles in space. Conventional solutions of mechanical beam-steering, such as parabolic
reflectors [5], are capable of delivering high performance, as evidenced by their widespread use in various
applications, particularly in satellite TV reception. However, their cumbersome 3D architecture creates
challenges regarding space constraints and aerodynamic issues [4, 6]. To circumvent these constraints, the
objective is to innovate and develop alternative low profile beam-steering antennas that are cost-effective,
low energy consumption and easy to manufacture, while ensuring robust performance standards. To this
aim, a recent antenna architecture has been proposed, inspired by optical approaches based on Risley prism
concept [7–10]. It consists of a planar radiating panel associated with two flat deflectors, whose rotations
ensure the 2D-beam-steering capacity in elevation and azimuth planes.

To design beam-steering antenna systems with high-performance flat deflectors, recent approaches have
increasingly turned to technologies based on metamaterials and metasurfaces due to their attractive fea-
tures. Regarded as inhomogeneous sub-wavelength elements and arranged in repeating patterns, these ma-
terials can produce artificial electromagnetic (EM) properties [11–14], allowing control of phase, amplitude,
and polarization [15–18]. In this regard, all-dielectric metasurfaces (ADMs) made from high-refractive-
index materials have been suggested to design optical and millimeter-wave beam-steering systems with high
performance [19–23]. Their all-dielectric nature ensures achieving high transmission efficiency responses
over wider frequency bandwidth compared to other concepts such as impedance-sheet metasurfaces [24].
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Hence, the fabrication of ADMs is facilitated by additive manufacturing [25], which offers many degrees of
freedom for the design and moderate cost.

Recent metasurface beam-deflection solutions are often based on phase gradient metasurfaces (PGMs)
concept. The conventional PGMs are constructed by arranging a linear array of subwavelength elements
with a spatially-varying phase. This arrangement aims at creating a phase gradient in the transmitted far-
field, enabling deflection control of the EM wave [26, 27]. In this configuration, the phase transformation
is locally controlled by varying the dimensions of the motif through each unit-cell. This type of design
is known as local metasurfaces, incorporates quasi-periodic sub-wavelength pillars, where each element
generate independently its own scatterer response, considering the effects of adjacent cells as weak. Indeed,
the overall structure performance is determined using a lookup table that dictates the properties of each
element to align with the desired wavefront. On the other side, the nonlocal approach has newly emerged
in the field of photonics [28–30]. It extends beyond the individual effects generated by each unit-cell,
considering the interactions among adjacent sub-wavelength elements to shape the overall effective far-
field response at the output of the structure. This nonlocal configuration provides a significant advantage
by offering more degrees of freedom in the metasurfaces design, enabling new functionalities and extreme
wave manipulation to optimize performance. Furthermore, this scenario enables reducing the complexity
of the architecture, since specific requirements are not enforced on each sub-wavelength element, which
potentially lead to design more efficient beam-deflection systems that are easier to manufacture.

In this paper, we leverage the recent progress in nonlocal metasurfaces (NLMs) concept in the optic and
photonic fields to innovate efficient beam-deflection systems in microwave regime. In this sense, we exploit
the significant artificial nonlocal interactions to attain superior functionalities, surpassing conventional
designs. Moreover, we have overcome the bandwidth limitations encountered in studies on both local
and nonlocal metasurfaces, achieving high transmission efficiency of the desired mode across the entire
the Ka-Tx band for SatCom. To achieve this, we relied on recent progress in statistical learning-based
optimization techniques to develop a methodology for optimizing the beam-deflection design. This type of
method, called Bayesian optimization (BO) [31–33], employs cheaper surrogate model to replace the actual
objective function, providing significant benefits for managing expensive and black-box functions, which
is crucial due to the numerical complexity involved in accurately modeling nonlocal metasurface. To take
advantage of this statistical approach, we have opted for one of the most advanced techniques belonging to
the class of BO methods, known as Efficient Global Optimization (EGO) [32–38]. The EGO method is a
global optimization algorithm that substitutes the complex and costly iterative electromagnetic evaluation
process with a simpler and cheaper model. Contrary to the traditional global optimization strategies like
Genetic Algorithms [38–40], the EGO method is not based on adaptive sampling, but on a surrogate
model to build on a set of available fitness observations. This surrogate model utilizes a statistical learning
criterion [41] related to the optimization target in order to identify which design should be tested in the
next iteration that would provide better results close to the predefined goal.

As a result, we demonstrate here that our new approach optimizing the nonlocal effects of dielectric
metasurfaces using the EGO method, can achieve superior deflector performance compared to conventional
PGMs ones. Moreover, this adopted optimization methodology based on statistical learning ensures a
significant reduction in the number of evaluations compared to traditional global optimization methods,
thereby enhancing the potential to find promising solutions more rapidly, as illustrated by the deflector
design proposed in this work. The rest of this article is organized as follows. The section II describes the
design methodology for both the conventional PGMs and nonlocal metasurface deflectors, along with the
optimization strategy adopted in this study. Section III presents the numerical results for the periodic cell
and the finite deflector structure of the best design, with a comparison to the conventional one. In section
IV, prototype measurements are carried out to validate the proposed design. The section V outlines the
key conclusions.
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Figure 1: The periodic macro-cell of the deflector.

2 Design methodology

2.1 Macrocell configuration

In this work, our focus lies on periodic sub-wavelength deflectors composed of macrocells repeated in two
dimensions, along the x- and y-axes. Applying the grating law for a normal incident wave, the period Λ
of the sub-wavelength deflector can be calculated for the mth diffraction order and the desired angle α at
the design wavelength λ0, as follows:

Λ =
mλ0

sin(α)
. (1)

Our target deflector is designed to generate the first-order mode at a desired deflection angle around
α = 30° at the ka-Tx band for SatCom. By applying equation (1) for the frequency f0 = 30GHz, the
period along x-axis Px is equal to Λ = 20mm. The period along y-axis is chosen Py = 2.6mm, sufficiently
small compared to the operating wavelength. A composite material with high permittivity (ϵr = 8.5) is
used for the cylindrical all-dielectric pillars. A matching layer with pyramidal shape is added above the
pillars to improve the transmission efficiency. Additionally, a substrate support base is used to ensure the
mechanical rigidity of the deflector, with a low permittivity material (ϵr = 2.3) in order to minimize the
reflection.

On the other hand, given that the deflector is composed of repeated macro-cell in two dimension, it
will be modeled as an infinite periodic structure with periodic boundary conditions (PBCs). Moreover, a
perfectly matched layers (PMLs), along with absorbing boundary conditions (ABCs), are applied to the
top and bottom of the structure to prevent parasitic reflections and accurately model the far-field behavior
away from the structure. Therefore, we can describe how the transmitted far-field is split into diffraction
orders by using Floquet modal decomposition theory, which in the present case amounts to define and
compute the mode diffraction efficiencies η(m,n) in Ka-Tx band frequency range. An illustration of
the periodic macro-cell of the deflector in its simulation configuration is shown in Fig 1. A left-handed
circularly polarized (LHCP) plane wave is used as incident wave, excited at the lower Floquet port. Hence,
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2.2 Conventional sub-wavelength deflector

the diffraction efficiencies of the modes are computed at the upper Floquet port. This macrocell full-wave
configuration is commonly employed in simulating both conventional and nonlocal deflectors.

2.2 Conventional sub-wavelength deflector

To generate the beam deflection, in conventional sub-wavelength deflectors, the required phase profile
along the deflection plane (along the x-axis, for example) is calculated inside each macrocell for the desired
deflection angle at the design wavelength using:

φ(x) =
2π

Λ
x (2)

Sub-wavelength pillars with varying diameters are used to generate the desired phase profile. Indeed,
by changing the pillar diameter, we can locally control the effective refractive index, thus the phase shift.
A numerical analysis was done to calculate the phase shift based on the variation of the pillar’s diameter
within the pillar’s unit cell, using periodic boundary conditions. Hence, a complete 360° cycle can be
obtained by varying diameters of the pillars. In our study, we constructed a classical PGM deflector with
a fixed pillar total heights of 9mm, including cone heights of 2.5mm, and varying diameters ranging from 0
to 2.6 mm to cover all the phase distribution in the Ka-Band. This conventional sub-wavelength deflector,
used as a design example in the macrocell of Fig 1, will be compared with the optimal design of the NLM
configuration, which will be obtained using our optimization strategy.

2.3 Nonlocal metasurfaces design

The nonlocal effect occurs when the sub-wavelength pillars are coupled. The behavior of each element is
influenced by the state of its neighboring ones. In this scenario, components not only interact with the
external waves directly incident upon them but also with the waves coming from adjacent metasurfaces,
resulting in a complex near field coupling effect. This inter-element interaction significantly impacts the
overall behavior of the macro-cell, referred to as the effective response. In order to introduce this phe-
nomenon, we will deviate from classical phase-gradient approaches based on generating field distribution
element by element. This entails first granting the pillars the freedom to move within the grid to create
the desired couplings effects and also breaking the uniformity of element heights imposed before by the
permittivity of the dielectric pillars. This novel non-uniform configuration, to the best of our knowledge,
has not been previously introduced in the literature.

On the other hand, to model the nonlocal metasurface deflectors and, more importantly, to effectively
capture the strong near-field coupling generated by the elements, a full-wave approach was utilized to
simulate the deflector by solving the complete system of Time-domain Maxwell equations. For this purpose,
we exploit a Discontinuous Galerkin Time-Domain (DGTD) solver that we have recently developed [42,43]
and which is implemented in our in-house simulation software called the DIOGENeS [44]. In this simulation
configuration, cylindrical sub-wavelength pillars are employed, with only 5 pillars per period, compared
to the 7 or 8 typically employed in conventional approaches to cover the total phase-shift range and to
reduce the phase quantization error. Since the focus is not on the phase-gradient distribution, we can
take advantage of this to create a lightweight structure and enhance the freedom of position within the
macrocell for the dielectric pillars. Details about the choice of those parameters will be discussed in Section
III-A.

2.4 Optimization strategy

An inverse design problem is formulated to optimize the deflector’s macro-cell structure. In the present
case, the objective is to enhance the diffraction efficiency η(−1, 0) in the desired diffraction mode order
(−1, 0), which corresponds to the desired angle of the beam steering, while concurrently minimizing the
efficiency level for other diffraction modes. An additional aim is to minimize the ratio between the co- and
cross- polarizations. Hence, this optimization problem seeks to determine the positions and dimensions
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2.4 Optimization strategy

of cylindrical pillars that achieve the best performance by minimizing a cost function. Here, we taked
advantage from the nonlocal effect to offer the optimization process more degrees of freedom in the choice of
the design dimensions. The parameters X to be optimized include the radius ri∈[[1,np]], total height of pillars
hi∈[[1,np]], height of cones hc and distance between consecutive pillars di∈[[1,np−1]], leading to 3np optimized
parameters, with np is the number of pillars. To construct the objective function, it is necessary to
incorporate the two key performance elements mentioned previously. The principal objective is to increase
deflection efficiency of the mode (0,−1), but more importantly to maximize the efficiency ηLHCP (0,−1)
of the LHCP polarization to maintain the same polarization as the incident wave. The second related
objective is to minimize the Axial Ratio (AR), i.e. the ratio between the major and minor axes of an
elliptical polarization (EP). The idea is to ensure a CP nature of the transmitted wave, because the
configuration of the pillars does not necessary preserve the nature of the incident wave polarization. By
minimizing the AR factor, we will simultaneously raise the cross-polarization discrimination (XPD), which
is the ratio between the co- and cross-polarizations, which allows to decriminalize the unwanted polarization
RHCP. The relation between the AR and XDP ratios is given by the following formula :

AR =
Major axis

Minor axis
=

XPD + 1

XPD − 1
∈ [1,+∞[ , (3)

with XPD =

√
η̄LHCP (−1, 0)

η̄RHCP (−1, 0)

In order to achieve the desired performance, the two related objectives, i.e. the ηLHCP (−1, 0) diffraction
efficiency and the AR factor, can be combined into the same cost function to be minimized. Thus, the
optimization problem to solve can be written as:

Minimize fn(X) =
1

2

(
2− η̄LHCP (−1, 0)− 1

ARn

)
∈ [0, 1] (4)

where n is the exponent order, adjusting the weighting of the AR in the objective function. Solving this
inverse design requires a rigorous and computationally efficient optimization strategy, which is capable of
treating several design parameters while minimizing solver calls. For this purpose, we consider here the
EGO method, introduced in section I, which belongs to the class of BO statistical learning approach. This
choice is made to significantly reduce the number of function evaluations needed compared to conventional
optimization techniques, which is crucial to handle with our sophisticated 3D structure. In practice, the
EGO is based on two phases. The first one is the design of experiment (DOE), in which an initial database
is generated. In essence, a uniform sampling strategy is deployed in order to generate different designs
in which the cost function is evaluated using our electromagnetic DGTD solver. In the second phase, a
Gaussian process (GP) model is constructed to fit the data obtained from DOE. This GP model allows us
to predict the values of the cost function in the parameter space without the need to perform additional
simulations. Therefore, one can estimate at any point of the design space, the objective function (mean of
the GP model) and an uncertainty value (variance of the GP model). The mean and the variance are used
together to determine a statistical merit function. In our case, we rely on the expected improvement, which
is a function whose maximum defines the next design parameters set to be evaluated. That is to say, in the
search parameter space where this function is maximized, we extract the corresponding parameter values,
and the corresponding design will be simulated using the DGTD solver. Then the database is updated
accounting for this new observation (construction of a new GP model based on the updated database). We
repeat this process until a predefined convergence criterion is reached, or when the expected improvement
is sufficiently small.
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3 Numerical results

3.1 Macro-cell optimization results

The aim of optimization is to find the most efficient arrangement of the metasurface pillars to enhance
the performance of the deflector within the whole SatCom Ka-Tx band, covering the frequency band from
27.5 to 31GHz. The desired deflection will be provided by the effective behavior of the entire macro-cell
due to the near-field coupling between pillars, and not by the local effect generated by a distinctive pillar
with specific dimensions as in the conventional case. In this configuration, the objective function fn(X),
described in (4), is optimized with a value n = 2 to provide an adequate weighting between the two related
objectives. The number of pillars used here is np = 5 per period, leading to 15 parameters of optimization.

(a)

(b)

(c)

(d)

Figure 2: Optimization using the EGO method (a) Evolution of the objective function with the number of full-wave solver
calls, (b) The best design, (c) Field maps of Re(Ex), Re(Ey) and Re(Ez) obtained for the optimized design at f0 = 29GHz,
(d) Comparison between a conventional design (red curves) and an optimized design (blue curves): performance of the
macrocell in efficiency and Axial Ratio versus frequency.

As explained previously, the optimization has been realized using the EGO method. During the first
phase, we build a DOE database with 75 points. It represents five times the number of parameters, which
is sufficient to construct an initial GP surrogate model. In the second phase, i.e., the EGO phase, this
surrogate model is refined during the optimization process to find a global minimum. Figure 2.a summarizes
the optimization process, in which the objective function evaluations of the DOE are displayed with purple
points and the evaluations obtained during the EGO phase are displayed with green points. The deflector
designs have been evaluated using the a DGTD-P2 method where P2 refers to the second-order polynomial
interpolation used for the DG discretization. The optimal design found by optimization is shown in Fig 2.b.
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3.2 Finite structure performance

It was reached after only 240 iterations, despite the high number of parameters. The optimization results
confirm that the EGO algorithm facilitates achieving convergence with much fewer iterations compared
with traditional optimization algorithms. Furthermore, it is clear that the configuration of the obtained
design, as shown in Fig 2.b, differs from those produced by traditional PGMs methods. First, the periodicity
between the pillars is no longer maintained, and the diameters of the pillars do not adhere to the phase
gradient. Additionally, the heights of the pillars are not uniform, which introduces a novel aspect that, to
the best of our knowledge, has not been previously explored in the literature on beam-deflection systems.
Furthermore, the near-field coupling between pillars enhances the overall effective deflection in the far-field.
This nonlocal phenomenon is illustrated in the field maps presented in Fig 2.c. These outcomes offer a
comprehensive view of the non-intuitive interactions among pillars, revealing how the collective behavior
shapes the overall characteristics observed in the far-field pattern.

The results, depicted in Fig. 2.d, represent the performance of the macro-cell configuration across
all frequencies of the Ka-Tx band. A comparison was made between the optimal design from the EGO
algorithm shown in Fig. 2.b and represented by the blue curve in Fig. ?? and the conventional design
based on phase-gradient shown in the Fig. 1 and represented by the dashed red curve in Fig. ??. In terms
of co-polarization efficiency, the optimal design achieved notably high values, reaching approximately 80%
with a stable level across the entire band, compared to around 65% for the conventional design with
fluctuations in some areas. On the other hand, the optimal design achieved very low levels of AR, falling
below the imposed threshold of 1.5 dB, whereas the gradient-phase design only adhered to this threshold
within a limited frequency range around 29GHz. Hence, this nonlocal approach offers a more efficient
solution than the conventional phase-gradient strategy.

3.2 Finite structure performance

The current step involves validating the results for the finite structure without periodic boundary conditions
to carefully consider the influence of edge effects. We constructed finite structures with a 260mm diameter,
corresponding to 13 macrocell periods, a dimension deemed sufficiently large to approximate the behavior
of an infinite deflector in a periodic environment. The total diameter of the deflectors is 280mm, consisting
of a 260mm effective surface and a 20mm fixation section.

The designs for both conventional and optimized deflectors are illustrated in Fig. 3(a) and (b). Deflec-
tor functionality was evaluated by illuminating each one with a left-handed circularly polarized (LHCP)
Gaussian source at normal incidence. The LHCP co-polarization efficiency and Axial Ratio (AR) of both
designs were evaluated using the Transient solver of the CST microwave suite. The efficiency calculation
involved three parameters: the directivity of the standalone LHCP Gaussian source, the directivity of the
system comprising the LHCP Gaussian source and a deflector, and the cosine of the deflection angle (which
is 30° at 30GHz). Fig. 3(c), (d) and (e) present a comparative analysis of the far-field radiation patterns
for the two deflectors at 28GHz, 29GHz and 30GHz, respectively. The results indicate that the optimal
design given by the EGO achieves enhanced directivity of approximately 1 dB in the desired direction. The
optimized design also exhibits a notable reduction in side lobes levels (SLL) and a significant minimization
of the RHCP cross-polarization when compared to the phase-gradient conventional deflector.

Fig. 3(f) and (g) depict the performance of the finite structures in terms of LHCP co-polarization
transmission efficiency and AR across the frequency range of interest from 27.5 to 31GHz. The optimized
deflector demonstrates a notably high efficiency, exceeding 80%, while maintaining a robust circular polar-
ization with an AR less than 1 dB throughout the entire Ka-Tx band (27.5GHz to 31GHz). Overall, the
optimized deflector features superior performance relatively to its conventional counterpart. The results
obtained with the macrocell configuration are also diplayed on the graphs, showing that the finite structure
achieves similar results, thereby validating the adopted modeling approach.

The AR results confirm that the finite structure’s performance aligns closely with the macrocell’s, even
though AR levels are highly sensitive to various factors such as the strong near-field coupling between
pillars and edge effects. Despite these sensitivities, the optimized deflector maintains values below the
1.5 dB-threshold across the entire frequency range of interest, outperforming the conventional design in
circular polarization quality.
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3.2 Finite structure performance

(a) (b)
(c)

(d) (e)

(f) (g)

Figure 3: Finite structures of 260mm diameter: (a) Conventional deflector, (b) Optimized deflector; Comparison of radiation
patterns of the conventional deflector (red curves) and the optimized deflector (blue curves) illuminated by an LHCP Gaussian
source: (c) at 28GHz, (d) at 29GHz, (e) at 30GHz. Performance of the macrocell and the finite 260mm-diammeter
structure : conventional deflector (red curves) and optimized deflector (blue curves) (f) Efficiency of the LHCP co-polarization
component, (g) Axial Ratio versus frequency.
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These findings highlight the advantages of the nonlocal design in achieving enhanced and reliable radi-
ation performance. They also validate the modeling approach, demonstrating that macrocell simulations
can reliably predict the performance of sufficiently large finite structures (from approximately ten periods).
This insight is crucial, as it enables efficient macrocell optimization with high confidence in the expected
performance of the corresponding finite structure, significantly saving time and computational resources
during design and optimization stage.

4 Prototyping and measurement

For experimental validation, only the optimized deflector was manufactured. This component was fab-
ricated using Zetamix Epsilon filament [45] and an advanced FDM-based 3D printing technique tailored
for metasurfaces based on subwavelength cylindrical pillars [46]. A photograph of the fabricated deflector
appears in Fig. 4(a).

(a)

(b)

(c)

28GHz
29GHz
30GHz

Figure 4: (a) Manufactured 260mm-diameter deflector, (b) RLSA combined with the optimized deflector in an anechoic
chamber, (c) Radiation pattern of CRLSA combined with the optimized deflector: (a) Simulation (dashed lines) and mea-
surement (solid lines) results of cut planes at 28, 29, 30GHz.

In the previous section, the optimized deflector was evaluated by using an ideal Gaussian source as
illuminator. However, in practice, the optimized deflector was illuminated by a circularly polarized RLSA
[47]. The gap between the RLSA and the deflector was set to 5mm, corresponding to half the wavelength at
30GHz. It is important to note that the RLSA possesses a narrower bandwidth than the Gaussian source,
which limits our ability to evaluate the wideband behavior of the optimized deflector. Additionally, the
circular polarization of the RLSA is not as ideal as that of the Gaussian source, resulting in a slightly
higher axial ratio when the optimized deflector is combined with this source compared to the performance
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(a) (b) (c)

(d) (e) (f)

Figure 5: 3D radiation pattern : simulation result at (a) 28GHz, (b) 29GHz, (c) 30GHz, and measurement result at (d)
28GHz, (e) 29GHz, (f) 30GHz.

obtained with the Gaussian source. The performance of the complete antenna, consisting of the RLSA
and the optimized deflector, was evaluated in CST Microwave Studio 2021 using the Finite Integration
Technique (FIT) Transient Solver. The radiation pattern measurements were conducted by mounting the
entire system on a multi-axis positioner in an anechoic chamber, as shown in Fig. 4(b). Measurements
were conducted over the frequency range of 27GHz to 31GHz, using a dual-polarized circular waveguide
as the probe and a SATIMO QR18000 as the gain reference antenna. Angular measurements were taken
in steps of 0.25° for elevation and 0.5° for azimuth. The measurement was performed in the near-field
region at a distance of 3.0meters, and the collected data were subsequently transformed to the far-field to
obtain the radiation patterns. Fig. 4(c) compares the simulated and measured radiation patterns in the
deflection plane at 28, 29 and 30GHz. The main beam direction and grating lobes positions show good
agreement between simulation and measurement. These directions correspond to the diffraction orders
angles of the periodic deflector and can be analytically calculated by equation (1). The angle dispersion
in frequency is 1°/GHz, derived from the relationship between deflection angle and frequency for a given
deflector period, as shown in equation (1).

Fig. 5(a) and (b) present the normalized 3D radiation patterns at 29GHz, revealing a close alignment
between simulation and measurement across the entire 3D pattern. The energy is concentrated in the main
beam at a deflection angle of 31°, with a 3dB-beamwidth of approximately 2.75° in both simulation and
measurement. While the measured diffused level is slightly higher than in the simulation, it remains below
–10 dB relative to the main lobe.

Fig. 6 illustrates the measured realized gain of the LHCP co-polarization and the Axial Ratio across
frequencies, alongside the standalone RLSA results. The 3dB frequency bandwidth is 6.4%, covering the
range from 27.9 to 29.75GHz. This bandwidth primarily depends on the radiating panel that illuminates
the dielectric deflector. Recent advancements in corporate-feeding slot arrays and open stub arrays have
shown great potential to widen the frequency bandwidth.
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Figure 6: RLSA combined with the optimized deflector – Simulation (green curves) and measurement (blue curves) results:
Realized gain and Axial Ration versus frequency. The measured results of the RLSA alone are shown in gray curves.

Realized gain measurements match the simulation well up to 30GHz; beyond this frequency, the mea-
sured gain drops rapidly, diverging by 3dB from the simulated gain at 31 GHz. Ongoing investigations
aim to identify the cause of this discrepancy. The Axial Ratio shows similar behavior in both simulation
and measurement, with the lowest values at 29.6GHz in the simulation and at 28.8GHz in the measure-
ment. This frequency shift may stem from differences between the simulated and actual permittivity of
the fabricated component. Overall, the measurement results align well with the simulation.

5 Conclusion

In this paper, we introduced the nonlocal metasurface concept within beam-deflection systems operating
in the microwave regime, paving the way for the development of high-performance deflector designs. As
discussed in this study, employing the near-field interactions unlocks new systems functionalities and ex-
treme wave manipulation. This advantage was combined with an advanced optimization strategy based on
statistical learning to offer the potential to determine optimal solutions with a reasonable number of full-
wave solver iterations. The EGO algorithm, based on Gaussian process learning, enables fast and robust
predictions of the objective function, facilitating the determination of highly efficient designs within a rea-
sonable computation time. As highlighted, this optimization strategy outperforms evolutionary algorithms
and local gradient techniques by minimizing the number of iterations needed to reach convergence.

The optimized design proposed here with only 5 cylindrical pillar per macro-cell offers a significant
efficiency increase of the (−1, 0) transmitted mode of the circularly polarized incident wave, coupled with
an important axial ratio reduction between co- and cross-polarizations across the Ka-Tx band compared
to conventional designs. Furthermore, the radiation pattern results of the complete deflector demonstrate
remarkable performance gain, reduced unwanted radiation, and overall improved efficiency. The measure-
ment results confirm the simulated performance of the nonlocal metasurface deflector, demonstrating the
advantages of this design approach in achieving lightweight, low-cost, low-profile beam-deflection systems.
This facilitates the development of antenna systems equipped with efficient deflectors capable of 2D-
beam-steering with wide field-of view. This makes these systems perfectly suited for SatCom on-the-move
applications, as they guarantee reliable wave transmission and ensure strong connectivity.

6 Experimental Section

First part of experimental section:
Second part of experimental section:
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