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Ultra-Thin Broadband Circular Polarization
Conversion Metasurface for Full-Space
Wavefront Manipulation Application
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Abstract—In this article, we introduced an ultra-thin broadband
single-layer metasurface (MS) comprising an S-shaped resonator
(SSR) structure enclosed by a circular cover adhered on a dielectric
substrate. The MS exhibits remarkable capabilities in achieving
simultaneous half-transmission and half-reflection for broadband
circular polarization (CP) conversion, as well as full-space wave-
front manipulation in the microwave frequency range. Through
simulations and experiments, we demonstrated that the orthogonal
CP coefficients for both transmission and reflection exceed 0.35 for
normal incidence of left-handed circular polarizations (LCP) and
right-handed circular polarizations (RCP) waves from 6.2 GHz to
15 GHz, with a relative bandwidth of about 87.1%. This results in
a polarization conversion efficiency of approximately 22 %, which
approaches the theoretical limit (25 %) of the single layer MS struc-
ture around 8 GHz. Moreover, utilizing the principle of geometrical
phase modulation, the desired full 27 phase-shift of orthogonal
CP waves in both transmission and reflection can be achieved
by solely adjusting the orientation angle of the SSR structure.
Numerical simulations substantiate this concept by demonstrating
anomalous reflection and refraction, vortex beam generation, and
planar focusing, showcasing the comprehensive control of wave-
fronts in all spatial directions. Our design offers valuable insights
for the practical implementation of broadband full-space CP and
wavefront manipulation in various applications.

Index Terms—Circular polarization, polarization conversion,
broadband, metasurface, wavefront manipulation.

1. INTRODUCTION

VER the past decade, metasurfaces (MSs), which are
O two-dimensional (2D) planar structures of metamaterials
(MMs), have emerged as a prominent research frontier for
scientific and engineering communities. This popularity stems
from their facile fabrication and remarkable ability to manipulate
electromagnetic (EM) waves, as observed by various researchers
[1], [2]. Compared to bulk MMs, MSs offer notable advan-
tages, such as reduced dimensionality and simplified fabrication
processes, alongside unique features like lighter weight, lower
loss, and thinner thickness. Consequently, MSs have provided
an exceptionally versatile and promising platform for exploring
a wide range of intriguing phenomena and developing novel
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devices. Notable examples include perfect absorption [3], [4],
field enhancement effects [5], extraordinary transmission [6],
polarization conversion [7], [8], holographic imaging [9], [10],
anomalous scattering [11], focusing [12], [13], radar cross-
section (RCS) reduction [14], high-gain antennas [15], [16],
[17], vortex beam generators [18], [19], [20], and more. Po-
larization conversion and wavefront manipulation enabled by
MSs play a pivotal role in a wide range of practical applica-
tions, including subwavelength resolution imaging, cloaking,
and wireless communications [21], [22], [23]. Consequently,
numerous MS-based designs have been proposed and investi-
gated, driving the rapid advancement of polarization conversion
and wavefront manipulation devices [24], [25], [26], [27], [28],
[291,[30],[31],[32]. Forinstance, Yu et al. presented a dual-band
double-arrow MS capable of manipulating the polarization states
of EM waves [24], while Liu et al. introduced a single-layer re-
flective MS for generating high-order Bessel vortex beams [25].
Furthermore, Wang et al. proposed an all-metal MS that achieves
highly efficient reflective circular-polarization (CP) conversion
and wavefront manipulation in the terahertz (THz) region [28].
These studies exemplify the diverse range of MS designs aimed
at expanding the capabilities of polarization conversion and
wavefront manipulation for practical applications.

While many of the aforementioned MSs excel in manipulating
either transmitted or reflected EM waves with diverse function-
alities, these functionalities may not fully satisfy the demands
of modern EM applications concerning miniaturization and
multifunctional integration. In order to enhance the efficiency
of space resource utilization, there is a growing need for full-
space MSs that can manipulate both transmission and reflection
simultaneously [33], [34], [35], [36]. As a result, there has been
anotable surge in attention and considerable efforts dedicated to
the simultaneous or independent manipulation of reflected and
transmitted EM waves [37],[38], [39], [40], [41], [42], [43], [44],
[45], [46]. As an example, Cai et al. introduced a novel type of
MS capable of manipulating full-space EM waves by exhibiting
polarization-dependent reflection and transmission properties
[35]. In a similar vein, Muhammad et al. conducted experi-
mental demonstrations of an exceptionally thin MS, consisting
of a single metallic layer, capable of generating vortex waves
carrying orbital angular momentum (OAM), as well as enabling
anomalous reflections and refractions [37]. Furthermore, Li et al.
proposed a comprehensive full-space MS that can independently
manipulate transmitted linear polarization (LP) and reflected CP
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Fig. 1. Schematic diagram of the (a) front and (b) perspective view of the
unit-cell and (c) the fabricated sample of the proposed MS.

waves [46]. Nonetheless, despite these advancements, most mul-
tifunctional MSs still face challenges such as lower efficiency
or narrowband operation, often due to limitations imposed by
their single-layer or multi-layer structural designs.

In this study, we present an ultrathin, single-layer MS con-
sisting of metal resonator structures capable of achieving broad-
band CP conversion and multifunctional wavefront manipu-
lation for both reflection and transmission in the microwave
region. Initially, we demonstrated the design of the MS structure
and validate the broadband CP conversion for reflection and
transmission through numerical simulations and experimental
measurements. Furthermore, we illustrate that by rotating the
orientation of the proposed MS unit-cell structure, a complete
27 phase-shift can be simultaneously achieved for both reflec-
tion and transmission, enabling comprehensive multifunctional
wavefront manipulation across all spatial directions. To sub-
stantiate the concept, we provide proof-of-concept examples,
including numerical simulations of anomalous refraction and
reflection, vortex beam generation, and planar focusing effects.
The proposed MS holds significant potential for enabling broad-
band and multifunctional manipulation of EM waves in various
full-space applications.

II. DESIGN, SIMULATION AND EXPERIMENT

The proposed MS is depicted in Fig. 1, showcasing a periodic
arrangement of copper S-shaped resonator (SSR) structures
encased by copper circular covers affixed to an ultrathin dielec-
tric substrate. The unit-cell structure of the single-layer MS is
presented in Fig. 1(a) and (b), offering front and perspective
views, respectively.

In line with previous MS designs [34], [38], [39], [40], the
SSR structure functions as a dipole resonator, effectively inter-
acting with the electric component of the incident EM wave
and facilitating broad-spectrum polarization conversion. Addi-
tionally, Fig. 1(a) showcases the SSR structure with a localized
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Fig. 2. (a), (c) simulated and (b), (d) measured (a), (b) reflection and (c), (d)
transmission spectra of the designed single layer MS for the normal incident
LCP and RCP wave propagation along the z-axis direction.

orientation angle denoted as « relative to the y-axis direction.
This characteristic served as an inspiration for utilizing the SSR
structure, in conjunction with copper circular covers, as the res-
onator structure to achieve efficient CP conversion across a wide
frequency range. The designed MS unit-cell exhibits optimized
structural parameters, outlined as follows: p, = p, = 15 mm,
r=7mm,a=>b=9mm, w= 1.6 mm, t = 0.8 mm.

To evaluate the performance and efficiency of the designed
single-layer MS, comprehensive full-wave simulations were
conducted employing the finite integration technique (FIT) and
the frequency domain solver available in the CST Microwave
Studio. For the simulation, the metallic structure layer was mod-
eled using copper with an electric conductivity of o = 5.8 x 107
S/m. As for the dielectric substrate, the microwave board Rogers
RO4350 with a relative permittivity of €, = 4.2(1 4 0.00371)
was chosen. To validate the efficiency of the proposed MS
experimentally, a test sample consisting of a 12 x 12 array of
unit-cells was fabricated using the conventional printed circuit
board (PCB) process. The dimensions of the sample were 180
mm X 180 mm x 0.8 mm. The two broadband planar spiral
CP antennae connected to a vector network analyzer (Agilent
E8362B) by coaxial cable were used to measure the reflection
(ry4, r—, r4_ and r_;) and transmission (¢4, t, ty_and ¢.)
coefficients for the left-handed circular polarization (LCP) and
right-hand circular polarization (RCP) waves from 3 to 17 GHz.

III. RESULTS AND DISSCUSSIONS

A. Broadband CP Conversion With Half-Transmission and
Half-Reflection

To commence our investigation, we assess the CP conversion
performance of the proposed MS in the context of both reflection
and transmission for normally incident left-handed circularly
polarized (LCP) and right-handed circularly polarized (RCP)
waves. Fig. 2 presents the reflection and transmission spectra
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Fig. 3. Simulated (a), (b) electric field (z-component, E) and (c), (d) surface
current distributions of the unit-cell structure at (a), (¢) 7 GHz and (b), (d) 11GHz
for the normal incident LCP wave.

of the single-layer MS, as observed in both simulations and ex-
perimental measurements, for LCP and RCP waves propagating
along the z-axis direction. Remarkably, the measured amplitudes
of the reflected and transmitted CP waves align closely with
the simulation results, indicating a good agreement. There are
some minor difference between simulation and experiment for
the reflection and transmission under the incident LCP and RCP
wave. Several possible factors could account for these differ-
ences, including: (1) minor discrepancies in the permittivity of
the Rogers RO4350 board substrate and the metallic structure
thickness during the fabrication process; (2) the influence of
finite sizes of the metasurface slab, which were considered in
the measurements but not accurately simulated or calculated in
practical terms; and (3) potential imperfections and tolerances
in the test environment.

Fig. 2(a) and (b) present the amplitude characteristics of the
reflected orthogonal circularly polarized (CP) wave, as obtained
through simulations and experimental measurements. Through-
out the frequency range of 5-15 GHz, both the simulated and
measured amplitudes consistently exceed 0.25, with a peak
value of 0.47 observed at 8—10 GHz. Similarly, Fig. 2(c) and
(d) exhibit corresponding amplitude curves for the transmitted
orthogonal CP wave, which also maintain amplitudes above 0.25
across the broad frequency range of interest. Remarkably, the
designed MS possesses an ultra-thin profile, with a thickness
of merely 0.8 mm, representing approximately 1/37.5 of the
operating wavelength at 10 GHz. Notably, the amplitudes of the
reflected and transmitted orthogonal CP waves remain nearly
identical throughout the entire frequency range. These findings
demonstrate that the proposed MS can effectively convert a
portion of the incident LCP or RCP wave into its orthogonal CP
component, achieving simultaneous reflection and transmission
across the broadband spectrum. Additionally, the CP conversion
efficiency for both reflection and transmission modes averages
approximately 22% across the entire frequency range, with a
near-uniform efficiency of around 25% near 8 GHz, approaching
the theoretical limit for an infinitesimally thin MS.

To elucidate the underlying physical mechanism responsible
for the CP conversion in our design, Fig. 3 showcases the spatial
distribution of the instantaneous induced electric field (E,) and
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surface currents within the unit-cell structure, excited by incident
LCP waves at two distinct resonance frequencies, namely 7 GHz
and 11 GHz.

The plots in Fig. 3(a) and (b) reveal an enhanced E, field
within the unit-cell, indicating a significant accumulation of
charge along the edges of the SSR structure and circular cover
structures at these respective frequencies. This observation sug-
gests that the CP conversion phenomenon in our design primar-
ily originates from a simple electric dipole-dipole interaction.
Furthermore, the induced surface currents depicted in Fig. 3(c)
and (d) exhibit similar characteristics in both frequency bands,
albeit with reversed flow directions. This intriguing behavior
implies that the CP conversion performance can be effectively
maintained across a wide frequency range. Consequently, our
proposed single-layer MS serves as a versatile wideband CP
converter, simultaneously achieving half-reflection and half-
transmission capabilities.

B. Multi-Functional Full-Space Wavefront Manipulation

This section focuses on the application of the proposed ultra-
thin single-layer MS for comprehensive and multifunctional
wavefront manipulation across the entire space, utilizing the
principles of geometric phase. The geometric phase, also re-
ferred to as the Pancharatnam-Berry (PB) phase, serves as a
powerful tool for controlling the wavefront properties of CP
waves. By incorporating the geometric phase concept, the MS
is capable of inducing equal and opposite phase shifts on the two
orthogonal CP states, resulting in a dispersion-less response that
is solely determined by the orientation angle of the resonator
structure. With the geometric phase MS, a complete range of
27 phase shift can be achieved by simply rotating the resonator
structure to a specific orientation angle, while maintaining a
constant amplitude for the orthogonal CP wave.

By introducing a local orientation angle « in the designed
unit-cell structure of MS, the CP wave can undergo conversion to
its orthogonal component, accompanied by a sudden phase shift
of £2« during reflection or transmission. Consequently, the pro-
posed MS offers the capability to achieve various CP wavefront
manipulations by arranging unit-cells with different . In order
to comprehensively manipulate the CP wavefront across the
entire space using the proposed MS, it is necessary to investigate
whether rotating the « of the unit-cell structure can yield a
complete 27 phase shift, while simultaneously maintaining high
amplitudes of the orthogonal CP wave for both reflection and
transmission modes. Fig. 4(a) and (c) present the simulated
amplitudes of the reflected and transmitted orthogonal CP waves
for the proposed structure with eight different orientation angles
(a), under normal incident LCP and RCP waves propagating
along the negative z-axis direction. The simulated amplitudes of
the reflected and transmitted orthogonal CP waves for unit-cell
structures with varying «, in steps of 22.5°, are nearly identical
and consistently above 0.3, which aligns with the experimental
findings (refer to Fig. 2(a) and (c)). The corresponding phases
of the reflected and transmitted orthogonal CP waves for the
designed MS structure with different «, also in steps of 22.5°,
are depicted in Fig. 4(b) and (d). It is evident that the phase
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« and the corresponding amplitude and phase of the (a) reflected and (b)
transmitted orthogonal CP wave under normal incident LCP wave at 9 GHz.

shift between adjacent o values is approximately 45° over the
broadband frequency range of 5 GHz to 15 GHz. Additionally,
the phase variation of the reflected and transmitted orthogonal
CP waves exhibits a nearly linear relationship with the change
in « within the aforementioned broadband range. Thus, by
manipulating «, the full range of 27 phase-shift can be achieved.
The proposed SSR structure enables broadband CP conversion
and 27 phase control for both reflection and transmission. Nu-
merical simulations serve as evidence for the effectiveness of
the proposed single-layer MS in achieving full-space wavefront
manipulation, anomalous reflection and refraction, full-space
vortex beam generation, and planar focusing effects.

1) Anomalous Reflection and Refraction: To investigate the
anomalous reflection and refraction effect of the incident CP
waves, Fig. 5 showcases a MS supercell consisting of eight
unit-cells with different o and presents the amplitudes and
phases of the reflected and transmitted orthogonal CP waves
at a frequency of 9 GHz. By employing the MS supercell, a
linear gradient phase spanning from O to 27 is achieved for both
reflection and transmission. The amplitudes of the orthogonal
CP waves for reflection and transmission remain consistently

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 4, AUGUST 2023

300 @)\ =7GH2:

Eo00 SNNN 0
= N ;’\' N
2240
g 1.0
208
R=
g 0.6
N 0.4
= 02| M
Ian 200
g 0.0 “:.’-“J‘l'l' ‘;‘_ﬁit"_’;
0
Z.

20 40 60 80
Reﬂectl?dlg angle, 0, (deg)

Fig. 6. Simulated space electric field distributions in x-z plane of the reflected
RCP wave under the normal incident LCP waves propagating along the z-axis
direction at (a) 7 GHz, (b) 9 GHz and (c) 11 GHz, (d) the corresponding
normalized intensity of the reflected wave.

high, approximately 0.47, as we progress from Unitl to Unit8.
Moreover, the 27 phase coverage is achieved at 9 GHz. These
findings highlight the capability of the proposed MS supercell,
based on the geometric phase principle, to facilitate abnormal
reflection and refraction.

In the context of a free spece environment and normal inci-
dent CP wave (n; = 1 and 6; = 0°), the deflection angles of
the reflected and transmitted waves can be derived using the
generalized Snell’s law [39]:

A

0, =sin! | —=
S111 (pN>

1 o
; =sin ! (pN)

In the equations provided, .., 0+, and 8, represent the angles of
reflection, refraction, and incidence of the CP wave, respectively.
The refractive index of the free space environment is denoted by
n;, while A corresponds to the operating wavelength. Addition-
ally, p represents the lattice length of a unit-cell, and N denotes
the number of unit-cells within the operating wavelength range.

For the specific design of anomalous reflection and refraction
inthe MS, Nissetto 8, pis setto 15mm, and the typical operating
frequencies are fj = 7GHz, fo = 9GHz, and f3 = 11GHz. The
theoretical calculations indicate that for normal incident LCP
waves, the corresponding values of 6,. and 6, for the proposed
single-layer MS are approximately 20.92°, 16.12°, and 13.13°
at 7 GHz, 9 GHz, and 11 GHz, respectively.

To further illustrate the anomalous reflection and refraction
capabilities of the proposed MS for normal incident CP waves,
we present simulated electric field distributions and normalized
intensity profiles of the reflected and transmitted RCP waves.
The simulations depict a scenario where a normal incident left
LCP wave propagates along the z-axis direction at frequen-
cies of 7 GHz, 9 GHz, and 11 GHz, as shown in Figs. 6
and 7. It is observed that both the reflected and transmitted
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Fig. 7. Simulated electric field distributions in x-z plane of the transmitted
RCP wave under the normal incident LCP waves propagating along the z-axis
direction at (a) 7 GHz, (b) 9 GHz and (c) 11 GHz, (d) the corresponding
normalized intensity of the transmitted wave.

waves exhibit oblique directions relative to the z-axis direction,
indicating a successful conversion of the incident LCP wave
into its orthogonal CP component and deflection in anomalous
directions. Moreover, the deflection angles decrease as the oper-
ating frequency increases, for both reflection and transmission.
Specifically, the deflection angles of the reflected and transmitted
waves are found to be 21°, 16°, and 13° at 7 GHz, 9 GHz, and
11 GHz, respectively, which closely align with the theoretical
predictions of 20.92°, 16.12°, and 13.13°.

The normalized intensity profiles of the reflected and trans-
mitted waves, depicted in Figs. 6(d) and 7(d), respectively, indi-
cating that they approach unity at the corresponding deflection
angles of 21°, 16°, and 13° for the frequencies 7 GHz, 9 GHz,
and 11 GHz. These findings are consistent with the theoretical
predictions, confirming the effectiveness of the proposed single-
layer MS as a beam deflector for CP waves in both reflection
and transmission modes. The achieved deflection angles of 21°,
16°, and 13° at 7 GHz, 9 GHz, and 11 GHz, respectively, under
normal incident LCP wave align with the expected behavior of
the system.

2) Vortex Beam Generation: The generation of vortex
beams, which carry OAM, holds significance in wireless com-
munication and can be achieved using MS when illuminated with
CP waves [20], [28], [44], [45]. A vortex beam with OAM pos-
sesses a phase distribution of e/ at the transverse plane, where
[ represents the topological charge and ¢ denotes the azimuthal
angle. The OAM is associated with the spiral phase front of the
spatial distribution, forming the orbital component of the vortex
beam. This section focuses on numerically demonstrating the
generation of vortex beams carrying OAM using the designed
single-layer MS, both in reflection and transmission. To achieve
the desired vortex beam with a spiral phase profile, the unit-cells
within the MS need to be arranged in a spiral shape. The phase
distribution of each unit-cell position (x, y) should be carefully
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Fig. 8.  Phase distributions of the proposed (a) reflection and (b) transmission
MS for the generated vortex beam with topological charge of [ = 1.

designed to correspond with the azimuthal angle ¢ around the
central point (0,0), ensuring the desired spiral phase profile of
the vortex beam is obtained [46]:

o (x,y) =1 -arctan (%) 3)
the symbol ¢(x, y) represents the necessary phase distribution
for a specific location, while the variable / indicates the desired
OAM topological charge, which determines the specific vortex
beam of the /-th order by modifying the phase arrangements
within the MS. The value of / can be any integer (1, +2, £3,
etc.), and the corresponding azimuthal phase variation can span
a phase range of / x 27 by utilizing the specially designed MS.

To achieve vortex beams with various topological charges,
different phase arrangements can be utilized. However, in this
particular study, our focus is on generating full-space vortex
beams using a simplified design approach for the proposed
single-layer MS. For this purpose, we divide the MS into eight
triangular regions and concentrate on generating a vortex beam
with a topological charge of [ = 41. Fig. 8 illustrates the
phase distributions of the proposed MS for both reflection and
transmission modes, enabling the generation of vortex beams
carrying OAM with a topological charge of [ = +1. Within
the MS, the adjacent regions maintain a phase gradient of 7/6,
resulting in phase values ranging from 0 to 27 for a complete rev-
olution around the beam axis in both reflection and transmission
modes. To implement the generation of vortex beams in both
reflection and transmission modes, the proposed MS consists of
atotal of 14 x 12 unit cells, covering an area of 210 x 180 mm?.

The reflection and transmission of CP vortex beams produced
by the proposed single-layer MS were simulated using the FIT.
In the simulation, open boundaries are employed in both the x
and y directions to model the MS array accurately. To mitigate
any truncation effects resulting from the edges of the MS, LCP
Gaussian beams are illuminated on the xoy plane of the designed
MS, propagating along the negative z-direction [20].

Figs. 9 and 10 depict the near-field phase and intensity distri-
butions of reflected and transmitted vortex beams carrying OAM
with a topological charge of [ = +1, respectively, at frequencies
of 7 GHz, 9 GHz, and 11 GHz. Across these frequencies, both
the reflected and transmitted vortex beams exhibit characteristic
near-field spiral phase distributions indicative of OAM with a
topological charge of / = +1. Additionally, these distributions
feature pairs of spiral arms, with opposite rotational directions
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Fig. 9. Simulated distributions of (a), (c), (e) phases and (b), (d), (f) intensity
of the reflected vertex beams with topological charge of / = +1 at (a)—(b) 7GHz,
(c)—(d) 9GHz and (e)—(f) 11G Hz for the proposed MS for the normal incident
LCP wave.
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Fig. 10.  Simulated distributions of (a), (c), (¢) phases and (b), (d), (f) intensity
of the transmitted vertex beams with topological charge of / = +1 at (a)—(b)
7GHz, (c)—(d) 9GHz and (e)—(f) 11G Hz for the proposed MS for the normal
incident LCP wave.

observed in both reflection (as shown in Fig. 9(a), (c), and (e) and
transmission modes (as shown in Fig. 10(a), (c), and (e). These
findings suggest that the generation of reflected and transmitted
vortex beams occurs over a wide frequency range spanning from
7 GHz to 11 GHz. Furthermore, the central region of the vortex
beam with a topological charge of / = +1 displays a near-zero
intensity area attributed to the presence of a near-field phase
singularity, as illustrated in Figs. 9(b), (d), and (f) and 10(b),
(d), and (f). It is worth noting that the proposed single-layer
MS has the potential to generate a range of vortex beams with
higher-order topological charges (e.g.,1 = £2, £3, £4, etc.) for
both reflection and transmission across a broadband frequency
range (not shown).

To assess the efficacy of the designed MS in generating
reflection and transmission vortex beams, we employed the
discrete Fourier transform (DFT) algorithm to calculate the
OAM mode purities of vortex beams with a topological charge
of [ = +1 at three distinct frequencies. By applying the spiral
harmonics ¢//® to analyze the electric field projection, Fourier
spectral analysis allows us to evaluate the primary and sec-
ondary mode powers of the generated vortex beams with varying
topological charges [20], [27]. Fig. 11 presents the OAM mode
purities of the reflected and transmitted vortex beams with a
topological charge of / = +1 at frequencies of 7 GHz, 9 GHz,
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Fig. 11. Calculated OAM mode purity of the (a) reflected and (b) transmitted
vortex beam of the proposed MS with topological charge of [ = +1 at three
typical frequencies (f = 7GHz, 9GHz, 11GHz).

and 11 GHz for normally incident LCP Gaussian waves. The
main OAM mode purities for the reflected vortex beam with a
topological charge of / = 41 reach values of 69.4%, 62.9%,
and 55.2%, while the corresponding transmission purities are
64.9%, 60.1%, and 59.7% at the aforementioned frequencies.
These findings indicate that the desired OAM modes dominate
atall three frequencies, thereby demonstrating the high quality of
the generated vortex beams for both reflection and transmission
modes. Furthermore, the purities of other OAM modes remain
below 15% at these frequencies, suggesting the presence of
minor phase noise. Hence, it is evident that the proposed MS can
effectively generate broadband vortex beams for both reflection
and transmission modes.

3) Planar Focusing Effect: The planar focusing effect
achieved through meta-lenses based on MSs is widely regarded
as a highly promising EM device, offering distinct advantages
in terms of functionality and performance compared to conven-
tional lenses [29], [35], [39], [47]. Leveraging the planar focus-
ing effect simplifies numerous focusing components, facilitating
the integration of EM devices into modern systems. Specifically,
the utilization of specialized MSs with discontinuous phase
gradients enables the realization of diverse meta-lens designs
[47].

In this section, we provide a comprehensive demonstration
of the planar focusing effect in both reflection and transmission
modes, utilizing the designed MS structure. To achieve complete
spatial focusing for the incident CP wave, precise calculations
are performed to determine the specific orientation rotation angle
of each unit-cell on the xoy plane. This calculation compensates
for the necessary phase delay required for effective focusing.
The phase distribution of the meta-lens in the xoy plane can be
generally determined using the following equation [47], [48],
[49], [50]:

@(x,y):%(\/xz—FyQ—kF?—F) “4)

where (x, y) represents the phase compensation at special point
(x,y) of the xoy plane, F'is the focal length and X is the operation
wavelength.

Fig. 12 provides a schematic representation of the specially
designed MS structure and depicts the corresponding phase
distributions in the xoy plane for both reflection and transmission
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Fig. 12.  (a) Schematic diagrams of the 2D array of the designed MSs at 7GHz,
(b) the corresponding phase distribution in xoy plane.
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Fig. 13.  (a) The simulated 2D electric field (|E]) distributions in the (al)~(c1)
x-z plane and (a2)—(c2) x-y plane of (a) the reflected CP wave at (al)—(a2) 7 GHz,
(b1)—(b2) 9 GHz and (c1)—(c2) 11 GHz, (a3)—(c3) the corresponding electrical
field intensity (|Ercp|?) profile on focal plane at the above three frequencies.

modes. The proposed single-layer meta-lens, based on the MS
structure, exhibits the capability to achieve the focusing effect
for both reflection and transmission. As depicted in Fig. 12(a),
the meta-lens is constructed by arranging 13 x 13 unit-cell
structures. The phase distribution across the xoy plane of the
MS enables complete coverage of a 27 phase in both the x- and
y-axis directions, as illustrated in Fig. 12(b). To demonstrate
the full-space focusing effect of the MS-based meta-lens, a
pre-determined theoretical focal length of 80 mm and operating
frequencies of 7 GHz, 9 GHz, and 11 GHz were selected. The
simulation was conducted using open boundary conditions, with
an incident LCP wave propagating along the -z direction serving
as the excitation source.

Figs. 13 and 14 showcase the simulated electric field distribu-
tions (JE|) in the x-z and x-y planes, as well as the corresponding
intensity profiles (|E g cp|*) on the focal plane of the reflected and
transmitted orthogonal CP waves across frequencies of 7 GHz,
9 GHz, and 11 GHz. In Fig. 13(al)—(c1), the electric field of the
reflected orthogonal CP wave exhibits a concentrated pattern
around specific positions, namely z = 74.13 mm, 76.66 mm,
and 75.27 mm, within the x-z plane when the incident LCP
plane wave propagates along the z-axis direction. Notably, these
positions give rise to distinct bright spots at the respective fre-
quencies. The practical focal length F. for the reflected orthog-
onal CP wave is thereby estimated to be approximately 74.13
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Fig. 14.  (a) The simulated 2D electric field (|E]) distributions in the (al)—(c1)
x-z plane and (a2)—(c2) x-y plane of (a) the transmitted CP wave at (al)—(a2)
7 GHz, (b1)—(b2) 9 GHz and (c1)—(c2) 11 GHz, (a3)—(c3) the corresponding
electrical electrical intensity (|Ercp|?) profile on focal plane at the above three
frequencies.

mm, 76.66 mm, and 75.27 mm at these frequencies, respectively,
which aligns closely with the theoretical focal length of 80 mm.

Furthermore, as depicted in Fig. 13(a2)—(c2), a distinct bright
spot is observed at the central position of the focal plane, indi-
cating effective convergence of EM energy for the reflected or-
thogonal CP wave across a wide frequency range. The full-width
half maximums (FWHM) of the electric field intensity (|[Er,cp|*)
along the x-axis direction for the reflected orthogonal CP wave,
as illustrated in Fig. 13(a3)—(c3), measure approximately 33.22
mm, 26.18 mm, and 21.49 mm at 7 GHz, 9 GHz, and 11 GHz, re-
spectively. These findings demonstrate a notable subwavelength
focusing effect in reflection achieved by the designed meta-lens,
covering a broad frequency spectrum. It is worth noting that
the FWHM value depends heavily on the aperture size of the
MS-based meta-lens and can be further reduced by increasing
the total number of unit-cells.

We now proceed to assess the focusing performance of our
design in the transmission mode, which is illuminated by an
LCP plane wave. Similar to the reflection mode, the simulated
2D electric field distributions on the x-z plane and x-y plane at the
operating frequency vividly illustrate the exceptional focusing
effect in the transmission mode. As shown in Fig. 14(al)—(cl),
the focal length F; of the transmitted orthogonal CP wave
measures approximately 77.64 mm, 77.77 mm, and 79.98 mm
at 7 GHz, 9 GHz, and 11 GHz, respectively, closely matching
the theoretical value of 80 mm. In Fig. 14(a2)—(c2), a distinct
bright spot at the central position of the focal plane is clearly
observed at these frequencies, indicating efficient convergence
of EM energy to a focal point after transmission through the
designed meta-lens across a wide frequency range.

Moreover, Fig. 14(a3)—(c3) demonstrates that the calculated
full-width half maximum (FWHM) of the electric field intensity
(|ELcp[?) along the x-axis direction for the transmitted orthogo-
nal CP wave is approximately 35.56 mm, 26.18 mm, and 22.27
mm at 7 GHz, 9 GHz, and 11 GHz, respectively, signifying
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TABLE I
COMPARISON FOR FULL-SPACE MSS REALIZED IN LITERATURES

References Structure Polairzation Operation Fractional Application demonstrated

ion efficiency bandwidth

[35] Four-layers LP 85%-91% 9.5% Bend, focusing

[36] Five-layers LP 90% 9.6% Deflection, diffuse RCS, and

371 Single-layer cp 20% 112% Deflection and OAM

[38] Three-layer LP 60%-80% 13.3%

[39] Two-layer CP 85%-90% 16.6% Deflection, focusing and
OAM

[40] Five-layers LP 90% 41.1% OAM

This work Single-layer Ccp 23% 87.1% Deﬂectior(l). S\;ﬂsing and

a pronounced focusing effect in transmission achieved by our
meta-lens over a broadband frequency range. Additionally, the
maximum intensity of the transmitted CP wave is approximately
22,62, and 53 times higher than that of the incident wave at these
frequencies, highlighting the remarkable focusing effect during
transmission enabled by the designed meta-lens.

It is noteworthy that the designed MS has achieved successful
realization of a broadband CP conversion and full-space wave-
front manipulation applications. This accomplishment demon-
strates a high level of comparability with previous studies in the
field [35], [36], [37], [38], [39], [40]. The proposed MS design
scheme has been compared to recently reported designs based on
various performance parameters such as structure configuration,
polarization, operation efficiency, fractional bandwidth and ap-
plocation demonstrated. According to the comparison presented
in Table I, a clear improvement can be observed, indicating that
the proposed MS design outperforms the previously reported de-
signs in one or more of the mentioned performance parameters.

IV. CONCLUSION

In conclusion, we demonstrated a novel design of an ultra-thin
MS that consists of a copper SSR structure enclosed by a copper
circular cover on a dielectric substrate. This design achieves
broad CP conversion with equal parts reflection and transmis-
sion, as well as versatile wavefront manipulation capabilities
in the microwave range. Simulation results demonstrate that
the amplitudes of the orthogonal CP wave in both reflection
and transmission modes exceed 0.35 across a frequency range
of 6.2 GHz to 15 GHz, with a fractional bandwidth of 83%,
which aligns well with experimental measurements. Leveraging
the geometric phase principle, the MS achieves complete 27
phase coverage for both modes over the entire broadband fre-
quency range. Three MS devices are designed and numerically
demonstrated to realize anomalous reflection and refraction,
vortex beam generation, and planar focusing functionalities in
both transmission and reflection modes within a wide frequency
range, thereby confirming the concept of comprehensive and
multifunctional wavefront manipulation. Moreover, by scaling
the unit-cell structure, the proposed single-layer MS can ef-
fectively operate in the terahertz, infrared, and even optical
regions. With its exceptional features of broad CP conversion
and versatile wavefront manipulation, we anticipate that our
proposed MS will greatly impact the design of electromagnetic
wave modulating devices.
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