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Bifunctional Integration Performed by a Broadband
High-Efficiency Spin-Decoupled Metasurface

Ling-Jun Yang, Sheng Sun,* Wei E. I. Sha, and Jun Hu

Achieving broadband multitasked integration on an ultrathin interface is
pivotal to increasing data capacity. However, broadband bifunctional metas-
urfaces exhibiting high-efficiency and crosstalk-free characteristics are rarely
seen. Here, three broadband spin-decoupled criteria are developed to design
the meta-atoms of high-efficiency bifunctional metasurfaces. Specifically,

six dipole-loaded quasi-l-shaped meta-atoms are proposed to satisfy the
broadband spin-decoupled criteria in radio band from 8.6 to 17.8 GHz (about
70% bandwidth) with more than 90% efficiency. The metasurface equipped
with the proposed meta-atoms can keep dispersionless phase gradients and
crosstalk-free characteristics in two orthogonal circular polarizations. This
work demonstrates the broadband scheme with spin-decoupled bifunctional
metasurface, yielding two independent broadband multimode vortex beams
in two completely decoupled helicities. Besides, other possible applications
of the proposed meta-atoms are illustrated from the perspective of the half-
wave plant (polarization control). Accordingly, the other multitasked-type
bifunctional metasurface is fabricated to achieve the broadband integration
of two different functionalities: polarization conversion and full-polarization
anomalous refraction. The proposed schemes offer broadband, polarization-
multiplexing, and multitasked-integration routes for complex electromagnetic
wave manipulations within a subwavelength thickness, which can stimulate
the development of electromagnetic/optical integration devices with broad-

these limitations and has attracted much
interest over the last decade due to their
various wavefront-shaping capabilities.!'3]
As such, plenty of integrated devices have
been developed to address the demands
of beam control including holograms,*!
metalenses,%”] polarization converters,®*!
and reconfigurable intelligent sur-
faces.>1%1U Furthermore, metasurfaces are
excellent candidates for integrating diverse
functionalities into single devices with
deep-subwavelength thickness and out-
standing efficiency.'> However, to meet
the explosive demands for large channel
capacity and multi-function integration,
ongoing efforts should be made to pursue
additional multiplexing techniques such
as polarization(spin) multiplexing, fre-
quency multiplexing (broadband), space
multiplexing, and even multitasking,
among others.

Pancharatnam—Berry (PB) phase, an
additional phase of scattering-wave trig-
gered by the rotated scatterer, was noted
by Prof. Pancharatnam in 1956 and then
interpreted as a geometric phase by Prof.

band multiplexing techniques.

1. Introduction

Manipulating electromagnetic (EM) fields at will lays the fun-
damental basis in many optical and wireless applications.
However, traditional EM devices based on natural materials
are limited by restricted capabilities, large setups, and low
efficiency. Metasurface, an ultrathin artificial interface com-
prised of subwavelength meta-atoms, can potentially overcome
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Berry in 1984.1°! As the geometric phase

is orientation-related but resonance-

independent of the meta-atoms, the geo-
metric phase metasurface can potentially extend broadband
applications, including vortex beams and polarization conver-
sion.l1 However, the geometric-phase-only metasurface can
only provide intrinsically opposite signs for two spins, leading
to a spin-locked and mirrored functionality for the other cir-
cularly polarized (CP) light. In the early years, the “merging”
concept was developed to design multi-functional geometric
metasurfaces that can generate different holographic images!?’!
or vortex beams?!! depending on the spin(polarization) states
of incident light. Unfortunately, the spin-locked limitations
in the “merged” geometric metasurfaces still exist. Due to the
inefficient work of partial meta-atoms, these “merged” meta-
devices typically suffer from the practical constraints of low effi-
ciencies and functionality crosstalk. Recently, the spin-locked
limitation of geometric-phase metasurfaces has been released
by involving the dimension-dependent Aharonov-Anandan
(AA) phasel?223] or propagation phase (or dynamic phase).2+2¢]
Based on this strategy, various spin-decoupled multi-functional
metasurfaces have been proposed to realize arbitrary spin-to-
orbital momentum convertersi?-?! or spin-decoupled wave-
front shaping.?*-3% These completely different functions in two
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polarization states pave the way for polarization-multiplexing
devices. Some research even exhibits broadband spin-decou-
pled functions for two generated CP beams.[?32-3¢ However,
the asymmetric AA-phase meta-atom may introduce unequal
reflection amplitudes for two circular polarizations, which may
hinder the high-efficiency design. These meta-atoms in the
abovementioned spin-decoupled metasurfaces still have room
to be broader frequency bandwidths and higher efficiency.
Additionally, a systematic understanding of how the broadband
spin-decoupled metasurface contributes to broadband func-
tions is still lacking. Efforts should be made to explore poten-
tial broadband multitasking integration more than polarization
multiplexing.

In this work, we develop three criteria to design broadband
spin-decoupled meta-atoms, aiming to engineer bifunctional
metasurfaces with two distortion-free CP phase profiles and
dispersionless phase gradients. In particular, six dipole-loaded
quasi-I-shaped meta-atoms are proposed to satisfy the broad-
band spin-decoupled criteria, which guarantees stable propaga-
tion phase gradients between meta-atoms and more than 90%
efficiency at microwave frequencies from 8.6 to 17.8 GHz (about
70% bandwidth). Based on the proposed meta-atoms, we realize
two broadband bifunctional metadevices: one simultaneously
possessing distinct broadband vortex phases for two CP waves,
and the other capable of integrating two distinct broadband
functionalities of the full-polarization anomalous refraction and
high-efficiency polarization control (See Figure 1). The proposed
metasurfaces represent a simple but highly efficient broadband
anisotropic media to manipulate the phase and polarization of
a broadband incident wave, providing strategies for fabricating
broadband, high-performance, and integrated EM devices.

2. Theoretical Design and Discussion

The spin-decoupled strategy has been elaborated by combining
the propagation and geometric phases.?”"?’l The quasi-I-shaped

broadband

Figure 1. A schematic of a broadband bifunctional metasurface for the
full-polarization anomalous refraction and polarization control.
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meta-atom has been used to fabricate broadband spin-decou-
pled metasurfaces.?**¥ The main contributions and organiza-
tion in this section are as follows: 1) In Section 2.1, we elucidate
the broadband spin-decoupled criteria for meta-atoms design,
that is, Equations (4-6). 2) In Section 2.2, we develop a broad-
band high-efficiency spin-decoupled meta-atom. 3) Section 2.3
demonstrates a broadband polarization-multiplexing metasur-
face that can generate broadband multimode orbital angular
momentum (OAM) beams in two spin-decoupled helicity. 4)
In Section 2.4, we further explore broadband multitasking-type
metasurface that can integrate two distinct functionalities of
polarization conversion and wavefront manipulation.

2.1. Three Criteria for Designing Broadband High-Efficiency
Spin-Decoupled Meta-Atoms

It is convenient to reveal a spin-decoupled strategy using the
Jones calculus.””] For mirror-symmetric reflection-type meta-
atoms, the Jones matrix of CP reflection coefficients can be
written asl?’]

R - Rllejw erej% a ne-ﬂa S
P R, R,e/* - ) ne’*” ¢

where §and 7 can be calculated as §= (R.J** + R,,6%7)/2 and
1= (R,6”* - R,6)/2. The ais the orientation angle of meta-
atoms. Without loss, the reflected amplitudes for x- and y-polar-
ized waves are kept at unity (R,, = Ry, = 1). If one can obtain a
7 phase difference between x- and y-polarized reflection phase
(¢ex —¢yy = M), O can be effectively suppressed to zero(d = 0)
whilst the converted part 7 can be reduced to 1 = ¢*. There-
fore, the imparted phase over left circular polarization (LCP)
and right circular polarization (RCP) wave satisfy ¢y = ¢, — 2¢¢
and ¢, = ¢, + 20. We can decompose the CP phases into the
even phase and the odd phase as follows.

Deven = (P +0r) [ 2= P (2)

Poaa = (O —u) [ 2=20x 3)

Equations (2) and (3) establish an insightful relation between
propagation, geometric, and two CP phases. Specifically, the
propagation phase (¢,,) and the geometric phase (2¢) con-
tribute the symmetrical (even) phase and antisymmetrical (odd)
phase, respectively, to two CP phases. The arbitrary CP phases
will be obtained if one can design both the propagation (even)
phase and the geometric (odd) phase with an arbitrary phase
shift (from 0 to 27).

Here, we propose three criteria for designing broadband
spin-decoupled meta-atoms. 1) The attainable even phase
and the odd phase of the proposed meta-atoms must cover a
27 range across the whole bandwidth; 2) The phase gradient
between meta-atoms for the even phase and the odd phase
must be stable over the whole bandwidth. 3) The conversion
efficiency 71 of meta-atoms must be high enough across the
whole bandwidth. For the even phase (propagation phase), we
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can design N-number of broadband meta-atoms to satisfy the
criteria 1) and 2) as follows:

IN-Ap..| =27 (4
Adu =9 (f) =9 (f) (i€ [1,2,-- -, N-1]) )

where the superscript i represents the ith meta-atom. f is the
frequency in operating bandwidth. Equations (4) and (5) estab-
lish the broadband criteria for the phase coverage and the con-
sistent phase gradient between meta-atoms. For the geometric
phase (odd phase), the coverage of 27 can be achieved by
altering the orientation angle; the phase and the phase gradient
are frequency-independent, making them naturally appropriate
for the broadband phase control. It is noticed that the geo-
metric phase can only impart on the co-polarization reflective
coefficients (the matrix diagonal elements 7) in Equation (1).
Therefore, a high-efficiency condition 3) of those geometric-
phase meta-atoms should be satisfied within the bandwidth as

|ni (f)| =‘ej¢»’cx(f) _e}'¢'§v(f)‘ /2=~ 1(1 e[1,2,- ,N]) (6)

Equation (6) can be interpreted as the broadband geometric-
phase condition (the broadband 7z phase difference ¢,.(f) —
o) = @7 It is noticed that |nf + |6 = 1 according to the
energy conservation law (without loss). Therefore, a higher n
can enhance the efficiency and suppress the crosstalk in cross-
polarization. The polarization conversion ratio (PCR = |n//
(InP + |6P) = nP) is commonly used to describe the conversion
efficiency.

In all, Equations (4-6) are three specific formulas for
designing broadband reflection-type spin-decoupled meta-
atoms. The designed metasurface consisting of those broad-
band meta-atoms can provide a broadband dispersionless phase
gradient for two spins(CP) in operating bandwidth as follows:

ave _
df

@ is the phase profile of metasurface for the considered CP.
According to the generalized Snell’s reflection law,! the reflec-
tion and diffraction are governed by the phase gradient Vo
along the interface (the xoy plane).

0 7)

Vo =k, +ké,
ko sin(B,) cos(¢, ) —k, sin(6;)cos(¢;) =k, (8)
ko sin(6,)sin(@,)—k, sin(6;)sin(¢;) =k,

where 6, and ¢, represent the incident polar and azimuth
angle, 6, and ¢, represent the reflection ones, k, is the wave
vector in free space, é, and é, are the unit polarization vector,
and k, and k, can be interpreted as an additional momentum
contribution induced by the phase gradient. It is worth men-
tioning that the proposed broadband spin-decoupled strategy
can obtain a frequency-independent (dispersionless) phase gra-
dient in Equation (8) for two spins. Since the phase gradient
is essential to shape the wavefront, the proposed broadband
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strategy may enable us to expand those spin-decoupled func-
tionalities into broadband and high-efficiency cases.

2.2. The Specific Design Process of Broadband High-Efficiency
Meta-Atoms

To validate the analytical solutions, we design N = 6 number
of single-layer dipole-loaded quasi-I-shaped meta-atoms in the
microwave region to satisfy the broadband High-efficiency cri-
teria (Equations (4-6)). Figure 2a shows the specific arrange-
ment of meta-atoms (left) and corresponding simulation setups
of the supercell (right). It is noticed that the triangular arrange-
ment of hexagonal meta-atoms is applied, which can benefit
from its compact structure and isotropy in geometric-phase
metasurfaces.”38 This paper implements a single-layer die-
lectric substrate to keep simple and ultra-thin characteristics.
Periodic boundary conditions are imposed on edge planes of
the supercell along x and y directions, and the corresponding
reflection coefficient could be obtained from the Floquet port.
All the simulation results in this paper are obtained in the
commercial software HFSS (High Frequency Structural Simu-
lator). Figure 2b shows the top and side views of the proposed
meta-atom. The middle isolation layer is a commercial dielec-
tric board (F4B, &, = 2.65, o= 0.001) with a thickness of 3 mm.
The metal ground plane is printed on the bottom layer to block
the transmission wave completely for a high-efficiency reflec-
tion. On the top layer, we proposed a dipole-loaded quasi-I-
shaped pattern, which consists of a quasi-I-shaped pattern and
a dipole, as seen in Figure 2c. The quasi-I-shaped pattern has
been utilized in several broadband spin-decoupled metasur-
faces.[32:343940 Here the additionally loaded dipole could involve
a tunable resonance for Y-pol fields, which is useful for further
expanding bandwidth and improving performance.

By optimizing the design parameters of meta-atoms with
d=74mm, d, =39 mm, d, =1 mm, h =3 mm, p=10 mm,
and w = 1.2 mm, we can ensure those proposed meta-atoms to
realize a broadband robust geometric phase. In this case, as
seen in Figure 2d, the broadband phase shift of the even phase
can be obtained by varying the structure parameter R. Simulta-
neously, the conversion part 77 maintains almost 0.8 across the
frequency from 8.5 to 20 GHz, nearly 80% relative bandwidth.
The physical mechanism has been interpreted as the Coriolis
effect,] where the phase shift of the spin states depends on
the varying radians of the ring-shaped structure.l?l The ring-
shaped structure has also been applied in the quasi-I-shaped
meta-atom to fabricate broadband spin-decoupled metasur-
faces.[3234394 In the proposed meta-atom, the structure para-
meter R can change the length and radian of the ring-shaped
structure, leading to the synchronized phase shift of two CP
phases, that is, the phase shift of even phase. A circuit-based
interpretation for this result is that the change of the ring-
shaped structure by R can synchronously increase (or decrease)
the coupling capacitances (or self-inductances) in both x- and
y-polarization, leading to a R-related phase shift of the even
phase ¢,,,, (or propagation phase ¢,,) and keeping the 7 phase
difference between x- and y-polarization (¢, — ¢, = 7). A 180°
phase coverage of the even phase is achieved in Figure 2d.
Furthermore, by applying a 90° self-rotational operation on
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Figure 2. a) Arrangement topology and the simulated cell of meta-atoms. b) are the top and side views of the proposed meta-atom structure. c) is
the schematic view of the dipole-loaded quasi-I-shaped pattern. Simulated reflection amplitude and phase responses of meta-atoms with different

dimensions d) R, e) d;, and f) d,.

these broadband meta-atoms, a full phase span of 360° can be
achieved. Hitherto, we can design broadband (80%) spin-decou-
pled meta-atoms with arbitrary even phases (N = o) as seen in
Table 1.

Table 1. Comparisons between the proposed work and several
references.

Reference Operating bandwidth [GHZz] ml PCR [%] N
(relative bandwidth)
34 16-24 (40%) 0.90 81 4
[27] 15-18 (18.2%) 0.93 86 8
132] 10-22 (75%) 0.80 64 o
133] 7.5-18.5 (80%) 0.90 81 2
This work | 8.5-20 (80%) 0.80 64 oo
This work 11 8.6-17.8 (70%) 0.95 90 6
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To further improve the conversion efficiency part 77 in this
paper, both parameters d; and d, are involved in adjusting the
7 phase difference (¢, — ¢y, = 71) in the working bandwidth. Tt
is worth mentioning that the parameters d; and d, of the pro-
posed meta-atom can manipulate the phase responses of ¢,,
and ¢,, independently as seen in Figure 2e,f. As d, varies from
72 to 7.8 mm with R and d, fixed as 2.2 and 3.9 mm, the low-
frequency bandwidth and efficiency part (7) can be designed by
independently manipulating the phase ¢,,. As d, varies from
3.6 to 4.5 mm with R and d, fixed as 3.6 and 73 mm, the high-
frequency bandwidth of the efficiency part (1) can be adjusted
by independently manipulating the phase ¢,,. To simplify the
design, we use N = 6 number of meta-atoms with different
parameters R, d;, and d, to discretize the even phase and sat-
isfy the criteria, that is, Equations (4-6). The higher the quan-
tized number N, the higher the beam performance. A 2-bit
(N = 4) quantized metasurface has been verified to obtain a
rather small gain loss and a quite close aperture efficiency
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Figure 3. a) Schematic and simulated reflection coefficients of the pro-
posed six non-rotated meta-atoms. b) Reflection coefficients of rotated
meta-atoms with different angles o

compared with the continuous one.**! The specific param-
eters of meta-atoms i = [1, 2, 3] are R (mm) = [2.2, 3.1, 3.6], d;
(mm) = [77, 74, 73], and d, (mm) = [3.9, 3.9, 4.5]. The param-
eters of meta-atoms i = [4, 5, 6] are the same with meta-atoms
i=1[1, 2, 3] except for a 90° self-rotational angle. Figure 3 shows
the schematic and corresponding reflection coefficient of the
six proposed meta-atoms. As can be seen from Figure 3a, a
near consistent phase difference (A¢,, = 60°) and a 27 phase
coverage of these even phases(¢,,,, or ¢',,) are always satisfied
from 8.6 to 17.8 GHz (70%), and at the same time, the conver-
sion part of these meta-atoms keeps exceeding 0.95 (|77//> 0.95).
Figure 3b shows the reflection coefficient of i = 5 meta-atom
at different orientation angles to demonstrate the geometric-
phase character. By changing the orientation angle ¢, a strict
20 phase is imparted to the initial meta-atom across the entire
bandwidth, which verifies the o-dependent geometric-phase
character. Moreover, The amplitudes are almost unchanged
and higher than 0.95 for different orientation angles, which
is important to engineer a high-efficiency high-performance
metasurface without amplitude modulation.'” In Table 1, we
compare our performance with some recently reported studies
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of spin-decoupled meta-atoms, where the proposed dipole-
loaded quasi-I-shaped meta-atoms in this work can significantly
enlarge the PCR while maintaining a considerable bandwidth.
The PCR of work II can be calculated as PCR = |77/2 > 90%,
which means more than 90% of energy can be efficiently con-
verted, and only less than 10% of energy remains as crosstalk.
Notice that the crosstalk is uncontrollable and survives in cross-
polarization. Therefore, a high PCR is essential to fabricate
high-efficiency and low-crosstalk devices, especially for our
spin-decoupled (dual-polarization) applications. In all, the high-
efficiency and broadband characteristics of proposed meta-
atoms can attribute to three aspects:

1) A lower dielectric constant and suitable parameters of
period p and thickness h is necessary to achieve a flat phase
response (weak-resonant supercells). Triangular arrange-
ment is implemented to weak the coupling between each
adjacent meta-atom, achieving ignorable fluctuation of reflec-
tion amplitude when the meta-atom rotates (A|77] = <0.02 as
seen in Figure 3b).

2) The ring-shaped structure (parameter R) is the key point to
design the broadband of even phase gradient between meta-
atoms and keep a near 7 phase difference (¢,, —4,, =7 for
high efficiency(|7')).

3) The phase responses ¢,, and ¢,, of the proposed meta-atom
can be independently adjusted by the parameters d; and
d,, respectively. If the meta-atoms are designed with inde-
pendent phase responses ¢, and @,, we may design the
structural parameters all at once, avoiding the burden trig-
gered by polarization crosstalk. As a result, the complexity of
the high-efficiency broadband design procedure will be sig-
nificantly decreased.

2.3. Broadband Arbitrary OAM Beams over Orthogonal Circular
Polarization

Spin-to-orbital devices have been proposed to independently
generate single-mode vortex beam in different CP wave-
fronts.?”l Here, we elaborate how the dispersionless phase
gradient contributes to the broadband OAM generation, and
then, engineer a broadband OAM metasurface that can gen-
erate arbitrary multimode OAM beams over orthogonal circular
polarization. Equipped with the proposed broadband meta-
atoms, the phase gradient of the fabricated metasurfaces can be
kept dispersionless or frequency-independent. The frequency-
independent phase gradient for OAM beams can be written as
follows:

!
Vq) , /’ a :_A(p
(f.p"9) I 9)

where p’and ¢/are the source point in cylindrical coordinate. !
is the topological charge, €, is the unit polarization vector. The
phase profile @ is solved by integrating V@ over an arbitrary
path.

O(f,0,¢) =y (P, ¢")+ Py (f) (10)
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The first term ®,(p’,¢) is a frequency-independent spiral
phase, which is the key point for beam control. The second
term @(f] is a space-independent but dispersive phase delay for
generated beams. In this case, the specific expressions are as
follows:

{q’g (p"¢)=lo’ (11)
Do (f) =0 (f)+ 0

where ¢, is a designable phase constant for the phase delay,
and in this paper we set ¢y = —@,.(f =13 GHz). The space-inde-
pendent phase delay @(f) in Equation (11) will not change the
wavefront of incident waves, while the frequency-independent
spiral phase term ®, can efficiently convert a plane wave into
the desired OAM beam with the topological charge [ in the
whole operating bandwidth. The above broadband theoretical
process can also expand to generate arbitrary multimode OAM
beams. To verify the feasibility of spin-multiplexing meta-
atoms and the theoretical broadband model for OAM beams,
we engineer a single-layer broadband spin-multiplexing meta-
surface that can independently control different CP wavefronts
into arbitrarily expected multimode OAM beams within a wide
bandwidth ranging from 9 to 17 GHz. Arbitrary vortex beam
could be generated by involving a phase profile on metasurface
as follow.[*!

@, () =4(Zﬂme’l““" J (12)
where m is the number of OAM modes, 1, and a,, are the OAM
modes and the corresponding mode weight, respectively. One
can calculate different phase profiles @, and @y for different
LCP and RCP by Equation (12). For example, we try to generate
a single-mode OAM beam with parameter I; = [5], a; = [1] for
LCP and a multimode OAM beam with parameter Iy = [-2,6],
ar = [0.38,0.62] for RCP. Figure 4a shows the specific phase
profiles @, @y, Dye,, and Dqq, calculated by Equations (2),

Deyey = (Pt @;)/2

Arrangement according to @, ;

www.advopticalmat.de

(3), and (12). Then the specific configuration of the metasurface
can be designed by the following process as seen in Figure 4b:
First, arranging these proposed meta-atoms according to the
even phase profile @, that is, the propagation phase of meta-
atoms satisfy @, = ®@,,. Second, rotating the orientation angle
of meta-atoms satisfy o= @,qq/2.

Figure 5 shows the broadband performance of the simu-
lating normalized co-polarization far-field patterns under the
normal incidence of the LCP or RCP plane wave. In this paper,
three frequency points of 9, 13, and 17 GHz are selected to
verify our broadband performance, which corresponds to the
low, medium, and high frequencies of the operating bandwidth,
respectively. The observation range of far-field patterns E(6, ¢)
is the upper-space, meaning the polar angle 6 = [0:1:90] and
azimuth angle ¢ = [0:1:360] (degree). The corresponding OAM
spectra are also included to analyze the OAM purity based on
the Discrete Fourier Transform as follow:

360

A(0,1)= X E (B, g)e 1o o

=1

Under the normal incidence of the LCP plane wave, the
co-polarization scattering fields show the strictly five-period
helical phase at the main lobe; the corresponding normal-
ized OAM spectra also demonstrate the high-purity genera-
tion of I; = [5] OAM beams. By switching the incidence wave
from LCP to RCP, the metasurface can also achieve the high-
purity generation of multimode OAM beams with I = [-2,6].
The clear phase shift in phase patterns and the high purity
of OAM modes in spectra at 9, 13, and 17 GHz in Figure 5
verify the broadband performance of this proposed metasur-
face. The polarization conversion ratio of metasurface is also
included in Figure 5 to verify the conversion efficiency and
calculated as

JIS|EC°*p01|ZdS

PCRmetasurfaCE = .[J.SlEco—P01|2ds+ J’J’S|Ecross—pol|2d5

(14)

Then rotation o= CI);,dd /2

Figure 4. Design process of the broadband spin-decoupled metasurface for generating a single-mode OAM beam with parameter /, =[5], a_ = [1] for
LCP and a multimode OAM beam with parameter Iz = [-2,6], ag = [0.38,0.62] for RCP. a) Specific phase profiles @, ®g, @, en, and Doqq, b) specific

configuration of metasurface.
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(b) RCP plane wave incidence
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Figure 5. Far-field amplitude pattern, phase pattern, and corresponding spectral analyses of co-polarization scattering E-field at 9, 13, and 17 GHz for
the broadband spin-decoupled metasurface under the normal incidence of a) the LCP plane wave, b) the RCP plane wave; the polarization conversion

ratio of metasurfaces are also included.

where Ecopot and Eqroespol are the co-polarization and the cross-
polarization scattering E-field, respectively. S is the mentioned
observation range on upper space. It is noticed that the polari-
zation conversion ratio of metasurface possesses a high level of
more than 84% at the observing frequencies in both LCP and
RCP cases. This is significant for high-efficiency dual-polariza-
tion applications.

2.4. Broadband Bifunctional Integration of Polarization Control
and Full-Polarization Wavefront Shaping

The linearly polarized (LP) Jones matrix of the proposed six
meta-atoms can be approximately rewritten into the half-wave-
plate term yet with a controllable even phase (@eyen OF @yy)
for both orthogonal LP waves as seen in Figure 6. Therefore,
beyond the spin-decoupled bifunctional integration, these
meta-atoms can be naturally extended to broadband half-wave-
plate-related devices,“*#] simultaneously imparting with a
broadband full-polarization phase gradient. Specifically, the
half-wave-plate meta-atoms can flip the polarization vector of
the incident wave along the principal axis, supporting broad-
band polarization control.**% The controllable full-polariza-
tion phase gradient opens a new degree of freedom to integrate
additional wavefront-shaping functions including cloak,*
vortex beam,%? image,’*>¥ and anomalous reflection.>*%
Here, we demonstrate a multi-functional metasurface that
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integrates two broadband functions of polarization conversion
and full-polarization anomalous reflection. By rotating 45° of
the proposed meta-atoms, the 45°rotated Jones matrix of LP
reflection coefficients can be written as?’]

=45 o=45" —1(o=45" 6 n
R = MR, M “”=( n 5J (15)

where M (o = 45°) is the rotation matrix with rotation angle
o = 45°. Therefore, the 45°-rotated meta-atoms can work as a
broadband polarization converter in which the reflection coeffi-
cients satisfy |Ry| = |R,] =|Ry| = | Ry = |n|. Here, the mentioned
polarization conversion is compared to the result obtained by
traditional metal ground (GND), as seen in Figure 6b. Addition-
ally, an anomalous reflection can be imparted into this polariza-
tion converter, and one can calculate the anomalous reflection
angle 6, according to the phase gradient in Equation (8). In this
scheme, we design a phase gradient to obtain a deviation angle
of beams 6, = 20° apart from the z-axis with ¢, = 0° for a normal
incident plane wave at 13 GHz. We engineered a metasurface
consisting of 45°-rotated meta-atoms with the obtained phase
gradient to introduce the anomalous reflection at the interface.
The 3D full-wave simulation is performed in the numerical
simulation software HFSS. Figure 7 shows the simulated nor-
malized far-field patterns on the xoz-plane under the normal
plane-wave incidence of four representative polarizations (LCP,
RCP, X-LP, and Y-LP) at 9, 13, and 17 GHz, respectively. The
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Figure 6. a) The LP Jones matrix of proposed six meta-atoms and cor-
responding functions. b) Traditional reflection on metal ground (GND)
and the anomalous reflection on the proposed polarization—conversion
metasurface.

converted far-field results are significantly higher (10 dB) than
the unconverted one. Additionally, all the converted fields are
bended into the desired direction and match quite well with
the theoretical predictions given by Equation (8). These suggest
that two different functions, polarization conversion and full-
polarization anomalous reflection, can be simultaneously inte-
grated into a single-layer metasurface to realize aperture-shared
devices. Moreover, the multi-function metasurface equipped
with proposed broadband meta-atoms can perform well across
the operating bandwidth from 9 to 17 GHz.

3. Conclusion

In this work, a scheme for the broadband high-efficiency
bifunctional integration Dby single-layer metasurface has
been proposed, implemented, and experimentally verified.
First, three criteria have been proposed to design broadband

Unconverted field
17 (GHz) 9 —--13 —--17(GHz)

Converted field
~~~~~~ 9}l

LCP incidence zZ

RCP incidence

40
50\ 1
80

0 —20(dB) 0 0
X-LP incidence Y-LP incidence

-20(dB) 0

0 -20(dB) 0 0

Figure 7. Normalized far-field simulated patterns on the xoz-plane under
the normal plane-wave incidence of four representative polarizations at 9,
13, and 17 GHz. Here, the converted and unconverted fields are the com-
parison results of polarization with the traditional metal ground (GND).
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spin-decoupled meta-atoms. Accordingly, we have proposed six
dipole-loaded quasi-I-shaped meta-atoms with a considerable
bandwidth (about 70%) and a higher efficiency (PCR >90%)
compared with existing meta-atoms. This high-efficiency char-
acter is essential for low-crosstalk multifunctional devices.
Then, a broadband spin-decoupled OAM metasurface has
been theoretically designed and verified by simulation, indi-
cating that the metasurface using the proposed meta-atoms can
maintain two different phase gradients for two CP in operating
bandwidth. The findings can be used to engineer broadband
polarization-multiplexing devices. In addition, based on the
proposed meta-atoms, the other multitasked-type bifunctional
metasurface is fabricated to achieve the broadband integration
of full-polarization anomalous reflection and high-efficiency
polarization conversion. This polarization-related example con-
tributes to existing knowledge of spin-decoupled meta-atoms by
providing another multitasked-integration route of broadband
polarization control and full-polarization wavefront shaping.

(a) Anechoic chamber
MAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAL/

Radiation absorbent material Metasurface
5

Feeding
15000mm antenna
[ < .. > X
Receiving
antenna 600mm
=

mtatini Elatfbﬁ

@,

Figure 8. a) Experimental setup of far-field measurement in the micro-
wave anechoic chambers. b) The photograph of the specific devices on
the rotating platform, including the feeding antennas and the fabricated
bifunctional metasurface. c) The initial, compensated, and final phase
profiles of metasurface in the design process corresponding to the @,
@, and .
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4. Experimental Section

To further verify the proposed method, an experiment is implemented
as shown in Figure 8. Figure 8a shows the experimental setup in a
microwave anechoic chamber. The receiving antenna was about 15 m
away from the rotating platform to detect the converted and unconverted
far-field patterns. Figure 8b shows the photograph of the specific devices
on the platform, including the feeding antenna and the fabricated
bifunctional metasurface. Two broadband CP Archimedes spiral antennas
and a broadband LP horn antenna with the bandwidth from 8 to 17 GHz
were separately placed in the front of the metasurface at a distance of
600 mm and work as feeding antennas to impinge four representative
beams (LCP, RCP, X-LP, and Y-LP). An additional compensated phase
was imparted into this fabricated metasurface to compensate for the

(a) LCP incidence

RCP incidence

www.advopticalmat.de

spherical wave generated by the feeding antenna. The compensated
phase @ for the meta-atom satisfies the method described in ref. [17] at
13 GHz. The final phase profile @ can be obtained by the superposition
of @; (initial phase profile for anomalous reflection) and @, as seen
in Figure 8c. According to this phase profile, the metasurface can be
fabricated by the proposed meta-atoms using the printed circuit board
technique, and the metallic layer is copper with a thickness of 0.035 mm.
Figure 9 shows the experimentally normalized far-field patterns in the
xoz-plane obtained by rotating the platform. Figure 9a shows both
converted field and unconverted results by impinging LCP, RCP, X-LP,
and Y-LP beams, respectively. Within the operating bandwidth of the
feeding antenna 8-17 GHz, the obvious beam bending effect occurs
in converted fields with significant suppression in unconverted fields,
which verified the bifunctional integration of broadband full-polarization

X-LP incidence Y-LP incidence

8

Converted field f (GHz) f (GHz) Y-LP f(GHz)
E(6.f) (dB) 12.5 12.5 12.5
0 -10
[T = ———— V¥
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RCP 3
Unconverted field /(GHz) f (GHz)
E(6.f) (dB) 12.5 12.5
0 -10
= (P N & T P S T L P
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(C) X-LP incidence Sim. converted Exp. converted Exp. unconverted Theory
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Figure 9. The normalized far-field patterns of converted and unconverted polarization in the xoz-plane. a) the broadband results under the incidence
of the four representative beams (LCP, RCP, X-LP, and Y-LP) from 8 to 17 GHz. b,c) shows the specific patterns under the incidence of RCP and X-LP
beams at 9, 13, and 17 GHz, where the theoretically calculated and the simulated results are also included.
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anomalous reflection and high-efficiency polarization conversion.
Figure 9b,c shows the specific patterns under the incidence of RCP and
X-LP beams at 9, 13, and 17 GHz, where the theoretically calculated and
simulated far-field results are also included. As is shown, all results
agree well, illustrating a noticeable beam bending effect with reflection
angle 6, about 30°, 20°, and 15° at 9, 13, and 17 GHz. Simultaneously,
benefitting from the phase-compensated design, the main lobes of
experimental results impinged by the spherical wave were consistent
with the simulated ones impinged by the plane wave. The reflection
fields were effectively converted into the expected polarization with small
enough (more than —10 dB) crosstalk (unconverted polarization). These
experiment results verified the high-efficiency broadband multifunctions
scheme that achieves the broadband integration of high-efficiency
polarization control and full-polarization wavefront shaping.
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