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Integrated metasurfaces with diversified functionalities have demonstrated promising prospects for comprehen-
sive implementations in compact 5G/6G communication systems by flexibly manipulating electromagnetic (EM)
waves. Increasingly emerged multifunctional metasurfaces have successfully revealed integrated wavefront manip-
ulations via phase gradient arrays, coding apertures, independent polarization control, asymmetric transmission/
reflection, etc. However, multifunctional metasurfaces with more degrees of freedom in terms of multi-band/
broadband operation frequencies, full-space coverage, and computable array factors are still in dire demand.
As a step forward in extending manipulation dimensions, we propose and corroborate a dual-band multifunc-
tional coding metasurface for anomalous reflection, radar cross-section reduction, and vortex beam generation
through full-wave analysis and experiment. Our tri-layer meta-device comprises a shared coding aperture of split-
ring and cross-shaped resonators sandwiched between two layers of orthogonal wire gratings. With an approach of
independent control of a reflection–transmission wavefront under orthogonal polarization states and Fabry–
Perot-like constructive interference, the low-cross-talk shared coding aperture features a smooth phase shift
and high efficiency for 3-bit coding in the K-band and 1-bit coding in the Ka-band. Both numerical and measured
results verify that the proposed coding metasurface can effectively realize full-space EM control and improve
the capacity of the information channel, which could be developed for potential applications in multifunctional
devices and integrated systems. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.444773

1. INTRODUCTION

Metasurfaces, the two-dimensional (2D) version of artificial
electromagnetic (EM) metamaterials [1,2], have attracted great
interest due to their simple fabrication and powerful manipu-
lation of EM waves. By introducing field discontinuities across
an interface, metasurfaces enable precise EM wave control and
local tailoring by altering their phases, amplitudes, and polar-
izations [3–6] on demand. After years of ongoing studies, vari-
ous metasurfaces with gradient phase discontinuity have been
proposed to manipulate wavefronts to implement multifarious
applications, such as anomalous reflection [7,8] or refraction
[9], focusing lenses [10,11], vortex beam generation
[12–15], and polarization manipulation [16–18].

The concept of coding metasurfaces [19–23] was initially
put forward by Cui et al., which establishes a bridge between
digital representation and physical realization, making it

possible to revisit the metasurface from the perspective of in-
formation science and combine it with algorithms in signal
processing. The basic principle of coding metasurfaces is to
use binary encoding for different phase responses. For example,
1-bit coding metasurfaces consist of two distinct coding ele-
ments whose phase responses differ by π, represented by binary
codes “0” and “1,” respectively. By discretizing the phase shift
by 2π into variable progressive states, the coding metasurfaces
can be extended from 1-bit to multibit. After designing and
optimizing the coding elements, by engineering pre-designed
coding sequences and the combined array factor with complex
amplitude of the coding elements on the 2D plane, the coding
metasurfaces lead to a huge leap in dynamically altering the EM
environment in terms of reconfigurability and computability.

With the rapid development of modern integrated systems,
6G communication, imaging, and wireless sensor networks
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have increasingly higher demands for multitasking equipment
[24]. Thus the single-function equipment [25–27] cannot
meet system integration needs. Recently, anisotropic single-
layer and multi-layer multifunctional metasurfaces have been
reported to perform diverse functions through various flexible
multiplexing techniques, including frequency, polarization, and
direction multiplexing [7–9,28–31]. For frequency multiplex-
ing metasurfaces, Cui et al. ingeniously integrated a single re-
flective metasurface unit composed of three resonators in the
subwavelength range and realized independent operation of
EM waves in three frequency channels, but with the working
frequency bands close to each other and working in narrow
bandwidths [8]. For polarization multiplexing metasurfaces,
a reflective coding metasurface was designed to empower four
independent functions in quad-polarization channels in two
wide frequency bands [7]. Although they can realize various
functions by altering polarization or frequency, they can regu-
late EM waves only in half-space. A multilayered anisotropic
coding metasurface [30] was experimentally demonstrated to
realize multiple independent functionalities in full space by
changing the polarization and direction of incident waves to
improve space utilization, but it works only in a single fre-
quency band. Furthermore, although reconfigurable metasur-
faces [32–36] with phase change materials (PCMs) and/or
switching components extend multifunctional metasurfaces
into real-time control of EM waves, it generally requires a com-
plex layout and control system, which dramatically increases
the loss and cost of the system. Nevertheless, these proposed
metasurfaces utilize one or two degrees of freedom to achieve
different EM functions, such as polarization, frequency, and
direction, still being limited in information channel capacity
and comprehensive multitasking. To enhance the capacity of
the information channel and achieve full-space EM wave con-
trol, multifunctional integrated devices with multiple and wide
bands, polarization independence, full-space EM control, and
an easy fabrication process still need to be explored.

Herein, we present a tri-layer multifunctional coding meta-
surface that can efficiently implement 3-bit-coding vortex beam
generation in K-band and 1-bit-coding beam splitting and ra-
dar cross-section (RCS) reduction in Ka-band. To enlarge
bandwidth and information capacity, we stacked the split-ring
and cross-shaped resonators horizontally into a functionally
mingled aperture, begetting independently controlled polariza-
tion encoding in two widely separated frequency bands. In
addition, the high polarization conversion rate and inter/
intra-element coupling under transmission and reflection modes
give birth to ultra-low interference of both cross-polarization
states and frequency bands, which guarantee phase-shift linearity
and precision. Further applying the coding sequences based on
convolution theorem, Snell’s law, and vortex optics, the mingled
aperture evolves into a dual-band, orthogonal-polarization, and
full-space coding aperture for diversified multitasking implemen-
tations. Compared to other successful demonstrations, the
proposed multifunctional meta-device opens a way to compre-
hensively manipulate a wavefront interface in extendable degrees
of freedom. As a proof of concept, we experimentally demon-
strate the trifunctional metasurface, including vortex beam gen-
eration, beam splitting, and RCS reduction. The experimental
results indicate that the proposed metasurface can effectively real-
ize diverse EM manipulations in full space, leading to many po-
tential applications in different scenarios.

2. RESULTS AND DISCUSSION

A. Concept and Unit Cell Design
Figure 1(a) illustrates the conceptual diagram of the proposed
coding metasurface. Depending on orthogonal polarization
states and the directions of the incident wave, the meta-device
works under both reflective and transmissive modes to inde-
pendently perform different functions (F 1, F 2, F 3) in two-fold
separated frequency bands. For the reflective operation
mode, the downward and upward incoming plane waves with

Fig. 1. Schematics and working principles of the multifunctional integrated coding metasurface. (a) Trifunctional coding metasurfaces, F 1, F 2,
and F 3, denoting three independent functionalities; f 1 and f 2 represent the K- and Ka-bands, respectively. (b) Design and characterization of the
proposed coding element.
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x-polarized and y-polarized components tune into diffuse scat-
tering (function 1, F 1) and anomalous deflection (function
2, F 2) in the Ka-band (f 2), respectively. For the symmetrically
transmissive operation mode, the downward and upward in-
coming plane waves with x-polarized and y-polarized compo-
nents can be transduced to a second-order vortex beam
(function 3, F 3) in the K-band (f 1). The tri-layer meta-device
comprises a shared coding aperture of split-ring and cross-
shaped resonators inserted amid two layers of orthogonal wire
gratings. A blown-up illustration of the coding component is
given in Fig. 1(b). It is composed of three metallic layers with
0.035 mm thickness, separated by two identical F4B substrates
(εr � 2.65, tan δ � 0.001) with a thickness of h � 1 mm.
The orthogonal grating-wire layers are geometrically identical,
allowing the orthogonal incident components to penetrate
through or otherwise. A polarization-dependent coding matrix
is applied on the shared aperture by implementing the
variable-sized phase-shift scheme to integrate different func-
tionalities of wavefront control. According to the aspect ratio
between the outer split-ring and inner cross-shaped resonators,
the combined scatterers with an enclosed manner achieve dual
operation-frequency bands.

The detailed geometrical parameters are defined in Fig. 1(b).
To simplify the design process, the basic element is designed
with several fixed geometric parameters as follows: p � 4 mm,
a � 3.2 mm, w � 0.3 mm, g1 � 0.28 mm, g2 � 0.3 mm,
g3 � 1 mm, α � 45°. With the open gap tilted 45° with
respect to both x and y axes, the split-ring resonators symmet-
rically decompose the linearly polarized incidences into x- and
y-polarized components. Moreover, in response to x- or
y-polarized incident waves, the variable-sized phase-shift
mechanism can be applied on both split-ring and cross-shaped
structures by adjusting the corresponding dimensional
parameters.

For the transmission mode, two layers of orthogonal wire
gratings and the middle layer form a Fabry–Perot-like [37] cav-
ity on the grounds of multiple interference theory. As shown in
Fig. 2, the top and bottom grating layers serve as x-polarized
and y-polarized selectors, and the middle layer acts as a polari-
zation decomposer. Specifically, when an x-polarized wave nor-
mally penetrates through the top orthogonal grating wires, the
middle layer symmetrically decomposes the incident wave into
cross-polarized and co-polarized components. Afterward, the

transmitted waves, including both x- and y-polarized compo-
nents, penetrate through the bottom grating layer, whereas the
remaining x- and y-polarized components are reflected by the
bottom layer and interact with the middle and top layers again.
In the process, a small portion of the x-polarized components
reflected from the middle layer will pass through the top
grating, whereas the reflected y-polarized components will be
blocked by the top gratings and then return to interact with the
middle and bottom layers again. The above processes are
repeated as multiple reflections and transmissions by matching
the constructive and destructive interference requirements to
cross-polarization and co-polarization, respectively. Eventually,
the incident x-polarized wave is near completely converted into
the y-polarized wave, resulting in high cross-polarization con-
version efficiency over a broad operation frequency band. Based
on Fabry–Perot resonant characteristics [38], expressed as
2nd � kλ∕2, where the integer k is the longitudinal mode co-
efficient, n � sqrt�εr� is the spacers’ dielectric refractive index,
and d ≈ 2h � 2.0 mm is the cavity thickness, it resonates at
about 23 GHz for this structure, which lies in the transmissive
polarization conversion band.

Negligible cross talk among different polarization states and
frequencies is an essential criterion for polarization and fre-
quency multiplexing [7]. To specifically reveal the cross-talk
performance, we use the CST Microwave Studio to investigate
the surface current distributions. A unit-cell model with two
Floquet ports set to the �z and −z directions and periodical
boundaries set to x and y directions mimics the infinite array
in the simulation. Figures 3(a) and 3(b) plot the simulated sur-
face current distributions on a single meta-atom, both illumi-
nated by the x-polarized plane waves, at resonant frequencies of
20 GHz and 39.9 GHz, respectively. Noticeably, the strong
current flowing occurs mainly on the two short arms of the
split-ring resonator at 20 GHz but negligibly couples with
the incidence at 39.9 GHz. On the contrary, the cross-shaped
design resonates only at 39.9 GHz but hardly resonates at
20 GHz, indicating low-frequency cross talk between the
split-ring structure and the cross-shaped structure, resulting
in independent controls at both frequency bands. From
Figs. 3(b) and 3(c), the two arms along x and y directions res-
onate only with the incident wave parallel to them and barely
interact with each other. Also, due to the symmetrically polar-
ized decomposition, the surface currents alongside the arms of
the split-ring gap enable high-efficiency polarization conversion
for the transmission modes. More evidence will come in the
forthcoming section. In summary, the proposed structure
has excellent isolation of orthogonal polarization and frequency,

Fig. 2. Schematic of Fabry–Perot resonance in transmission mode.

Fig. 3. Simulated surface current distributions of the middle layer.
(a) Surface current intensity at 20 GHz under x-polarized incidence
along the −z direction. (b) Surface current intensity at 39.9 GHz under
x-polarized incidence along the −z direction. (c) Surface current inten-
sity at 39.9 GHz under y-polarized incidence along the �z direction.
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which is critical for the integration performance of the multi-
functional metasurface.

Based on the above analysis, the polarization-dependent res-
onances at two operation bands are closely associated with their
geometric parameters, denoted as b, l x , and l y. By combining
the split-ring and cross-shaped structures, the hybrid meta-
atom can be used to control the transmitted wavefronts and
the reflected wavefronts on both sides of the interface. To in-
vestigate the transmission and reflection characteristics of the
proposed coding metasurface, we use the finite integration
technique (FIT) in CST Microwave Studio to simulate and op-
timize the element, wherein the unit-cell boundaries are applied
to x and y directions, and two Floquet ports are applied to −z
and �z directions. First, we consider the reflection case for
anomalous reflection and diffuse scattering. Four sets of param-
eters are selected by discretely adjusting and optimizing the
geometric structure to achieve independent 1-bit phase
manipulation for x and y linear polarization (LP) incidences
along −z and �z directions in the high-frequency band.
The length l x is optimized as 1.7 mm and 2.1 mm, which

is the same as l y. The co-polarized reflective amplitude and
phase of the coding element under x and y LP incidences in
the high-frequency band are plotted in Figs. 4(a) and 4(b).
The lengths l x∕l y for the four coding elements “0/0,”
“0/1,” “1/0,” and “1/1” are optimized as 1.7 mm/1.7 mm,
1.7 mm/2.1 mm, 2.1 mm/1.7 mm, and 2.1 mm/2.1 mm, re-
spectively. The two-digit number before and after the slash rep-
resents the coding phase sequence of the coding element under
x- and y-LP incidences, respectively. It can be seen from the
figure that the co-polarization reflection amplitude is higher
than 0.9, and the phase difference between 0-unit and 1-unit
is about 180° (�30°) from 37.5 GHz to 40 GHz when other
parameters are fixed. Noting that the amplitude and phase re-
sponse under x-LP incidence is determined only by l x, where a
change in the parameter l y barely affects it, and vice versa. The
results above indicate very low coupling between orthogonal
polarizations.

Considering the case of transmission for vortex beam gen-
eration, a 3-bit coding implementation is carried out by
variable-sized and 90° rotational phase-shift mechanisms to

Fig. 4. Reflection and transmission performance of the coding elements in Ka- and K-bands. (a), (b) Reflection phase and amplitude with different
size parameters l x and l y in high frequency band. (c) Transmission phase and amplitude with varying parameters of size b and rotation angle α in low
frequency band. (d) PCR of the coding metasurface under incidence of x- and y-polarization waves along z direction. (e) Specific dimensions and
corresponding codes of the coding element.
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ensure polarization conversion efficiency and phase-shift linear-
ity. By varying the size b to achieve π∕4 phase gradient and 0−π
continuous phase wavefront, four lengths b are optimized as
0.85 mm, 1.50 mm, 2.20 mm, and 2.85 mm. Due to the sym-
metric polarization decomposition, the progressive π∕4 phase
gradient can be expanded to a 2π range by rotating the split-
ring resonator to 90° around the z axis [39]. Thereby an addi-
tional π phase shift could be added to the progressive π∕4 phase
gradient through the variable-sized method while maintaining
the consistency of the amplitude and phase shift in the corre-
sponding frequency band. The relationship between an extra
phase shift Δφ and the rotation angle β can be expressed as
Δφ � �2β. Therefore, the transmission π∕4 phase progres-
sion of the eight coding elements nearly covers 2π, correspond-
ing to “000,” “001,” “010,” “011,” “100,” “101,” “110,” and
“111” from 16 GHz to 24 GHz [see Fig. 4(c)], and the trans-
mission amplitudes of the eight coding elements are above 0.9,
with the phase-shift range reaching 2π with a smooth π∕4
phase gradient from 16 GHz to 24 GHz, when other param-
eters are fixed. According to the phased array theory, smooth
phase shifts with near-unity amplitude favor high-efficiency
beam control. The polarization conversion ratio (PCR) of
the proposed metasurface for normal incidence is defined as
[28] PCR � jt2yx j∕�jt2yxj � jt2xx j�, where tyx is the cross-polari-
zation transmission coefficient, and txx is the co-polarization
transmission coefficient. As shown in Fig. 4(d), almost all
x-polarized waves convert into y-polarized waves, but the
y-polarized incident wave can hardly pass through the metasur-
face, indicating that the proposed metasurface can independ-
ently select an orthogonal polarization wave and realize high
polarization conversion efficiency. Figure 4(e) presents the
binary coding states with geometric parameters’ variations at
two operating bands. One of the salient traits of the resonant
structure is low interference between dual operation bands and
orthogonal polarizations, leading to independent variable-sized
coding states, as shown in the dark part of the inset figures.

The specific coupling level between the two operation bands
is also shown in Figs. 5(a) and 5(b). By showing 1-bit-coding
amplitudes and phase shifts under reflection mode and 3-bit-
coding amplitudes and phase shifts under transmission mode,
as depicted in Fig. 5(a), the transmission response under the
x-LP wave in the K-band is solely determined by b and the
rotation angle α of the split-ring resonator, while changing
l x and l y of the cross-shaped resonator has barely an effect

on it. Figure 5(b) shows that changing the geometric param-
eters and the rotation angle of the split-ring resonator has al-
most no effect on the reflection response in the Ka-band. On
the other hand, the consistency of the complex amplitude in-
dicates a low cross-polarization level. Furthermore, by sand-
wiching the coding layer between the orthogonal wire-
grating layers, the polarization-filtering effect allows penetra-
tion of normal x-LP incidence along the −z direction to the
transmission coding sequence while limiting y-LP incidence
from the −z direction to the reflection coding sequence and
vice versa. In summary, the proposed building block has neg-
ligible frequency and orthogonal polarization cross talks, mak-
ing it possible for full-space and dual-band wavefront control.

B. Multifunctional Integrated Design
In real-world scenarios, one could implement multifunctional
metasurfaces with anomalous reflection/transmission, diffuse
scattering, focusing, and vortex beam generation through the
1-bit reflection or 3-bit transmission coding. It is worth noting
that diverse beam shaping stems from functional coding se-
quences, avoiding interferences by degrees of freedom in terms
of polarization, direction, frequency, etc. As a proof of concept,
we employ the coding elements to synthesize a full-space tri-
functional (F 1, F 2, F 3) metasurface with reflective RCS reduc-
tion, dual-beam deflection, and transmissive vortex beam gen-
eration under incident waves of different polarizations and
directions. The metasurface contains 24 × 24 elements with
a total size of 96 mm × 96 mm. For reflection cases F1 and
F2, a convolutional RCS reduction coding arrangement and
an anomalous reflection coding arrangement are under the il-
lumination of x-LP and y-LP incident waves in the Ka-band
toward −z and �z directions, respectively. As shown in
Fig. 6(a), the coding sequence ends up with a convolution

Fig. 5. Coding state cross-talk: (a) 3-bit-coding with reflection am-
plitude and phase variation under different values of l x and l y , when b
is specified as 1.50 mm and α is fixed as 45°. (b) 1-bit coding with
transmission amplitude and phase variation under different values of b
and rotation angle α, when l x and l y are fixed as 1.7 mm.
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Fig. 6. Phase distribution of designed coding sequences and corre-
sponding integrated layout of the metasurface. Phase distribution of
(a) RCS reduction, (b) beam splitting, and (c) vortex beam generation.
(d), (e) Top view of top and middle layouts of the integrated trifunc-
tional metasurface.
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of the traditional orthogonal coding and cross coding through
the addition theorem [40]. Figure 6(b) shows the gradient cod-
ing pattern F2, encoding a sequence “00011100011…” along
the x direction that can beget two main lobes with equal angles
in x − z space. Each dashed cell in Figs. 6(a) and 6(b) represents
a 3 × 3 super-cell, providing a stable EM response and reducing
the reflection phase deterioration caused by the adjacent cou-
pling. For the transmission case F3, the phase gradient is de-
signed to generate a vortex beam with a topological charge
of�2 under the illumination of the x-LP incident wave toward
the −z direction. Within a 4π circulation around the metasur-
face array, the adjacent regions keep π∕4 phase intervals, as
shown in Fig. 6(c). Figure 6(d) shows the top layer of the
orthogonal wire gratings, where the bottom layer is geometri-
cally identical but twists at an angle of 90°. By combining the
coding-phase profiles shown in Figs. 6(a)–6(c), the correspond-
ing array arrangement of the hybrid resonators turns out to be
an anisotropic shared aperture, as shown in Fig. 6(e).
Remarkably, the shared coding aperture delivers various wave-
front manipulations by engineering its array factor within the
frequency domain and spatial domain.

The integrated array models with open (add space) boun-
dary conditions in all directions use the finite-difference
time-domain (FDTD) technique in CST Microwave Studio
to analyze near-field and far-field characteristics. Figure 7(a)
shows the simulated 3D scattering pattern for the x-LP plane
wave incidence, impinging on the front side of the meta-device
toward the −z direction. We can observe that the incident wave
is randomly redirected to multiple directions in the upper half-
space. To better compare the RCS reduction effect of the cod-
ing sequence, we simulated the comparison experiment of the
same x-LP incident wave incident on the same-sized metallic
plate, as shown in Fig. 7(b). To compare numerically, we draw
the 2D bistatic RCS pattern of the coding metasurface and the
metallic plate on the φ � 0° plane at 39.9 GHz, where φ is the
azimuthal angle of the x − y plane. The quantitative compari-

son shows that about −15 dB RCS reduction can be achieved in
simulation, as shown in Fig. 7(c). Figure 7(d) compares the
monostatic RCS reduction between the coding metasurface
and the metallic plate under normal incidence from 37.5 GHz
to 40 GHz. The result shows that the coding metasurface can
effectively reduce the RCS in the Ka-band.

The simulated 3D far-field beam splitting pattern is shown
in Fig. 8(a). In the lower half-space, the normally incident wave
is redirected into two symmetrical directions with a specific an-
gle to the z axis. In the case of normal incidence, the generalized
Snell’s law can be expressed as [41]

θ � arcsin�λ∕Γ�, (1)

where θ is the reflection angle, λ is the wavelength of the work-
ing frequency in free space, and Γ is the period of the coding
pattern, which is 24 mm in this coding sequence. According to
this formula, we can calculate that the code sequence of func-
tion F 2 can deflect the normally incident wave by θ � 18.3° at
39.9 GHz. As shown in Fig. 8(b), the normally incident wave
splits into two symmetric reflection beams with angles of
�θ,φ� � �18°, 0°� and �θ,φ� � �18°, 180°�. The nonideal
phase gradient probably causes the acceptable deviance of
0.3° from the generalized Snell’s law in the EM simulation.

Vortex beams carrying orbital angular momentum (OAM)
have captured great interest in the past few decades due to the
inspiring application potential in optical and microwave fields.
It has a spiral phase structure described by exp�jlφ� and can
significantly expand communication capacity by coding optical
communication information without increasing the band-
width. The discrete phase distribution on the metasurface is
mathematically written as [12]

Φ�x, y� � lφ � l arctan�y∕x�, (2)

where φ is the azimuth angle, and l is the topological charge,
denoting a range of unlimited orthogonal eigenstates. The si-
mulated 3D far-field and 2D near-field results under normal
illumination of the x-LP incident wave in the K-band are
shown in Figs. 9(a)–9(c). We can see from Fig. 9(a) that a hol-
low occurs in the center of the beam, which is consistent with
the characteristic profile of vortex beams. Figure 9(b) depicts
the simulated result of the intensity of the near-field electric
field Ey component on the x − y cutting plane at z � −90 mm,
with an area of 120 mm × 120 mm. The simulated near-field
intensity reveals a ring-shaped profile. As displayed in Fig. 9(c),
the spiral-like phase distribution can be clearly observed, dem-
onstrating that the beam is a vortex beam and carries OAM

Fig. 7. Performance of proposed metasurface for x-polarized plane
wave incidence at 39.9 GHz. (a), (b) Simulated 3D scattering pattern
of the coding metasurface and the identical metallic reference plate.
(c) Quantitative comparison of 2D RCS patterns of the metasurface
and the metallic plate when φ is fixed as 0°. (d) Simulated coding meta-
surface and metallic plate RCS in the Ka-band and corresponding RCS
reduction.

Fig. 8. Simulated 3D and 2D results of beam splitting pattern at
39.9 GHz. (a) 3D far-field scattering pattern. (b) Normalized electric
field scattering pattern.

Research Article Vol. 10, No. 2 / February 2022 / Photonics Research 421



with the mode of l � �2. Based on the complex Fourier trans-
form, we can calculate the OAM mode spectra and mode
purity. As the azimuthal angle φ is a periodic function, its
Fourier conjugate, the OAM, is a discrete variable, and the
linking Fourier relationship can be expressed as [42]

8<
:

Al � 1
2π

R
2π
0 ψ�φ�dφe−jlφ

ψ�φ� � P
l
Al ejlφ

, (3)

where Al denotes the spectral mode weight with the topological
charge of l , and ψ represents the angular distribution of the
topological mode. The OAM spectra of the transmitted wave
under different polarized incident waves are shown in Fig. 9(d).
It is observed that the OAM mode of the upward y-polarized
wave incidence is −2, the backward x-polarized wave incidence
is �2, and both of them are significantly dominant. The result
shows that the proposed metasurface can generate OAM beams
with opposite topological charges under upward y-polarized
wave incidence and downward x-polarized wave incidence.
These numerical simulation results clearly show the proposed
coding trifunctional metasurface’s excellent ability to manipu-
late waves in the whole space.

3. FABRICATION AND MEASUREMENT

To experimentally verify the performance of the proposed dual-
band coding metasurface, we fabricated a metasurface sample
with 24 × 24 (6.4λ0 × 6.4λ0) elements by using the standard
print circuit board (PCB). Precisely, the sample consists of
two identical F4B substrate layers, and each layer is 1 mm thick
with a relative permittivity of 2.65. The metal patterns are
etched on both sides of the top and bottom substrate layers.
The top view of the top and middle metallic layers is shown
in the inset of Fig. 10(a). The measurement procedure is di-
vided into two parts and is all carried out in a microwave

Fig. 9. Far-field and near-field results under x − LP plane wave in-
cidence at 20 GHz. (a) 3D far-field radiation pattern. (b) Normalized
intensity of the Ey component of the electric field on the x − y cutting
plane. (c) Simulated near-field phase distribution with topological
charge l � �2. (d) OAM spectra of the transmitted wave under x-
and y-polarized wave incidences.

Fig. 10. (a), (b) Experimental setups of far-field and near-field measurements in the anechoic chamber, respectively. (c) Comparison of measured
and simulated results of bistatic RCS at 39.9 GHz. (d) Comparison of measured and simulated results of beam splitting at 39.9 GHz.
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anechoic chamber. Two LP Ka-band horn antennas are utilized
as transmitter and receiver. The transmitter connects to a signal
source (Keysight E8257D), and the receiver connects to a spec-
trum analyzer (Rohde & Schwarz). When rotated by 90°, the
horn antennas can be switched between x- and y-LP waves. The
sample and the transmitting horn antenna placed in front of it
are fixed on the antenna turntable to keep the incident angle
unchanged. Staying in the quasi-far-field zone of 1 m away
from the transmitter, the sample is always under quasi-plane
wave incidence when moving the antenna turntable. Due to
the cable length limitation, the receiver horn antenna can re-
ceive the reflected wave only between −40° and �40° with 1°
steps. Figure 10(c) compares the simulated and measured bi-
static RCS results of coding pattern F 1 on the φ � 0° plane
at 39.9 GHz. We observe about −11 dB RCS reduction in
the experiment compared with the same-sized metallic plate,
which is close to the numerical simulation value. The measured
2D far-field pattern of coding pattern F 2 is depicted in
Fig. 10(d). It can be seen that the incident quasi-plane wave
beam is redirected to 18° and −17°. The slight disagreement in
the shapes of the main lobe and sidelobes is mainly due to the
imperfect matching of the measurement environment and the
fabrication errors. Overall, the measured results show good
agreement with the numerical simulation, which proves our
design’s feasibility.

Next, the near-field probing system presented in Fig. 10(b)
is performed to measure the performance of vortex beam gen-
eration. Two ports of the vector network analyzer (Agilent
N5230C) connect to the LP horn and probe. The LP horn
antenna is 840 mm away from the fabricated sample to ensure
quasi-plane wave incidence, and the measurement probe is
placed 100 mm away from the sample to detect the amplitude
and phase of the cross-polarization transmission wave. In the
process of measurement, the probe is parallel to the y axis to
test the Ey component of EM waves and moves along the x and
y axes with a step length of 0.8 mm. Moreover, the scanning
plane is parallel to the metasurface with an area of 160 mm ×
160 mm. The measured near-field energy intensity and phase
distribution of the vortex beams at different frequencies are
shown in Fig. 11. The helical phase distribution of 4π variation
and ring-shaped electric field intensity demonstrate that the
coding metasurface could generate orbital vortex beams with
the mode of l � �2, giving birth to a wide fractional band-
width of 40% from 16 GHz to 24 GHz, which agrees well
with the theoretical prediction. According to Eq. (3), we cal-
culate the mode purity of the OAM beam with a particular
order from the mode spectra of the simulation and measure-
ment results. Defined as a ratio of the dominant mode power
over the overall power distributed in all the modes, the mode
purity [43] is expressed in Eq. (4):

Mode purity � A2
lP
A2
i
, (4)

where Ai denotes the magnitude of the ith mode. It can be seen
from Figs. 11(a)–11(c) that the l � �2 mode is predominant
at 16 GHz, 19 GHz, and 24 GHz in simulation and measure-
ment, implying fairly good mode purity. To reveal the mode
purity with frequency stability, Fig. 11(d) shows the spectral

mode purities from 16 GHz to 24 GHz. Although the mode
purity is somewhat lower than that of simulation, it is above
55% overall, and the highest can reach 71% at 19 GHz, dem-
onstrating the high quality of the produced vortex beams. The
deterioration of the broadband mode purity is attributable to
various approximations in the experimental setup, uncertainties
in the constitutive parameters, and poor PCB fabrication tol-
erances. All experimental results indicate that the proposed
metasurface can efficiently achieve polarization conversion
and vortex beam generation in the K-band.

4. CONCLUSION

In summary, we have proposed and experimentally demon-
strated a dual-band multifunctional coding metasurface that
can control the transmitted and reflected wavefronts in full
space by changing the frequency and direction of incident
waves. By elaborately arranging specific coding sequences at
corresponding frequencies, we have integrated three distinct

Fig. 11. Measured results of the near-field phase, intensity distribu-
tion, and mode spectra of OAM beams with mode l � �2 at
(a) 16 GHz, (b) 19 GHz, and (c) 24 GHz. (d) Simulated and mea-
sured OAM mode purities with mode l � �2.
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functions on a shared aperture, including RCS reduction, beam
splitting, and OAM generation. A satisfactory agreement be-
tween the results of simulation and measurement validates
the excellent performance of the multifunctional metasurface.
Attributed to its simplicity and efficiency, the proposed meta-
surface can be easily extended to other spectra, e.g., terahertz
and optical bands, and implemented for multifunctional com-
ponents, such as multiplexers, beam splitters, radomes, and fo-
cus lenses. Furthermore, the wavefront coding strategy of
combining polarization, frequency, and direction with different
functionalities dramatically expands the EM manipulation di-
mensions in a highly integrated and flexible manner, paving a
path to reconfigurable intelligent surfaces for 6G communica-
tion systems.
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