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Metasurface has provided unprecedented freedoms in manipulating electromagnetic (EM) waves, exhibiting fas-
cinating functions. Conventionally, these functions are implemented right on metasurfaces, where spatial mod-
ulations on EM wave amplitudes or phases are achieved by meta-atoms. This study proposes the concept of virtual
metasurface (VM), which is formed by arrays of foci away from the entity metasurface. Unlike conventional
metasurfaces, spatial modulations on the amplitudes or phases of EM waves occur in the air, with a focal length
distance from the entity metasurface. As a proof of concept, we demonstrated a transmissive VM. The entity
metasurface consists of transmissive focusing metasurface tiles (TFMTs) with the same focal length. Two
TFMTs were designed with phase difference π to enable the most typical checkerboard configuration. The
TFMTs were assembled to form the entity metasurface, whereas their foci formed the VM. Due to the π phase
difference among adjacent foci, EM propagation along the normal direction was cancelled, leading to four tilted
far-field beams. The concept of VM can be readily extended to higher frequencies from terahertz to
optical regimes and may find wide applications in communication, camouflage, and other fields. © 2023
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1. INTRODUCTION

Metamaterials are artificial composite structures composed of
periodic or quasi-periodic sub-wavelength structural units,
which realize a series of functions with exotic electromagnetic
(EM) characteristics through specific arrangement and combi-
nation. By introducing EM resonance, metamaterials can cus-
tomize the dielectric constant and permeability, and then
complete the modulation of EM wave characteristics [1–3].
The equivalent EM parameters of metamaterials can be cus-
tomized, thus causing many novel physical phenomena, such
as negative refractive index material [4], perfect absorber [5],
flat lens [6,7], and invisibility cloak [8,9]. With these character-
istics, metamaterials have contributed greatly to microwave, op-
tics, stealth, and other fields.

As the two-dimensional counterpart of metamaterials, meta-
surface perfectly inherits the characteristics of metamaterials
and realizes further the flexible control of EM characteristics
in the plane. Metasurface constructed by identical or distinct
planar units overcomes effectively the heavy weight and
huge bulk of traditional metamaterials [10]. Furthermore, by

customizing the order of cell arrangement, metasurfaces exhibit
some fascinating wave-manipulation effects such as phase, am-
plitude, polarization, and propagation mode [11–14]. In gen-
eral, tailoring the spatial inhomogeneity of metasurfaces to
exhibit certain predetermined phase distributions can reshape
the wavefronts of EM wave based on the Huygens–Fresnel
principle [15]. Especially, metasurfaces could achieve manipu-
lation of the wavefront of the light through careful design of
meta-atoms, which will inspire device miniaturization and
functional integration design [16]. The introduction of gener-
alized Snell’s law pioneered the phase-modulated metasurface
[11], which exhibits great freedom in EM wave modulation
and creates plenty of outstanding contributions in anomalous
reflection of light field [17–20]. Some phase modulation mech-
anisms, such as Huygens’ metasurfaces, multi-resonance, and
Pancharatnam–Berry phase and detour phase, are widely used
in functional metasurface design, thus playing an important
role in the reconstruction of light profiles. Typically, the func-
tions of meta-lens [21,22], meta-holograms [23–26], and
optical vortexes [27–29] can be achieved by phase modulation.
The propagation of wavefronts can be customized by tailoring
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phase compensation and phase profile. In focusing design, the
meta-atoms with different phase responses are compensated at
different positions of the metasurface aperture to focus the wave
energy [30,31]. In vortexes design, vortex beams can be gen-
erated by tailoring two-dimensional resonator array with the
spiral phase profiles to effectively expand the communication
capacity [32,33]. More complex designs, such as phase-only
holograms, optimize the distribution of EM fields in space
to display the desired information [34,35]. The phase-only
metasurface holography optimizes the phase profile by iterative
or point source algorithm to display the specified image [36].
The Gerchberg–Saxton (GS) algorithm [37,38], and iterative
Fourier or Fresnel transform algorithms (IFTA) [39,40] are
commonly used to optimize the phase-only metasurface holo-
gram. In 2014, the concept of coding metamaterials was pro-
posed, which creatively realizes the transformation from analog
to digital metasurface [41]. Meanwhile, coding metasurface
provides a new way to simplify the metasurface design [42].

Tremendous accomplishments have been achieved in the
aforementioned conceptions and works, which laid a substan-
tial foundation for metasurface design. Nevertheless, the
existing phase modulation metasurfaces are all materialized
structures, that is, the modulation of EM response is realized
by designing structure of meta-atoms. By optimizing the struc-
ture and arrangement of metasurface, the attributes of incident
EM waves can be customized. At the microscopic level, the
modulation of EM waves by the metasurface is realized by
the composition of the source of wavelets with different proper-
ties. Therefore, the meta-atoms can be replaced if the source of
wavelet with EM response equivalent to that of the meta-atoms
can be designed in the designated space. Alternatively, metasur-
face can achieve the EM-focusing function by tailoring phase
profile [43–47]. In addition, the focus, as the position with the
strongest energy, can be regarded as a source of wavelets, and it
continues to radiate the EM waves outward. The Huygens–
Fresnel principle states that every point on a wavefront is a
source of wavelets. These wavelets spread out in the forward
direction, at the same speed as the source wave. The new wave-
front is a line tangent to all of the wavelets. Remarkably, the
EM properties of the focus can be customized by tailoring the
metasurface phase profile. Accordingly, taking the focus as a
new source of wavelets instead of the traditional meta-atom
structure will hopefully realize the incorporeal functional
metasurface.

Here, we propose the concept of virtual metasurface (VM).
The diagram of our work is presented in Fig. 1. Different from
conventional metasurfaces, our designed VM is formed by ar-
rays of foci distant from the entity metasurface. These foci are
regarded as virtual meta-atoms, and the manipulation of EM
waves can be achieved by tailoring their amplitudes or phases.
As a proof of concept, we demonstrate the VMs with the most
typical checkerboard configurations. The VMs are formed by
arrays of foci, which can be generated from focusing metasur-
faces. Therefore, the VMs can be generated from the entity
metasurfaces, which consist of a number of transmissive focus-
ing metasurface tiles (TFMTs) of the same focal length. The
foci with specified attributes can be tailored by designing
TFMTs. The cross-polarized structures with full-phase

coverage are adopted to fill the phase profiles. Furthermore, the
neural network fitting is applied to assist in the TFMTs design.
Based on these, two types of TFMTs with phase difference π
are designed to generate the foci with phase difference π, thus
further enabling the checkerboard configuration of VMs.
The foci, as new virtual meta-atoms, are assembled to VMs ac-
cording to the checkerboard configuration. Then, the coding
VMs are customized to attain four tilted far-field beams.
Additionally, the VM consists of some foci generated by
TFMTs, thereby causing the active surface of EM waves to
be far away from the entity metasurface with a focal length dis-
tance. To verify the concept and capability of VMs, the pro-
totypes of VM were fabricated and measured. The measured
results are consistent with the simulated ones, which verifies the
VM’s ability of distant manipulation of EM waves. Moreover,
the VMs contains entity and virtual parts, which may achieve
multiplexing in telecommunications. The spatial modulations
on the amplitudes or phases of EM waves actually occur in the
air rather than entity, which can cross some obstacles and in-
crease the robustness when transmitting information. In sum-
mary, the conception of VM provides a new paradigm for EM
regulation, which can be readily extended to designing a great
variety of functional devices ranging from microwave to optical
regimes.

2. VIRTUAL METASURFACE

A. Structure Design
Figure 2 illustrates the structure design with EM response.
Figure 2(a) shows the structural parameters of double-head ar-
row unit of metasurface with orthogonal gratings, which can
achieve cross-polarized phase modulation by adjusting the
length of arrow. The double-head arrow and gratings are
printed in the F4B substrate with a dielectric constant
εr � 2.65 and a loss tangent tan δ � 0.001. The substrate
thickness is h � 2.5 mm. The material of pattern and orthogo-
nal gratings is copper with a thickness of 0.017 mm. The perio-
dicity of double-head arrow unit is u � 5 mm. The width
of gratings is w1 � 0.5 mm with adjacent metal strips
0.5 mm apart. Furthermore, the geometric parameters of the

Fig. 1. Schematic diagram of the virtual metasurface compared with
the conventional one.
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double-head arrow are as follows. The length of double-head
arrow l is 6.0 mm, and the width of metal bar w2 is 0.3 mm.
The length of the ‘V’ shape is d , which will affect the cross-
polarized phase response when the length is changed. The
double-head arrow structure is a multi-order resonator, which
supports multiple plasmon resonances, producing broadband
resonance effect. After optimizing the parameters of the struc-
ture, the multi-order resonant coupling mode can achieve full-
phase coverage. Moreover, full-phase coverage is achieved by
adjusting the length of the arrow in this case. The variations
between the length and phase are shown in Fig. 2(b), in which
the cross-polarized phase can cover 180 deg. Rotate the unit
structure 90 deg clockwise, and continue to change the arrow
length. The variations of length and phase are shown in Fig. 2(c),
from which the cross-polarized phase also can cover 180 deg.
The variations between the length and cross-polarized amplitude
are shown in Fig. 2(d), in which all the cross-polarized ampli-
tudes are close to 1 at 10 GHz. Figure 2(e) illustrates the am-
plitude response when the unit is rotated 90 deg, in which all
the amplitudes are also close to 1 at 10 GHz. Therefore, the
double-head arrow structure can achieve 360 deg full-phase
coverage while maintaining transmission efficiency. The rela-
tionship between the arrow length and phase presents a map-
ping form. Machine learning exhibits outstanding performance
in exploring the internal relationship of data. A neural network

fitting is applied to establish the mapping between the structure
and phase response. By introducing a neural network, the in-
terpolation with specified phase can be realized, thus effectively
expanding the accuracy of a filling phase profile. The neural
network fitting performance is presented in Appendix A.
Combining the above analysis, full-phase coverage can be
achieved by adjusting the length and rotation angle of the ar-
row. Furthermore, the phase profiles can be fast customized to
generate the specified focus.

B. Virtual Meta-atom Design
Benefiting from the meta-atom phase modulation, the focusing
metasurface can be filled according to the phase profile. Due to
the different propagation paths of travelling waves in free space,
the phase profile is different at each point of metasurface aper-
ture [46,47]. The phase profile of metasurface can be governed
by Eq. (1):

φ�x,y� � φ0 �
2π

λ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � y2 � F 2

q
− F

�
, (1)

where φ0 is the intial phase at center, and λ is the wavelength
equal to c∕f . c is light velocity, and f is working frequency. F is
the focal length generated by aperture.

Here, we design two focusing metasurfaces as TFMTs
whose focal length is 30 mm working at 10 GHz. The intial
phase φ0 is 0 and 180 deg, respectively. The theoretical focal

Fig. 2. Structure and network design: (a) geometrical parameter of unit in front view and side view; (b) phase response when the length changes
from 0.9 to 3.7 mm, and the step length is 0.4 mm; (c) phase response after rotating the unit 90 deg; (d) amplitude of cross-polarized wave when the
length changes from 0.9 to 3.7 mm, and the step length is 0.4 mm; (e) amplitude response after rotating the unit 90 deg.
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length we designed is 30 mm. The phase profiles with different
intial phase are shown in Figs. 3(a) and 3(b). The focusing
metasurfaces supported by trained neural network filling ac-
cording to the phase profiles are shown in Figs. 3(c) and 3(d).
The two focusing metasurfaces are simulated to observe the
focusing performance. The full-wave simulation software is the
CST microwave studio. The metasurfaces are placed on the
XOY plane, and the boundary is set to open space in all direc-
tions. An E-field monitor is set at 10 GHz to observe the
electric field distribution. Time domain solver is applied to sim-
ulation. The simulation results are shown in Figs. 3(e)–3(j).
Figures 3(e) and 3(h) illustrate the distributions of electric fields
Ex on the XOZ plane, in which the strongest electric field in-
tensity is located in the center, that is, the focal length is
30 mm. Furthermore, the XOY plane with Z � 30 mm is ex-
tracted to observe the characteristics of focus. The intensity and
phase distributions are recorded in Figs. 3(f ), 3(i) and 3(g), 3(j),
respectively. Figures 3(f ) and 3(i) show that the foci are located
in the center of the XOY plane, and the intensity values are
opposite to each other, which illustrate that the phase difference
between them is 180 deg. The phase distributions in the XOY
plane are shown in Figs. 3(g) and 3(j), which also illustrate that
the phase difference between the two foci is 180 deg. Herein,
the foci with different phase responses are reconstructed, that is,
the virtual coding meta-atoms are achieved.

C. Virtual Metasurface Design
The reconstructed foci with a 180 deg phase difference are de-
fined as virtual coding meta-atoms. The VM can be tailored at a
distance of focal length. The virtual meta-atom reconstructed
foci are arranged in a chessboard periodic arrangement for veri-
fying the VM concept. The arrangement of TFMTs is shown in

Fig. 4(a), in which the focusing metasurfaces are spliced to-
gether, and the foci form a new virtual metasurface. The spliced
TFMTs are placed at the XOY plane, and the Y -polarized EM
wave is perpendicularly impinged on the metasurfaces from the
−Z direction. The far-field monitors and electric-field monitors
are set at 10 GHz to monitor the far-field beam distribution
and the electric field distribution. First, the electric field
distributions and phase distributions on the XOY plane
(Z � 30 mm) where the foci located are observed in Figs. 4(b)
and 4(c), respectively. In Fig. 4(b), the positions with the most

Fig. 3. Design of focusing metasurfaces and generation of virtual meta-atoms: (a), (b) two phase profiles of metasurface with a 180 deg phase
difference; (c), (d) generated focusing metasurfaces filled according to the phase profiles in (a) and (b); (e), (h) distributions of electric fields Ex on the
XOZ plane; (f ), (i) electric field intensity distribution on the XOY plane when Z � 30 mm; (g), (j) phase distribution on the XOY plane when
Z � 30 mm.

Fig. 4. Virtual metasurface design and verification: (a) focusing
metasurfaces are spliced together according to the chessboard arrange-
ment; (b) the intensity distribution of Ex on the focusing plane in
chessboard arrangement; (c) the phase distribution of Ex on the focus-
ing plane in chessboard arrangement; (d) the 3D far-field scattering
beam of metasurface in chessboard arrangement.
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powerful electric field intensity are evenly distributed on the
plane, and the focal amplitudes of different phases are opposite
to each other. Figure 4(c) shows the simulated phase distribu-
tion, which also illustrates that the designed virtual meta-atoms
have a phase difference of 180 deg. The far-field results are
shown in Fig. 4(d), in which four tilted far-field beams are
achieved. To prove that the far-field scattering modulation is
realized by the VM rather than the entity metasurface, we in-
troduce a metal plate with the hole array to isolate the entity
surface from the virtual surface. The more cases of holed ob-
stacles are supplemented in Appendix B.

To verify the ability of VM, a metal plate with spaced aper-
tures 25 mm was placed above the metasurface, as shown in
Fig. 5(a). Similarly, the electric field distributions and far-field
beam distributions are also recorded in Figs. 5(c)–5(g).
Figures 5(c) and 5(d) show the intensity and phase distributions
of electric field, where the foci are arranged crosswise and the
adjacent foci are different. In Fig. 5(e), the VM scattered the
EM waves to four tilted far-field beams, which obviously proves
that the VM has crossed through the metal plate. Moreover, the
efficiency of virtual meta-atom with and without obstacle is also
evaluated. The efficiency can be calculated according to the en-
ergy of focusing and the energy of incident plane [47,48].
Following calculation, the efficiency of virtual meta-atom
without obstacle is 73.86%, and the efficiency of virtual meta-
atom with obstacle is 59.61%. The obstacle causes 14.25% en-
ergy loss. However, although the obstacle causes energy loss, it

has little influence on the final scattering effect, which fully
demonstrates the VM robustness.

In addition, we also simulated the entity metasurface as the
control group to verify our view. Figure 5(b) illustrates the
phase profile of an entity metasurface. The entity metasurface
is also placed at the XOY plane, and the Y -polarized EM wave
is perpendicularly impinged on the metasurfaces from the −Z
direction. Figure 5(f ) shows the far-field of entity metasurface,
and Fig. 5(g) illustrates the case with obstacles. Comparing the
results of Figs. 5(e) and 5(g), it is obvious that the traditional
entity metasurface cannot cross this obstacle, which demon-
strate the far-field scattering modulation is realized by the
VM rather than the entity metasurface. To further quantify
the advantage of VM, the comparison of cross profiles of
far-field patterns is supplemented in Appendix C.

3. EXPERIMENT AND VERIFICATION

To further verify our design, the prototypes of TFMTs are fab-
ricated and assembled by commercial printed circuit board
(PCB) technology. The photographs of the TFMTs prototypes
are shown in Fig. 6(a), which can generate the foci with a
180 deg phase difference. The outer layers are orthogonal metal
gratings; therefore, only the pattern of the middle layer is
shown in Fig. 6(a). The size of 0 and 1 focusing metasurfaces
is 60 mm × 60 mm, and the foci are regarded as virtual meta-
atoms to assemble the virtual metasurfaces. To achieve the
reconfiguration of the functional VMs, a number of 0 and 1
TFMTs are processed. The properties of EM waves can be ma-
nipulated by arranging and splicing these elements. Because the
designed TFMTs need to be spliced according to different ar-
rangements, an extra PMI foam carrier is designed to splice the
units. The foam size is 300 mm × 300 mm, and a slot of
240 mm × 240 mm is cut out in the middle to splice the meta-
surface. The foam has a dielectric constant of 1, almost no loss,
which is similar to air; therefore, it has little influence on the
EM performance of the samples. The spliced TFMTs are em-
bedded in the slot of foam according to the chessboard arrange-
ment, as shown in Fig. 6(b). The spliced TFMTs with obstacle
are also shown in Fig. 6(b). Furthermore, the performance of
the designed VMs is verified by near- and far-field measure-
ment. Figure 6(c) shows the near-field measurement system
carried out in a microwave anechoic chamber with a vector net-
work analyzer (Agilent E8363B), in which the Y -polarized an-
tenna is set as a transmitter, and the X -polarized probe is set
above the samples as the receiver to monitor the electric field
distribution in space. The electric field distributions of meta-
surfaces are shown in Figs. 6(e)–6(g). First, the XOZ cross sec-
tions of the 0 and 1 focusing metasurfaces are measured, where
the strongest field intensity is located at 30 mm, that is, the foci
are at 30 mm. In addition, the electric field intensity of the two
foci is opposite, indicating the phase difference of the two foci is
180 deg. Furthermore, the electric field distributions of XOY
cross sections located 30 mm above the spliced metasurface are
monitored and recorded in Fig. 6(g), in which the distributions
of foci are consistent with the checkerboard configuration.
Some noise points at the edge of the electric field distributions,
which are caused by edge scattering and measurement error.
However, the center of the cross section can clearly observe

Fig. 5. Verification that the far-field scattering modulation is real-
ized by the VM rather than the entity metasurface: (a) virtual metasur-
face is aligned with the obstacle (a metal plate with spaced apertures);
(b) the phase profile of entity metasurface; (c) the intensity distribution
of Ex on the focusing plane in chessboard arrangement with the ob-
stacle; (d) the phase distribution of Ex on the focusing plane in chess-
board arrangement with the obstacle; (e) the 3D far-field scattering
beam of metasurface in chessboard arrangement with the obstacle;
(f ) the 3D far-field scattering beam of entity metasurface; (g) the
3D far-field scattering beam of entity metasurface with obstacle.
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the orderly arrangement of the foci. Near-field measurement
effectively verifies that a new metasurface, namely VM, is con-
structed above the TFMTs through the arrangement of foci. To
further observe the modulation of EM wave by the VMs, far-
field measurements are carried out in the microwave anechoic
chamber, which is shown in Fig. 6(d). The samples are placed
on the turntable mount to measure the scattering directivity
diagram. A pair of X-band horn antennas are employed for
measurement, one of which is used as a transmitter and the
other as a receiver. The measured far-field scattering patterns
are recorded in Fig. 6(h), in which the experimental results
are in good agreement with the simulation results. The mea-
sured results show that the checkerboard VM scatters the

incident wave into four beams. As shown in Fig. 6(i), we also
measured the far-field scattering patterns of metasurface with
obstacle, which scatters incident wave into four beams. The
measured results demonstrate that the far-field scattering
modulation is realized by the VM rather than the entity meta-
surface. All the experimental results demonstrate the perfor-
mance of the samples and the effectiveness of the design
method. Furthermore, the performance of samples illustrates
the feasibility of the VM concept.

4. CONCLUSION

This study proposed the conception of VM, which is formed
by arrays of foci distant from the entity metasurface. These

Fig. 6. Sample fabrication and performance verification: (a) the photographs of TFMTs; (b) the photographs of spliced TFMTs according to
checkerboard configuration and the samples with obstacle; (c) near-field measurement environment; (d) far-field measurement environment;
(e), (f ) the electric field distributions in XOZ cross sections of the 0 and 1 focusing metasurfaces; (g) the electric field distributions in XOY cross
sections of the virtual metasurface with checkerboard configuration; (h) the measured far-field radiation patterns under the chessboard arrangement
when φ � 45° and φ � −45° on orthogonal diagonal lines; (i) the measured far-field radiation patterns under the chessboard arrangement with
obstacle when φ � 45° and φ � −45° on orthogonal diagonal lines.
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foci, as the source of wavelets, can be considered as virtual
meta-atoms, and the manipulation of EM waves can be
achieved by tailoring their amplitudes or phases. Different
from the conventional entity metasurfaces, spatial modula-
tions of EM waves actually occur in the air with a focal length
distance from the entity metasurface. The VM effectively
transforms the active surface of EM waves and provides a
new approach for EM modulation. Two TFMTs with phase
difference π were customized to enable a checkerboard con-
figuration. The TFMTs were assembled to form the entity
metasurface whereas their foci formed the VM. Foci, as
new virtual meta-atoms, were spliced into VMs according
to the checkerboard configuration, and the four tilted far-field
beams were obtained. The performance of scattering beam
control of VMs was simulated and measured. The measured
results are consistent with simulated results, which verifies our
design. Moreover, the VM can also be extended in the modu-
lation of reflected waves and so on. Virtualization is a novel
paradigm of reconstructing the metasurface design, which can
effectively design the substitute of entity metasurface through
equivalent meta-atoms performance. Most importantly, the
conception of VM can be used as a novel paradigm to support
material design.

APPENDIX A: NEURAL NETWORK FITTING

Here, the neural network fitting was employed to establish the
mapping between the phase and structure. The length of ‘V’
shape d affects the phase response. When the length varies from
0.9 to 3.7 mm, the phase can cover 180 deg. When the length
varies from 0.9 to 3.7 mm after a 90 deg rotation, the phase can
cover the remaining 180 deg. To simplify the design, we set the
cell length from the range 0.9–3.7 to the range 3.7–6.4 when
the cell is rotated 90 deg. The fitting performance is presented
in Fig. 7, in which the blue points are training, green points are
validation, and red points are test data. The pink curve is a
fitting curve. The fitting degree of fitting curve is >99.99%.

APPENDIX B: THEORETICAL APERTURE SIZE
OF OBSTACLE

The aperture size of the holed obstacle will affect the focusing
performance. Therefore, we calculated the theoretical aperture
size of the foci array. The theoretical no-impact aperture size of
the holed obstacle can be obtained by calculating the formation

path of the focus. The formation path of the focus is illustrated
in Fig. 8(a). When the aperture is larger than the theoretical
formation path, the synthesis effect is not affected. As shown
in Fig. 8(a), the radius of the focus is Rf , the radius of obstacle’s
hole is Rhole, the height of obstacle is HR , the focal length is f ,
and the radius of metasurface aperture is Rm. The minimum
radius of obstacle’s hole can be calculated by

α � arctan

�
f

Rm − Rf

�
,

Rhole � �f −HR�∕ tan�α� � Rf : (B1)

According to Eq. (B1), the minimum radius of obstacle’s
hole can be calculated, and the specified holed obstacles can
be established. Here, three additional obstacles with holes were
placed to further examine our design. WhenHR � 20, 25, and
30 mm, the theoretical aperture sizes are Rhole � 19, 16, and
13 mm, respectively. The far-field scattering patterns for these
three cases are simulated, which are shown in Figs. 8(b)–8(d).
All the far-field results show four tilted far-field beams similar to
the VM without obstacles, which fully demonstrate our design.

APPENDIX C: COMPARISON OF CROSS
PROFILE OF FAR-FIELD

To further quantify the performance of the VM, the cross pro-
files of far-filed results at φ � �45 deg are plotted in Fig. 9.
Figure 9(a) shows the far-field patterns of the entity metasurface
and the entity metasurface with obstacle. Figure 9(b) shows the
far-field patterns of the VM and the VM with obstacle. From
the comparison of far-field patterns between the entity meta-
surface and VM, the robustness of VM can be verified. The
VM has no obvious difference when there are obstacles.
However, the entity metasurface shows a difference. Therefore,
the obstacle-avoidance can be verified.Fig. 7. Fitting performance of neural network.

Fig. 8. Theoretical formation path of focus and more aperture sizes:
(a) theoretical formation path of focus; (b) 3D far-field result with
obstacle when HR � 20 mm and Rhole � 19 mm; (c) 3D far-field
result with obstacle when HR � 25 mm and Rhole � 16 mm;
(d) 3D far-field result with obstacle when HR � 30 mm and
Rhole � 13 mm.

Research Article Vol. 11, No. 2 / February 2023 / Photonics Research 209



Funding. National Key Research and Development
Program of China (SQ2017YFA0700201, 2017YFA0700202);
National Natural Science Foundation of China (61971435,
61731010, 11874142).

Disclosures. The authors declare no conflicts of interest.

Data Availability. Data underlying the results presented
in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

REFERENCES
1. R. A. Shelby, D. R. Smith, and S. Schultz, “Experimental verification of

a negative index of refraction,” Science 292, 77–79 (2001).
2. D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser, and S.

Schultz, “Composite medium with simultaneously negative permeabil-
ity and permittivity,” Phys. Rev. Lett. 84, 4184–4187 (2000).

3. J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart,
“Magnetism from conductors and enhanced nonlinear phenomena,”
IEEE Trans. Microw. Theory Tech. 47, 2075–2084 (1999).

4. J. Valentine, S. Zhang, T. Zentgraf, E. Ulin-Avila, D. A. Genov, G.
Bartal, and X. Zhang, “Three-dimensional optical metamaterial with
a negative refractive index,” Nature 455, 376–379 (2008).

5. N. I. Landy, S. Sajuyigbe, J. J. Mock, D. R. Smith, and W. J. Padilla,
“Perfect metamaterial absorber,” Phys. Rev. Lett. 100, 207402
(2008).

6. C. Ma and Z. Liu, “A super resolution metalens with phase compen-
sation mechanism,” Appl. Phys. Lett. 96, 183103 (2010).

7. X. Q. Lin, T. J. Cui, J. Y. Chin, X. M. Yang, Q. Cheng, and R. Liu,
“Controlling electromagnetic waves using tunable gradient dielectric
metamaterial lens,” Appl. Phys. Lett. 92, 131904 (2008).

8. D. Schurig, J. J. Mock, B. J. Justice, S. A. Cummer, J. B. Pendry, A. F.
Starr, and D. R. Smith, “Metamaterial electromagnetic cloak at micro-
wave frequencies,” Science 314, 977–980 (2006).

9. H. Chen, B.-I. Wu, B. Zhang, and J. A. Kong, “Electromagnetic wave
interactions with a metamaterial cloak,” Phys. Rev. Lett. 99, 063903
(2007).

10. S. Sun, Q. He, J. Hao, S. Xiao, and L. Zhou, “Electromagnetic meta-
surfaces: physics and applications,” Adv. Opt. Photon. 11, 380–479
(2019).

11. Y. Nanfang, G. Patrice, M. A. Kats, A. Francesco, T. Jean-Philippe, C.
Federico, and G. Zeno, “Light propagation with phase discontinuities:
generalized laws of reflection and refraction,” Science 334, 333–337
(2011).

12. X. Luo, “Principles of electromagnetic waves in metasurfaces,” Sci.
China Phys. Mech. Astron. 58, 594201 (2015).

13. L. Huang, X. Chen, H. Mühlenbernd, G. Li, B. Bai, Q. Tan, G. Jin, T.
Zentgraf, and S. Zhang, “Dispersionless phase discontinuities for con-
trolling light propagation,” Nano Lett. 12, 5750–5755 (2012).

14. C. L. Holloway, E. F. Kuester, J. A. Gordon, J. O’Hara, J. Booth, and
D. R. Smith, “An overview of the theory and applications of metasur-
faces: the two-dimensional equivalents of metamaterials,” IEEE
Antennas Propag. Mag. 54, 10–35 (2012).

15. Q. He, S. Sun, S. Xiao, and L. Zhou, “High-efficiency metasurfaces:
principles, realizations, and applications,” Adv. Opt. Mater. 6,
1800415 (2018).

16. A. Li, S. Singh, and D. Sievenpiper, “Metasurfaces and their applica-
tions,” Nanophotonics 7, 989–1011 (2018).

17. N. Yu and F. Capasso, “Flat optics with designer metasurfaces,” Nat.
Mater. 13, 139–150 (2014).

18. F. Aieta, P. Genevet, N. Yu, M. A. Kats, Z. Gaburro, and F. Capasso,
“Out-of-plane reflection and refraction of light by anisotropic optical
antenna metasurfaces with phase discontinuities,” Nano Lett. 12,
1702–1706 (2012).

19. X. Ni, N. K. Emani, A. V. Kildishev, A. Boltasseva, and V. M. Shalaev,
“Broadband light bending with plasmonic nanoantennas,” Science
335, 427 (2011).

20. S. Sun, Q. He, S. Xiao, Q. Xu, X. Li, and L. Zhou, “Gradient-index
meta-surfaces as a bridge linking propagating waves and surface
waves,” Nat. Mater. 11, 426–431 (2012).

21. S. Wang, P. C. Wu, V.-C. Su, Y.-C. Lai, C. Hung Chu, J.-W. Chen, S.-H.
Lu, J. Chen, B. Xu, C.-H. Kuan, T. Li, S. Zhu, and D. P. Tsai, “Broadband
achromatic optical metasurface devices,” Nat. Commun. 8, 187
(2017).

22. D. Jia, Y. Tian, W. Ma, X. Gong, J. Yu, G. Zhao, and X. Yu,
“Transmissive terahertz metalens with full phase control based on
a dielectric metasurface,” Opt. Lett. 42, 4494–4497 (2017).

23. L. Li, T. Jun Cui, W. Ji, S. Liu, J. Ding, X. Wan, Y. Bo Li, M.
Jiang, C.-W. Qiu, and S. Zhang, “Electromagnetic reprogrammable
coding-metasurface holograms,” Nat. Commun. 8, 197 (2017).

24. Q. Wang, E. Plum, Q. Yang, X. Zhang, Q. Xu, Y. Xu, J. Han, and W.
Zhang, “Reflective chiral meta-holography: multiplexing holograms for
circularly polarized waves,” Light Sci. Appl. 7, 25 (2018).

25. L. Huang, X. Chen, H. Mühlenbernd, H. Zhang, S. Chen, B. Bai, Q.
Tan, G. Jin, K.-W. Cheah, C.-W. Qiu, J. Li, T. Zentgraf, and S. Zhang,
“Three-dimensional optical holography using a plasmonic metasur-
face,” Nat. Commun. 4, 2808 (2013).

26. J. Burch and A. Di Falco, “Surface topology specific metasurface holo-
grams,” ACS Photon. 5, 1762–1766 (2018).

27. E. Karimi, S. A. Schulz, I. De Leon, H. Qassim, J. Upham, and R. W.
Boyd, “Generating optical orbital angular momentum at visible

Fig. 9. Cross profile comparison between the existence of obstacles and the absence of obstacles: (a) comparison of entity metasurface;
(b) comparison of VM.

210 Vol. 11, No. 2 / February 2023 / Photonics Research Research Article

https://doi.org/10.1126/science.1058847
https://doi.org/10.1103/PhysRevLett.84.4184
https://doi.org/10.1109/22.798002
https://doi.org/10.1038/nature07247
https://doi.org/10.1103/PhysRevLett.100.207402
https://doi.org/10.1103/PhysRevLett.100.207402
https://doi.org/10.1063/1.3427199
https://doi.org/10.1063/1.2896308
https://doi.org/10.1126/science.1133628
https://doi.org/10.1103/PhysRevLett.99.063903
https://doi.org/10.1103/PhysRevLett.99.063903
https://doi.org/10.1364/AOP.11.000380
https://doi.org/10.1364/AOP.11.000380
https://doi.org/10.1126/science.1210713
https://doi.org/10.1126/science.1210713
https://doi.org/10.1007/s11433-015-5688-1
https://doi.org/10.1007/s11433-015-5688-1
https://doi.org/10.1021/nl303031j
https://doi.org/10.1109/MAP.2012.6230714
https://doi.org/10.1109/MAP.2012.6230714
https://doi.org/10.1002/adom.201800415
https://doi.org/10.1002/adom.201800415
https://doi.org/10.1515/nanoph-2017-0120
https://doi.org/10.1038/nmat3839
https://doi.org/10.1038/nmat3839
https://doi.org/10.1021/nl300204s
https://doi.org/10.1021/nl300204s
https://doi.org/10.1126/science.1214686
https://doi.org/10.1126/science.1214686
https://doi.org/10.1038/nmat3292
https://doi.org/10.1038/s41467-017-00166-7
https://doi.org/10.1038/s41467-017-00166-7
https://doi.org/10.1364/OL.42.004494
https://doi.org/10.1038/s41467-017-00164-9
https://doi.org/10.1038/s41377-018-0019-8
https://doi.org/10.1038/ncomms3808
https://doi.org/10.1021/acsphotonics.7b01449


wavelengths using a plasmonic metasurface,” Light Sci. Appl. 3, e167
(2014).

28. S. Yu, L. Li, G. Shi, C. Zhu, and Y. Shi, “Generating multiple orbital
angular momentum vortex beams using a metasurface in radio fre-
quency domain,” Appl. Phys. Lett. 108, 241901 (2016).

29. Z. Jin, D. Janoschka, J. Deng, L. Ge, P. Dreher, B. Frank, G. Hu, J. Ni,
Y. Yang, J. Li, C. Yu, D. Lei, G. Li, S. Xiao, S. Mei, H. Giessen, F. M. Zu
Heringdorf, and C.-W. Qiu, “Phyllotaxis-inspired nanosieves with mul-
tiplexed orbital angular momentum,” eLight 1, 5 (2021).

30. X. Li, S. Xiao, B. Cai, Q. He, T. J. Cui, and L. Zhou, “Flat metasurfaces
to focus electromagnetic waves in reflection geometry,” Opt. Lett. 37,
4940–4942 (2012).

31. E. Hasman, V. Kleiner, G. Biener, and A. Niv, “Polarization dependent
focusing lens by use of quantized Pancharatnam–Berry phase diffrac-
tive optics,” Appl. Phys. Lett. 82, 328–330 (2003).

32. K. Zhang, Y. Wang, Y. Yuan, and S. N. Burokur, “A review of orbital
angular momentum vortex beams generation: from traditional meth-
ods to metasurfaces,” Appl. Sci. 10, 1015 (2020).

33. H. Ahmed, H. Kim, Y. Zhang, Y. Intaravanne, J. Jang, J. Rho, S. Chen,
and X. Chen, “Optical metasurfaces for generating and manipulating
optical vortex beams,” Nanophotonics 11, 941–956 (2022).

34. A. Martins, J. Li, A. F. da Mota, V. M. Pepino, Y. Wang, L. G. Neto,
F. L. Teixeira, E. R. Martins, and B.-H. V. Borges, “Broadband c-Si
metasurfaces with polarization control at visible wavelengths: applica-
tions to 3D stereoscopic holography,” Opt. Express 26, 30740–30752
(2018).

35. Q. Song, A. Baroni, R. Sawant, P. Ni, V. Brandli, S. Chenot, S. Vézian,
B. Damilano, P. de Mierry, S. Khadir, and P. Ferrand, “Ptychography
retrieval of fully polarized holograms from geometric-phase metasur-
faces,” Nat. Commun. 11, 2651 (2020).

36. L. Huang, S. Zhang, and T. Zentgraf, “Metasurface holography:
from fundamentals to applications,” Nanophotonics 7, 1169–1190
(2018).

37. K. Choi, H. Kim, and B. Lee, “Synthetic phase holograms for auto-ster-
eoscopic image displays using a modified IFTA,” Opt. Express 12,
2454–2462 (2004).

38. M. Makowski, M. Sypek, A. Kolodziejczyk, and G. Mikula, “Three-
plane phase-only computer hologram generated with iterative
Fresnel algorithm,” Opt. Eng. 44, 125805 (2005).

39. R. D. Leonardo, F. Ianni, and G. Ruocco, “Computer generation of
optimal holograms for optical trap arrays,” Opt. Express 15, 1913–
1922 (2007).

40. P. Sun, S. Chang, S. Liu, X. Tao, C. Wang, and Z. Zheng,
“Holographic near-eye display system based on double-convergence
light Gerchberg-Saxton algorithm,” Opt. Express 26, 10140–10151
(2018).

41. T. J. Cui, M. Q. Qi, X. Wan, J. Zhao, and Q. Cheng, “Coding meta-
materials, digital metamaterials and programmable metamaterials,”
Light Sci. Appl. 3, e218 (2014).

42. Y. Shuang, H. Zhao, M. Wei, Q. Cheng, S. Jin, T. Cui, P. D. Hougne,
and L. Li, “One-bit quantization is good for programmable coding
metasurfaces,” Sci. China Inf. Sci. 65, 172301 (2022).

43. Y. Han, J. Zhang, Y. Li, J. Wang, S. Qu, H. Yuan, and J. Yu,
“Miniaturized-element offset-feed planar reflector antennas based
on metasurfaces,” IEEE Antennas Wireless Propag. Lett. 16, 282–
285 (2017).

44. R. Li, Z. Guo, W. Wang, J. Zhang, K. Zhou, J. Liu, S. Qu, S. Liu, and J.
Gao, “Arbitrary focusing lens by holographic metasurface,” Photon.
Res. 3, 252–255 (2015).

45. H. Zhu, T. Xu, Z. Wang, J. Li, Z. Hang, L. Zhou, S. Chen, X. Li, and L.
Chen, “Flat metasurfaces to collimate electromagnetic waves with
high efficiency,” Opt. Express 26, 28531–28543 (2018).

46. C. Pfeiffer and A. Grbic, “Metamaterial Huygens’ surfaces: tailoring
wave fronts with reflectionless sheets,” Phys. Rev. Lett. 110,
197401 (2013).

47. A. Arbabi, Y. Horie, A. J. Ball, M. Bagheri, and A. Faraon,
“Subwavelength-thick lenses with high numerical apertures and large
efficiency based on high-contrast transmitarrays,” Nat. Commun. 6,
7069 (2015).

48. K. Chen, Y. Feng, F. Monticone, J. Zhao, B. Zhu, T. Jiang, L. Zhang,
Y. Kim, X. Ding, S. Zhang, and A. Alù, “A reconfigurable active huy-
gens’ metalens,” Adv. Mater. 29, 1606422 (2017).

Research Article Vol. 11, No. 2 / February 2023 / Photonics Research 211

https://doi.org/10.1038/lsa.2014.48
https://doi.org/10.1038/lsa.2014.48
https://doi.org/10.1063/1.4953786
https://doi.org/10.1186/s43593-021-00005-9
https://doi.org/10.1364/OL.37.004940
https://doi.org/10.1364/OL.37.004940
https://doi.org/10.1063/1.1539300
https://doi.org/10.3390/app10031015
https://doi.org/10.1515/nanoph-2021-0746
https://doi.org/10.1364/OE.26.030740
https://doi.org/10.1364/OE.26.030740
https://doi.org/10.1038/s41467-020-16437-9
https://doi.org/10.1515/nanoph-2017-0118
https://doi.org/10.1515/nanoph-2017-0118
https://doi.org/10.1364/OPEX.12.002454
https://doi.org/10.1364/OPEX.12.002454
https://doi.org/10.1117/1.2148980
https://doi.org/10.1364/OE.15.001913
https://doi.org/10.1364/OE.15.001913
https://doi.org/10.1364/OE.26.010140
https://doi.org/10.1364/OE.26.010140
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1007/s11432-022-3471-9
https://doi.org/10.1109/LAWP.2016.2572878
https://doi.org/10.1109/LAWP.2016.2572878
https://doi.org/10.1364/PRJ.3.000252
https://doi.org/10.1364/PRJ.3.000252
https://doi.org/10.1364/OE.26.028531
https://doi.org/10.1103/PhysRevLett.110.197401
https://doi.org/10.1103/PhysRevLett.110.197401
https://doi.org/10.1038/ncomms8069
https://doi.org/10.1038/ncomms8069
https://doi.org/10.1002/adma.201606422

	XML ID funding

