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Complete-basis-reprogrammable coding
metasurface for generating dynamically-
controlled holograms under arbitrary
polarization states

Zuntian Chu®?f, Xinqi Cai'f, Ruichao Zhu®?*, Tonghao Liu3*,
Huiting Sun'?, Tiefu Li'?, Yuxiang Jial?, Yajuan Han'?, Shaobo Qu'? and
Jiafu Wangh2*

Reprogrammable metasurfaces, which establish a fascinating bridge between physical and information domains, can dy-
namically control electromagnetic (EM) waves in real time and thus have attracted great attentions from researchers
around the world. To control EM waves with an arbitrary polarization state, it is desirable that a complete set of basis
states be controlled independently since incident EM waves with an arbitrary polarization state can be decomposed as a
linear sum of these basis states. In this work, we present the concept of complete-basis-reprogrammable coding meta-
surface (CBR-CM) in reflective manners, which can achieve independently dynamic controls over the reflection phases
while maintaining the same amplitude for left-handed circularly polarized (LCP) waves and right-handed circularly polar-
ized (RCP) waves. Since LCP and RCP waves together constitute a complete basis set of planar EM waves, dynamical-
ly-controlled holograms can be generated under arbitrarily polarized wave incidence. The dynamically reconfigurable
meta-particle is implemented to demonstrate the CBR-CM’s robust capability of controlling the longitudinal and trans-
verse positions of holograms under LCP and RCP waves independently. It's expected that the proposed CBR-CM opens
up ways of realizing more sophisticated and advanced devices with multiple independent information channels, which
may provide technical assistance for digital EM environment reproduction.

Keywords: basis vector control; reprogrammable metasurface; dynamically-controlled holograms; arbitrary polarization
state; broadband
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Introduction posed of periodically or quasi-periodically arranged sub-
Decades of advanced and diverse progresses in metasur- wavelength resonant building blocks (meta-particles),
faces, the judiciously engineered planar arrays com- hold giant promise for elaborate wave-object
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interaction'=. As an emerging platform, given the merits
of simple and compact fabrication and powerful on-de-
mand capabilities, metasurfaces have transcended the
limitations of conventional materials, provided innova-
tive and extraordinary flexible control methodologies for
amplitude®’, phase®, polarization®!?, and transmission
mode!! of electromagnetic (EM) waves across the whole
spectrum, and explored various fascinating applications
including hybrid-dispersion metalens'>'?, holographic
imaging display'*, information encryption and storage'?,
and wireless communications'®'”. With the further devel-
opment of modern multi-target integrated equipment
and multi-task processing systems, many efforts are be-
ing devoted to the exploitation and expansion of multi-
plexed metasurfaces capable of merging multiple EM
functionalities into a single shared-aperture configura-
tion, where the degrees of freedom (DOFs) utilized for
manipulating EM waves include polarization, wave-
length, incident angle, transmission direction and or-
bital angular momentum (OAM). Decorrelated and con-
trollable EM modulation channels can be integrated into
single metasurface platform, e.g., polarization-insensi-
tive anisotropic meta-particles for achieving indepen-
dent orthogonal linearly polarized (LP) wavefronts cus-
tomization'®, differential transmission of orthogonal cir-
cularly polarized (CP) wavefronts assisted by two-di-
mensional (2D) or three-dimensional (3D) chiral struc-
tures or multiple phase modulations'*?, full-space asym-
metric transmission (AT) enabled via multi-layered
composite Janus metasurface?'?2, off-axis cylindrical vec-
tor beam (CVB) generation®, vector visual cryptography
(VC)*, and elliptical polarization beam splitters**based
on compound phase modulation. Though plenty of ver-
satile metasurfaces have entered human’s vision so far,
most of them are passive and static, leading to fixed
functionalities and characteristics once fabricated while
limiting the adaptability to external time-varying envi-
ronment. Aiming at offering dynamic propagation ma-
nipulation and real-time information delivery for EM
waves, the appearance and excavation of active and tun-
able metasurfaces effectively surmounts the above co-
nundrum and implements eye-catching achievements.
Initially, the concept of digital and reprogrammable
coding metasurfaces (RCMs) has been put forward by
Cui et al., which establishes sound foundation for con-
trolling EM waves propagation in real time*. Compared
with the metasurfaces with continuously various param-
eters, the digital coding metasurfaces (DCM) adopt bina-

ry codes to quantify physical parameters (e.g., amplitude,
phase, and polarization), making them possible to de-
sign the EM waves simply and conduct complicated EM
operations. In light of digital signal processing, the scat-
tering pattern shift of DCM has been deduced via utiliz-
ing convolution theorem in Fourier transform to guide
arbitrary beam directions in upper 3D half space with lit-
tle distortion”. Moreover, both concepts of information
entropy and addition theorem are introduced into DCM
respectively, which not only provides guidance for the
control of coding mode and scattering mode, but also re-
veals the internal relationship of different bit codes®*%.
In terms of multi-physical manipulation, these fascinat-
ing concepts are also successfully transitioning from mi-
crowave to sound fields, mechanical fields, and tempera-
ture fields based on altering different material regimes or
changing unit architecture models**2. An inspirational
work that combines functional dynamic phase with spec-
ified rotation angles provides a simplified framework to
assemble a polarization-reversible metalens in terahertz
region, promoting the transformation from DCM to
RCM?*. It’s noteworthy that in microwave region, the
qualitative leap from DCM to RCM can be achieved with
the loading of active components controlled by electric
bias, optical switch, mechanical actuation, and the like
while the coding sequences are dynamically regulated by
the field-programmable gate array (FPGA), which ex-
tremely enhances the DOFs of metasurfaces and pro-
motes the synthetical and intelligent applications of EM
waves manipulation®*. Through cyclic switching a
group of coding sequences in a pre-designed period, the
desired harmonic beam power distributions are yielded
and the joint modulation of RCM in temporal and spa-
tial domains is achieved?. A series of polarization-modu-
lated information metasurfaces and multi-channel RCMs
in transmission/reflection mode are constructed with the
assistance of amplitude-phase-joint-coding technique
and orthogonal-polarization-coding technique®-**. Fur-
thermore, intelligent applications such as adaptive per-
ception, autonomous decision making and pro-
grammable diffraction deep neural network are realized
via introducing sensing modules and intelligent algo-
rithms into RCMs***. However, most existing RCMs are
only suitable for incident waves in LP basis form or hard
to identify the incident polarization to dynamically carry
out functionalities. Meanwhile, the reconfigurable meta-
particles tuned in one-dimensional (1D) construction
significantly reduce the DOF and are unable to be
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employed to complex wavefront generation, and the cur-
rently individually addressable techniques in 2D configu-
ration generically require multiple active components
and multi-layered cascaded metasurfaces, which sacri-
fices part of the available space and cannot meet the
needs of miniaturized and integrated systems.

Among multitudinous studies of wavefronts shaping
via RCMs, the most remarkable application is undoubt-
edly reprogrammable meta-holograms (RMHs), on-de-
mand recording, storage, and evocation of the target im-
ages, which holds great potential ranging from informa-
tion encryption to intelligent detection*. RHMs are es-
sentially dynamic meta-holograms according to the clas-
sification of holograms. As known, static meta-holo-
grams mean that only one fixed image can be recon-
structed by meta-elements, while dynamic meta-holo-
grams mean that multiple different holographic images
can be reconstructed due to the variations in the inci-
dent light, or the meta-particle configuration, or relative
distances between two adjacent metasurfaces. For in-
stance, on the one hand, many fundamental properties of
the light act as independent dimensions, such as the am-
plitude, phase, polarization, wavelength, and propaga-
tion direction, which enables multiplexing technologies
to integrate different holographic images*>!. On the
other hand, an external input stimuli applied to metasur-
faces consisting of active materials is utilized to switch
reconstructed holographic images®>*. Also, the distin-
guished methods including inverse design based on ma-
chine learning can assist researchers in designing meta-
holograms that possess desired optical responses and
multiple DOFs>. A series of creative achievements in the
field of micro and nano have also driven the study of
RMHs in the microwave band. Specifically, the first
groundbreaking RMH with high-resolution and low-
noise characteristics is demonstrated via reflecting the
amplitude and phase distributions optimized by im-
proved Gerchberg-Saxton (GS) algorithm®. Subsequent-
ly, the organic combination of machine learning and 2-
bit RCM can directly capture high-quality imaging and
high-precision target detection®. When electronically
controlled PIN diodes are loaded with different bias volt-
ages, two-polarization-channel tunable dynamic RMHs
are vividly exhibited in transmission and reflection
mode, respectviely”’. Thanks to chiral effect, the embed-
ded rheostatic diodes in mirror positions of the split-ring
metallic resonator, flexibly switch spin-multiplexing
meta-holograms and low observable refection®. Never-

https://doi.org/10.29026/0ea.2024.240045

theless, either the RMHs under excitation of CP waves
are neglected or most are operated in one dimension, or
the coupling between manipulating orthogonal CP basis
is inevitable, which undoubtedly reduces the simplicity
of meta-particles construction and increases the difficul-
ty of metasurface treatment. Hence, the research of this
academic issue still needs to be further explored.

In this work, we propose an innovative methodology
of complete-basis-reprogrammable coding metasurface
(CBR-CM), which enables on-demand independent and
dynamic holographic patterns reconstruction under ar-
bitrary polarization states leveraging dynamically recon-
figurable meta-particle. Through individually introduc-
ing two symmetrical positive-intrinsic-negative (PIN)
diodes into the umbrella-shaped structure whose equiva-
lent circuit can be altered via switching the supply volt-
ages controlled by FPGA, the dynamic Aharonov-Anan-
dan (AA) phase induced via path effect is motivated to
encode the 1-bit co-polarized reflection phase responses
maintaining the same amplitudes of LCP and RCP waves
when separately switching the “ON/OFF” states of the
left and right PIN diodes. Furthermore, according to the
coding sequences calculated through improved holo-
graphic optimization algorithm, the EM waves under or-
thogonal CP basis can be excited and modulated respec-
tively, ingeniously avoiding the unnecessary coupling
and crosstalk between dual CP co-polarized reflection
channels. As proof-to-concept, a broadband (9-10.5
GHz) and ultracompact (0.1481¢ at 10 GHz) CBR-CM
prototype is designed and fabricated, and four illustra-
tive functions are demonstrated in both simulations and
experiments, including spin-controlled meta-holograms
with identical or variable focal length, coplanar dual-po-
larized pixel synthesis, and full-polarized detection sys-
tem on Poincaré sphere with the assistance of vectorial
decomposition and synthesis, which generically and re-
spectively prove the independent spin-space-addressing-
multiplexing capability and puissant arbitrary polariza-
tion state adaptability in dynamic holograms. Encourag-
ingly, the proposed complete-basis-reprogrammable
coding paradigm could be easily extended to other spec-
tra and open a promising window for full-featured
RCMs-based meta-holograms.

Results and discussion

Figure 1 exhibits the schematic diagram of the proposed
CBR-CM to achieve spin-integrated manipulation of EM
waves at upside of the interface. For independent and
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Fig. 1 | Schematic illumination of the CBR-CM. The CBR-CM is constructed via symmetrically incorporating PIN diodes into an elaborately de-
signed metasurface structure, and these diodes are controlled by multi-channel bias voltages provided by a FPGA-based control circuit connect-
ed to real-time holographic processing system. As illustrated examples, by arranging specific LCP and RCP 1-bit coding sequences, dynamic

meta-holograms with identical focal length, variable focal length, switchable spatial pixels, and against arbitrary polarization state are successive-

ly demonstrated.

real-time control of orthogonal CP co-polarized reflect-
ed wavefronts at microwave frequencies, each meta-par-
ticle of CBR-CM, consisting of umbrella-shaped struc-
ture incorporated with PIN diodes, is designed to modu-
late the reflection phase responses under orthogonal CP
incidence. When the PIN diode embedded into the left
arm works on the “ON” (or “OFF”) state, the co-polar-
ized reflection phase responses of the meta-particles are
encoded as “1” (or “0”) under LCP incident waves. Simi-
larly, with or without PIN diodes embedded into the
right arm activated, the co-polarized reflection phase re-
sponses are encoded as “1” (or “0”) under RCP incident
waves, respectively. A control circuit based on FPGA re-
ceiving instructions from holographic processing system
and sending data stream is then fabricated and intro-
duced to multiple bias voltage channels for CBR-CM,
making each meta-particle individually addressable to

dynamically operate as a sub-reflector with broadband

and dynamic phase modulation capability. Accordingly,
the CBR-CM possesses 2D spatial DOF of modulating
dual-channel reflection phase coding patterns. By fur-
ther employing improved holographic optimization al-
gorithm to design LCP and RCP 1-bit reflection coding
sequences, four illustrative functions are demonstrated
dynamically based on a single CBR-CM prototype. In the
first three demonstrations, spin-controlled meta-holo-
grams with identical and variable focal length, coplanar
dual-polarized pixel synthesis are realized via tuning dif-
ferent coding sequences of orthogonal CP channels. In
the last demonstration, full-polarized detection system is
constructed through encoding the same sequences and
extracting amplitude-phase information of orthogonal
CP channels.

Meta-particle design and underlying mechanism

Asapractical implementation in the microwave frequency
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band, here, a dynamically reconfigurable meta-particle
whose co-polarized reflection phases of the LCP and
RCP incident waves can be simultaneously and indepen-
dently controlled is punctiliously designed, as illustrated
in Fig. 2(a). The meta-particle is arrayed in a square peri-
odic lattice spaced at P=10 mm, and comprises four met-
al layers (copper, thickness t=0.035 mm), two substrates,
and a bonding film. The side view of the meta-particle is
portrayed in Fig. 2(b). The patch layer (umbrella-shaped
structure, radius r=3.8 mm) and the metal backplate as
middle ground of the meta-particle are etched on two
sides of the top substrate (F4B, loss tangent tang=0.001,
dielectric constant &,=2.65, thickness h;=4 mm). The di-
rect current (DC) bias networks for controlling co-polar-
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ized reflected waves under RCP and LCP incidence are
etched on two sides of the bottom substrate (F4B, loss
tangent tano=0.001, dielectric constant &=2.65, thick-
ness h3=0.25 mm). Two substrates are eventually bond-
ed together with a bonding film (Rogers RO4450F, loss
tangent tano=0.003, dielectric constant &=3.52, thick-
ness h;=0.18 mm). The widths of the umbrella-shaped
structure and the bias line connecting to it are w;=0.8
mm and w,=0.7 mm, and the other parameters shown in
the meta-particle are a=70°, f=130°, d;=0.6 mm, d»=0.9
mm. Two PIN diodes (Skyworks, SMP1320-040LF) are
embedded mirror-symmetrically on the left- and right-
arm of the umbrella-shaped structure, and the equiva-
lent circuits are exhibited in Fig. 2(c), in which the values
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Fig. 2 | Geometric configuration and EM responses of the dynamically reconfigurable meta-particle. (a) Perspective view of the proposed
meta-particle. (b) Vertical and layered schematic of the proposed meta-particle. (c) The equivalent circuit models of the PIN diodes in the “ON”
and “OFF” states. (d) Simulated surface current distributions on the proposed meta-particle of state “11/10” and “01/00” under LCP incidence at
10 GHz. (e) Simulated surface current distributions on the proposed meta-particle of state “11/01” and “10/00” under RCP incidence at 10 GHz.
(f, g) Simulated co-polarized reflection amplitude and phase responses of the proposed meta-particle with coding states of “11”, “10”, “01”, and
“00” under orthogonal CP normal incidence.
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of Cy, Cy, L, Ry, and R; are 0.04 pF, 0.05 pF, 2.55 nH, 0.51
Q, and 0.71 Q, respectively. To feed these PIN diodes,
the left- and right-arm and the top position of the um-
brella-shaped structure are separately connected to the
bias layer via two through holes and one blind hole.

For the purpose of controlling PIN diodes indepen-
dently, each meta-particle connects two DC strips that
supply different DC bias voltages controlled by FPGA,
but is simultaneously grounded for the sake of simpli-
fied design. By changing the bias voltages difference of
two arms, the conduction and cutoff of PIN diodes can
be switched independently, accordingly, the working
states of the meta-particle also convert. In the proposed
paradigm, each coding meta-particle has four states:
“ON/ON”, “ON/OFF”, “OFF/ON”, and “OFF/OFF”. The
states before and after the symbol “/” represent the states
of the PIN diodes in left- and right-arm. Here, we define
these four states as digital codes “117, “10”, “01”, and
“007, respectively, in which the former and the latter of
the two-bit codes represent the co-polarized reflection
phases under the illumination of LCP and RCP wave.
With the assistance of a commercial software Computer
Simulation Technology (CST) Microwave Studio, we ex-
plore the spin-selective performances of the dynamically
reconfigurable meta-particle in microwave X band, in
which the ON (or OFF) states of PIN diodes are repre-
sented by utilizing lumped elements shown in Fig. 2(c).
See Materials and Methods for more details of the simu-
lation setup. In Fig. 2(d) and 2(e), the simulated surface
currents distributions are illustrated under LCP and RCP
incident waves at 10 GHz when the PIN diodes are in
ON or OFF states. It’s observed that when the PIN diode
on the left/right arm is switched from ON (“11” and
“10”)/(“11” and “01”) to OFF state (“01” and “00”)/(“10”
and “00”), the surface currents vary as the central angle
of the corresponding arm of the path evolution changes,
and induce a correlated phase shift. Since the phase shift
depends only on the variation of central angle deter-
mined by the starting and ending position of the arc tra-
jectory, and the phases generated via the incident orthog-
onal CP waves will return to initial phase after the cyclic
evolution of different closed paths, which entirely coin-
cides with AA geometric phase caused by the rotating
Doppler shift in the optical Coriolis effect. According to
the path evolution, the co-polarized AA reflection phas-
es of the proposed meta-particles under the excitation of
orthogonal CP waves which are derived detailedly in Sec-
tion S1 (Supplementary information) can be expressed as

follows

Ber2 Ber1
AA = —
A(DLL =2 LSLZ d@L 2 LSLI d@L z(esLl 65L2)

AG — 2 f_: d6—2 f_: d6; = 2(Ous — Oa)

(1)
where 611 (6sr1) and 60512 (6sr2), and Ger1 (Oer1) and Oer2
(Ber2) represent the starting position and ending posi-
tion of the surface currents distributions path corre-
sponding to excitation of LCP(RCP) waves. Notably, the
positions of the PIN diodes to a large extent influence the
co-polarized reflection phase shifts, actually, the co-po-
larized reflection amplitudes are also affected. Thus, the
optimal locations of the PIN diodes should be deter-
mined and more details are provided in Section S2 (Sup-
plementary information).

Figure 2(f) shows the co-polarized reflection ampli-
tudes and phases under LCP incident waves when the
coding states of “117, “10”, “01”, and “00” of the pro-
posed meta-particle are carried out. Obviously, the co-
polarized phases difference when the left PIN diode is in
ON state (“11” and “10”) and OFF state (“01” and “00”)
is almost 180°, which is in coincidence with the calculat-
ed AD}N'=180° (05 1=01,=143° and Oy ;=01,=53°), and
the amplitudes of reflections are on average at 0.9 in the
frequency range of 9-10.5 GHz. In addition, it’s noted
the simulated co-polarized reflection phases remain al-
most unchanged and the reflection amplitudes are on av-
erage at 0.9 between 9 and 10.5 GHz with different states
of the right PIN diode, demonstrating the influence of
the right PIN diode can be ignored and the reflection
amplitudes and phases are solely modulated by switch-
ing ON/OFF of the left PIN diode. Meanwhile, the simu-
lated co-polarized reflection amplitude and phase re-
sponses with the illumination of RCP wave are depicted
in Fig. 2(g). The difference of the co-polarized reflection
phases can attain around 180°, which is in good agree-
ment with the calculated ADAA~180° (Osra=0r2=133° and
Osr1=0r1=43°) and the amplitude can also be held on av-
erage at 0.9. The effect of the state of the right PIN diode
on the co-polarized amplitude and phase of LCP inci-
dent wave is also negligible. However, it can be noted
that a chiral amplitude response to some extent appears
in Fig. 2(f) and 2(g), especially at edge frequencies in the
designed frequency band, which is mainly caused by the
practical coupling interference between the DC bias net-
work and the patch layer. In particular, the deviation of
high co-polarized amplitudes for orthogonal CP
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incidence is relatively weak so that it can be neglected in
the frequency band of interest in terms of the phase-only
meta-holograms. Thus, from the simulated profiles in
Fig. 2, it’s noted that the proposed meta-particle owns
good orthogonal polarization isolation at the microwave
frequency band and possesses the faculty to modulate the
co-polarized reflection phase responses in two orthogo-
nal CP waves independently and simultaneously. This
formalism can be extended to other frequency band, and
we further demonstrate the feasibility in terahertz spec-
tra within the working frequency band of 0.8-1.1 THz in
Section S3 (Supplementary information). Based on the
reflection complex Jones matrix transformation relation-
ship between CP incidence and LP incidence, the four
states of meta-particles in the form of complex Jones ma-
trices under CP basis possess unique corresponding state
of matrix under LP basis, thereupon, the CBR-CM en-
ables implementation of specifically dynamic wavefronts
manipulation in LP reflection channel. More details of
the deduction process are listed in Section S4 (Supple-
mentary information).

Directional generation of meta-holograms with
identical and variable focal length

To validate the powerful ability of the proposed dynami-
cally reconfigurable meta-particle to reconstruct arbi-
trary holographic patterns of orthogonal CP waves in co-
polarized channels, we design, fabricate, and measure a
CBR-CM prototype consisting of a 24x24 array of meta-
particles with a total size of 250260 mm? to attain the il-
lustrative examples, which is much larger than the wave-
length at the operating frequency. The overall schemat-
ics of the CBR-CM prototype, including the top patch
layer, the middle ground, the DC bias network for con-
trolling co-polarized reflection waves under RCP and
LCP incidence are illustrated in Section S5 (Supplemen-
tary information). See Materials and Methods for more
details of the prototype fabrication. Commonly, howev-
er, achieving microwave hologram in good quality is
subjected to the coupling between the complicated
metallic structures. Accordingly, the amplitude and
phase responses of the periodically arranged pixels sin-
gle meta-particle deteriorate. Here, each 2x2 identical
meta-particles makes up a super-cell as a basic pixel unit
with the size of 20x20 mm? to be compatible with peri-
odical boundary conditions. Moreover, it’s noteworthy
that the size of the pixel is still in the sub-wavelength
scale. Meanwhile, it should be noted that 2x2 identical

https://doi.org/10.29026/0ea.2024.240045

meta-particles that make up each pixel are connected via
elaborately optimized DC bias junction for saving feed-
ing resources and achieving compact design. More de-
tails about the structural configuration and simulated
EM responses of the super-cell are provided in Section
S6 (Supplementary information). Since each super-cell
requires two independent voltages, a FPGA-based con-
trol circuit is designed to provide 288 independent volt-
age channels. See Materials and Methods for more de-
tails of FPGA-based control circuit. Correspondingly, we
perform the phase-only (PO) meta-hologram simulation
and experiment to verify the dual-channel spin-multi-
plexed modulation characteristic where the iterative op-
timization algorithm, a phase retrieval method, is ap-
plied to calculate the ideal phase profiles with uniform
amplitude for reconstructing the target images. By intro-
ducing a weighting factor to constantly adjust the phase
profiles with fixed amplitude in the metasurface plane,
the calculated diffraction field gradually approximates
the target images in the iteration process. The design
process is provided in Section S7 (Supplementary
information).

In the first demonstration, we use the proposed meta-
surface to generate meta-holograms with identical focal
length. Two different target holographic images: letters
“C” and “D” are prestored in L;-L; channel and R;-R;
channel, respectively, as shown in the left panel of Fig.
3(a) and 3(b). Both reference frequencies of the channels
are chosen at 10 GHz and the holographic imaging plane
is designed at z=100 mm apart from the metasurface.
The desired phase coding patterns for reconstructing the
target images are separately calculated via iterative opti-
mization algorithm and presented in the right panel of
Fig. 3(a) and 3(b). For verification, the meta-holograms
in pre-defined polarization channels are further conduct-
ed full-wave simulation and experimental characteriza-
tion. See Materials and Methods for more details of the
simulation setup and experimental setup. The following
sections also employ the same method. The numerically
simulated and experimentally measured results at the ob-
servational plane of z=100 mm for different channels are
shown in Fig. 3(c) and 3(d), from which vivid and iconic
holographic images are clearly seen being reconstructed
spatially in the near field and in good accordance with
the target images. It’s worth mentioning that for reduc-
ing the diffraction effect of reflected waves and obtain
sharper image profiles, the aforementioned super-cell
strategy is adopted in constructing the meta-holograms.
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Fig. 3 | Directional generation of meta-holograms with identical and variable focal length. (a) The target monochrome image of the letter
“C” and corresponding phase coding patterns under the normal incidence of LCP waves. (b) The target monochrome image of the letter “D” and
corresponding phase coding patterns under the normal incidence of RCP waves. (¢) Numerically simulated and experimentally measured nor-
malized electric field intensity of LCP component utilizing coding pattern in a in Li-Lj channel on the x-y plane cutting at z=100 mm. (d) Numerical-

ly simulated and experimentally measured normalized electric field intensity of RCP component utilizing coding pattern in b in R-R; channel on

the x-y plane cutting at z=100 mm. (e) The target monochrome image of the letter “L” and corresponding phase coding patterns under the nor-

mal incidence of LCP waves. (f) The target monochrome image of the letter “R” and corresponding phase coding patterns under the normal inci-
dence of RCP waves. (g) Numerically simulated and experimentally measured normalized electric field intensity of LCP component utilizing cod-

ing pattern in e in L-L; channel on the x-y plane cutting at z=100 mm. h Numerically simulated and experimentally measured normalized electric
field intensity of RCP component utilizing coding pattern in f in Ri-R; channel on the x-y plane cutting at z=150 mm. All of the results are simulat-

ed and measured at frequency of 10 GHz.

Meanwhile, we have also evaluated the imaging quali-
ty via quantitative methods including the imaging
efficiency defined as the ratio between the energy of the

reconstructed image and the incident energy and the sig-

nal to noise ratio (SNR) defined as the ratio of the peak
intensity in the imaging area to the standard deviation of
the background noise. The measured imaging efficien-

cies and the SNRs of the generated letters are separately
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14.32%, 16.11%, and 16.44 dB, 15.63 dB. Noticeably, we
have also evaluated the performance of the meta-holo-
grams with identical focal length at other frequencies
provided in Section S8 (Supplementary information) and
found that the simulated and measured normalized elec-
tric field intensities undergo negligible changes and are
in good agreement with the target images in the matched
channels in the frequency range of 9-10.5 GHz.

In the second demonstration, we use the proposed
metasurface to generate meta-holograms with variable
focal length. Likewise, two different target holographic
images: letters “L” and “R” are prestored in L,-L;j channel
and R;-R; channel, respectively, as shown in the left pan-
el of Fig. 3(e) and 3(f). It’s worth noting that the refer-
ence frequencies are also selected at 10 GHz, but the
holographic imaging planes for L;-L; channel and R;-R;
channel are designed at z=100 mm and z=150 mm apart
from the metasurface. The desired phase coding patterns
for reconstructing the target images are separately calcu-
lated and presented in the right panel of Fig. 3(e) and
3(f). When LCP wave normally illuminates to the meta-
surface, holographic image of letter “L” will be generated
in the reflection space; while RCP wave normally illumi-
nates to the metasurface, holographic image of letter “R”
will be generated in the reflection space, as depicted in
Fig. 3(g) and 3(h). In addition, the measured imaging ef-
ficiencies and the SNRs of the generated letters are sepa-
rately 15.36%, 20.32%, and 22.18 dB, 16.38 dB. In addi-
tion, the broadband performance of the meta-holograms
with variable focal length is also achieved, and the simu-
lated and measured results are provided in Section S9
(Supplementary information).

Versatile customization of meta-holograms with
switchable spatial pixels

Manipulating continuous near-field distribution has
been widely used in the applications of communication,
encryption, anti-counterfeiting, and etc. Thereupon, in
the third demonstration, we use the proposed metasur-
face to customize meta-holograms with switchable spa-
tial pixels. Generally, the PO meta-hologram is equiva-
lent to the superposition of multiple focal pixels and ac-
complished via compensating the phase between the fo-
cal pixel and the meta-particle. Through modifying dif-
ferent phase coding patterns applied to the metasurface,
the discretized spatial pixels of the predesigned holo-
graphic image are supposed to move along the certain
routes in x-y plane and ultimately form the trajectory of

the target image. Subsequently, take the holographic im-
age of letter “S” as an example for illustration, and the
scanning trajectory is split into upper-half and lower-half
regions in both channels where the counterclockwise yel-
low and green arrows respectively represent L,-L; and R,-
R; channels, as shown in Fig. 4(a). Accordingly, as dis-
played in Fig. 4(b), four groups of sequentially and syn-
chronously switched spatial pixels (0.1, 04.1), (02, 0+.2),
(0.3, 04+3), (0.4, 04+,4) are selected to generate the holo-
graphic image.

Under the illumination of LCP wave, each of the four
spatial pixels including 0.1, 0., 0-3, 0.4 exhibited in the
left panel of Fig. 4(b) are individually designed and se-
quentially implemented. Herein, the reference frequency
and imaging plane are designated at 10 GHz and at
z=100 mm apart from the metasurface. Combined with
the iterative optimization algorithm, four discretized
phase coding patterns are achieved for generating the
corresponding spatial pixels in L;-L; channel, as shown
in Fig. 4(c—f). The simulated and measured results at the
observational plane of z=100 mm are shown in Fig. 4(g-
j), where the spatial pixels can be scanned along the tra-
jectory of lower-half letter “S”. Moreover, the simulated
and measured broadband performance of the meta-holo-
grams with switchable spatial pixels for LCP incidence is
provided in Section S10 (Supplementary information).

In accordance with the operation method of LCP inci-
dence, when RCP wave illuminates the CBR-CM, each of
the four spatial pixels including o041, 042, 013, 044
exbitited in the right panel of Fig. 4(b) is also individual-
ly designed and sequentially implemented. At the condi-
tion that reference frequency of 10 GHz and focusing
plane of z=100 mm, Fig. 4(k-n) depict four discretized
phase coding patterns designed for generating the corre-
sponding spatial pixels in R;-R; channel. It can be ob-
served from the simulated and measured results at the
observational plane of z=100 mm of Fig. 4(o-r) that the
spatial pixels can also be scanned along the trajectory of
upper-half letter “S”. In addition, the simulated and mea-
sured broadband performance of the meta-holograms
with switchable spatial pixels for RCP incidence is pro-
vided in Section S10 (Supplementary information). Since
the complete holographic image of letter “S” comprises
eight different spatial pixels, therefore, the measured
imaging efficiency and SNR are specifically equivalent to
the efficiency summation and the mean SNR value of
eight focal pixels and separately calculated as 12.62% and
18.43 dB. Note that here we only take eight specific cases
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and scanning trajectory of LCP and RCP spatial pixels under the normal incidence of orthogonal CP waves. (b) Four groups of sequentially and
synchronously switched spatial pixels (0.1, 0+,1), (0.2, 0+2), (0-3, 0+3) and (0.4, 0+ 4) distributions in Li-L; and R\-R; channels, respectively. The
subscript “-” and “+” represent the LCP and RCP reflection channels. (c—f) The target monochrome image and phase coding patterns of spatial
pixel 0.1, 0.2, 0.3, and 0.4. (9—j) The corresponding simulated and measured normalized electric field intensity of LCP component on the x-y
plane cutting at z=100 mm. (k—n) The target monochrome image and phase coding patterns of spatial pixel o+ 1, 0+2, 0+3, and 0+ 4. (0o—r) The
corresponding simulated and measured normalized electric field intensity of RCP component on the x—y plane cutting at z=100 mm. All of the re-

sults are simulated and measured at frequency of 10 GHz.

of the allocated holographic image for examples to Cyclic evolution of meta-holograms against
arbitrary polarization states on Poincaré sphere

In the above designed CBR-CM, only the capability in
controlling the reflected waves of meta-holograms under

demonstrate the tunability of the scanning trajectory,
and in fact, arbitrary-shaped pixel trajectory of arbitrary

holographic image can be achieved via carefully design-
orthogonal CP incidence is validated effectively. Here,

ing the phase coding patterns. With the assistance of
8 P gp considering the good orthogonal polarization isolation of

computer software, the theoretical results of these above- .
b the proposed meta-particle, we further use the proposed

mentioned three groups of different holograms are cal- metasurface to design the full-polarized detection sys-
culated and provided in Section S11 (Supplementary in- tem against the cyclic evolution of arbitrary polarization

formation). states on Poincaré sphere. It should be noted that though
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all the polarizations of the EM wave can be represented
by the Poincaré sphere, arbitrary polarization of the EM
wave is a linear combination of orthogonal polarization
basis vectors. Hence, any arbitrary polarization state |n)
can be considered as the superposition of the orthogonal
polarization state (in this paper, i.e., LCP and RCP states)
with different amplitude and phase, as described as

|n) = ALe |L) + Age™® |R) | (2)
where, |L) and |R) represent LCP and RCP states, re-
spectively, Ar, Ag and 61, Or are the amplitude and phase
coefficients of two CP waves. Consequently, the azimuth
angle ¥ and ellipticity angle y of polarization ellipse cor-
responding to the |n) state can be derived based on vec-
tor decomposition and Stokes-Cartesian coordinate
transformation as

Or — & 1 . (AR — A
= = — = . 3
Y 5 X = arcsin (A%{ A (3)

In this way, an arbitrary full-polarization DOF, in-
cluding orientation, ellipticity, and chirality of the recon-
structed field, are determined via deducting the ampli-
tude ratio Ar/Ar and phase retardation dr-61. Without
loss of generality, we have chosen eight characteristic
(states of polarization) SOPs as the incident wave to re-
construct the same holographic image of symbol “+”, as
shown in the left panel of Fig. 5(a). Likewise, the refer-
ence frequency and imaging plane are designated at 10
GHz and at z=100 mm apart from the metasurface. At-
tributed to the identical polarization state between the
incident wave and reflected wave in the process of polar-
ization detection, the phase coding patterns in the LCP
and RCP reflection channels of the CBR-CM should also
be maintained consistent, as displayed in middle and
right panels of Fig. 5(a). From the point [ representing
LP-0° state to point VIl representing ERCP state, continu-
ous evolution is experienced through LP-90° state (point
II), LP-45° state (point III), LP-135° state (point IV),
LCP state (point V), RCP state (point VI), and ELCP
state (point VII), where combined with vectorial decom-
position of amplitude and phase relationship of orthogo-
nal CP basis vectors, the self-defined characteristic pa-
rameters (1, y) representing the azimuth angle and ellip-
ticity angle of each polarization with their correspond-
ing normalized amplitudes (rrr, 711) and phase retarda-
tion Ag of these eight polarized incidence from I to VII
are detailedly listed in Table 1.

The numerically simulated and experimentally mea-

sured normalized electric field amplitudes and phase of
LCP and RCP components are exhibited in Fig. 5(c-j).
When the input polarization states are LP-0°, LP-90°,
LP-45°, and LP-135° states, the output electric field dis-
tributions observed at the imaging plane all contain co-
polarized components R;-R; and L,-L;, as shown in Fig.
5(c-f). It can be observed that the output polarized fields
of the holographic images possess the same amplitudes
but specific phase retardation of LCP and RCP compo-
nents, where specifically, the amplitude intensities are
basically around 0.707, and the phase retardation is 0°,
180°, 90°, and 270° in turn, which conforms well to the
theoretical analysis in Table 1. It's worth emphasizing
that attributed to 1-bit phase modulation of orthogonal
CP incidence, the holographic images can also be gener-
ated under LP conversion channels, and the simulated
results are provided in Section S12 (Supplementary
information).

With the polarization states of incidence changing to
LCP and RCP states, the output polarized fields of the
holographic images denoted in Fig. 5(g) and 5(h) only
include corresponding polarization basis vectors, and the
phase distributions of LCP and RCP components exhibit
no apparent relationship. Eventually, as illustrated in Fig.
5(i) and 5(j), under the illumination of ELCP and ERCP
waves, the amplitude proportion of LCP and RCP com-
ponents in the output polarized fields of the holographic
images are approximately 1 : 0.27 and 0.27 : 1, and the
phase differences are respectively around 120° and 300°,
coinciding well with the decomposed orthogonal CP pa-
rameters presented in Table 1. According to the above
evolution process, it can be confirmed that all polariza-
tion states on Poincaré sphere can be fully covered and
detected, the amplitude and phase profiles between LCP
and RCP components can be considered as function of
the incident polarization. What’s more, due to the non-
dispersive performance of the phase modulation, the
broadband performance of the meta-holograms under
the excitation of eight polarizations are demonstrated via
simulation and measurement and provided in Section
S13 (Supplementary information). To further intuitively
characterize the properties of the proposed CBR-CM,
some relevant works are referred and the concrete per-
formance comparisons are listed in Section S14 (Supple-

mentary information).

Conclusions

To sum up, we have proposed and experimentally
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Table 1 | Eight characteristic polarization states with their corresponding orthogonal CP states decomposition.

Characteristic parameters

Orthogonal decomposition

Polarization states

W X IRR nL AQ(PRR-PLL)
LP-0° 0° 0° 0.707 0.707 0°
LP-90° 45° 0° 0.707 0.707 180°
LP-45° 90° 0° 0.707 0.707 90°
LP-135° 135° 0° 0.707 0.707 270°
LCP - -45° 0 1 -
RCP - 45° 1 0 -
ELCP 60° -30° 0.2588 0.9659 120°
ERCP 150° 30° 0.9659 0.2588 300°

demonstrated a complete-basis-reprogrammable coding
metasurface paradigm which empowers on-demand, di-
rect, real-time holographic patterns dynamic reconstruc-
tion under arbitrary polarization states. The proposed
CBR-CM is composed of an array of dynamically recon-
figurable meta-particles ingeniously embedded with two
symmetrical PIN diodes, which can modulate the co-po-
larized reflection phase responses with high-uniform
amplitudes via tailoring FPGA-controlled bias voltages
of the diodes and simultaneously introducing dynamic
AA phase induced through the path effect in co-polar-
ized reflection channels. Various and sophisticated holo-
graphic functions have been achieved via optimizing 1-
bit phase coding patterns based on the iterative opti-
mization algorithm. As proofs of concept, we designed,
fabricated, and characterized a CBR-CM prototype, from
which four completely different holographic meta-de-
vices, including spin-controlled meta-holograms with
identical and variable focal length, coplanar dual-polar-
ized pixel synthesis exhibiting the independently cus-
tomizable holograms within orthogonal CP channels,
and full-polarized detection system on Poincaré sphere
with the assistance of vectorial decomposition and syn-
thesis showcasing the controllability of holograms under
arbitrary polarization states. The measured results are in
coincidence with the numerical simulations and with
good performance. Generating more meta-holograms
with arbitrary output polarization states in consistent
with the incident excitation can be engineered via com-
bination of rheostatic and varactor diodes, which is fur-
ther extension of current approach. Overall, our CBR-
CM proposal provides a powerful and flexible working
platform for more advanced and multifunctional equip-
ment with multiple independent information channels,
potentially contributing to the development of future-
oriented high-integrated and multi-task intelligent wire-

less imaging systems, including data encryption, AR/VR
displays, and 3D projection.

Materials and methods

Simulation Setup

In this work, all simulations were performed via using
CST Microwave Studio. The simulations of the meta-
particle were carried out by finite-difference frequency-
domain (FDFD) technique, in which the boundary con-
ditions of the “unit cell” were set along x- and y-direc-
tions, and two Floquet ports were fixed at +z directions.
The full-wave simulations of the CBR-CM were imple-
mented via finite-difference time-domain (FDTD) tech-
nique. The boundary conditions of “open (add space)”
were set along x-, y-, and z-directions, and a plane wave
source encoded with predesigned polarizations was fixed

at +z direction for normal incidence.

FPGA-based Control circuit

A FPGA-based control circuit was designed and intro-
duced to address each super-cell, as depicted in Section
S15 (Supplementary Information). A FPGA (Alinx Al-
tera cyclone VI) was selected as the main controller of
the control circuit. The FPGA was connected to the serv-
er based on Transmission Control Protocol/Internet
Protocol stack, and then command messages containing
the information of the 1-bit phase coding patterns were
received and processed to configure bias voltages ap-
plied on CBR-CM. The FPGA-based control circuit pro-
vides 288 independent voltage channels, and every two
channels were connected to the same supercell to achieve
joint control of the left and right PIN diodes. A high pre-
cision regulated power supplier was used to provide bias
voltages to control CBR-CM and power all chips in the
circuit. High precision analog multiplexers were used to
reduce the complexity and cost of the control circuit, and
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input/output (I/O) expanders were chosen to extend I/O
pins of the FPGA through inter-integrated circuit
protocol.

Prototype fabrication

The CBR-CM prototype was fabricated by industry-stan-
dard printed circuit board (PCB) technic. Then 1152 PIN
diodes were embedded at the gaps of the meta-particles
through machine welding procedure, which includes
three crucial procedures that needs to be fulfilled: 1. Tin
solder was added to the reserved solder pads; 2. PIN
diodes were put onto the reserved pad position; 3. the tin
solder melted and the diode and solder pads on the
board were connected together through reflow soldering.
The fabricated sample was with an overall dimension of
260 mm along x-axis and 250 mm along y-axis. The 0.25
mm-thickness DC bias layer and the 4 mm-thickness
functional layer were connected by a 0.18 mm-thickness
adhesive layer. Meanwhile, it should be noted that the
alignment between different structural layers is achieved
by external positioning holes calibrated by laser and riv-
eted edges. The total profile of the DRSMC metasurface
prototype was 4.43 mm (0.1481¢ at 10 GHz). More de-
tails of the fabricated prototype are provided in Section
S16 (Supplementary information).

Experimental setup

The near-field experiments in this paper were carried out
in a standard microwave anechoic chamber to reduce the
unnecessary EM interference in ambience, and more de-
tails of the experimental setups are provided in Section
S16 (Supplementary information). In the near-filed mea-
surements, the LP or CP horn antenna as the transmitter
was placed 251y apart from the CBR-CM prototype
which was vertically set on the supporting foam on the
experimental platform, and the scanning coaxial probe as
the receiver was placed in front of the CBR-CM proto-
type with distance of focal length z. In addition, the
transmitter antenna and the probe were connected to
two ports of an Agilent N5224A vector network analyzer,
respectively. More specifically, the probe located in the
center of the imaging plane was driven by the motion
controller with the fixed step of 5 mm along both x- and
y-directions to measure the amplitude and phase pro-
files of the electric field in 240x240 mm? region, and the
measurement system can record the electric field data
synchronously. Since the electric field for the incidence
of CP waves cannot be directly obtained, then according

V2

to the formulas Ep = T(Ex +iE,) and

V2

Erxep = T(EX — iEy) where E, and E, represent x- and

y-LP fields. Accordingly, the electric field in other polar-
ization channels can be further characterized via the de-
composition relationship of CP basis vectors corre-
sponding to characteristic polarization states provided in
Table 1.
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