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Section 1: Discussion of dynamic AA phase modulation mechanism

According to the optical Coriolis effect, the rotational Doppler shift occurs when a light beam carrying angular momen-
tum propagates through a spinning object along its rotation axis, and the corresponding angular frequency Aw will lead
to the generation of geometric phase Agg, which can be expressed as

Ap, = j Awdt = j 0Q.dt , (S1)

where (), is the angular velocity of the spinning object, and o=+1 respectively represent the spin directions of two or-
thogonal CP waves. Actually, the rotation of the object can be regarded as a conversion of the polarization state, corre-
sponding to the rotation of the polarization ellipse on Poincaré sphere. Since each latitude line on Poincaré sphere rep-
resents an evolutionary state of CP conversion containing geometric phase. Thereupon, the angular velocity of the spin-
ning object can be equivalent to the rotation velocity of the polarization ellipse; i.e. Q,=d(276)/d¢, in which 6 and 7=*1
separately depict the rotation angle and rotation direction of the polarization ellipse. Then, Eq. (S1) is simplified as

gog:zfmdezzjade, (S2)

where §=+1 represents the opposite spin direction of the incident wave and rotation direction of the polarization ellipse;
0=—1 represents the identical spin direction of the incident wave and rotation direction of the polarization ellipse. On
the one hand, the surface currents on the umbrella-shaped structure are mainly concentrated in the motion of the two-
arm arc structures. On the other hand, the changes of the two-arm arc structures depend on the evolution of their re-
spective corresponding central angles. Thus, the phase shift provided by the umbrella-shaped structure is determined by
the starting position and ending position of the path evolution. According to the geometric configuration of the meta-
particle structure and the surface currents distributions path corresponding to the “ON” and “OFF” states of the PIN
diodes under orthogonal CP incidence shown in Fig. 2(d) and 2(e), the start position of the evolution path for different
diode states is different, and the ending position is at the end of two-arm arc structures, where the incidence of LCP
wave corresponds to the surface currents path of the left arm, and the incidence of RCP wave corresponds to the surface
currents path of the right arm. Combined with Eq. (S2), the AA geometric phase obtained via path effect under orthogo-
nal CP incidence can be calculated as

Oel
PN =2 L LL de,
N (83)
P =2 L " d6y

where @}* and ®@}} are the co-polarized reflection AA phase imparted by the meta-particle to, respectively, the LCP
and RCP waves. O, and 0.1, Osr and Ocr are respectively defined as the starting position and ending position of the path
evolution to corresponding polarization waves. As analyzed above, considering the handedness of incident orthogonal
CP waves, for the “ON” and “OFF” states of the PIN diodes, the co-polarized reflection phase difference between “1”
and “0” can be deduced as

Oe12 Oer1
quﬁf = ZI do, —2 do, = 2(95L1 - est)
0512 0411 (S4)
—0Oer2 —0cr1 3
AN =2 f_a 6y — 2 f_a 6 = 2(0 — Os)

sR2
herein, 01, is equal to er,, and Ber; is equal to Ocry. Therefore, one can obtain the co-polarized reflection AA phase dif-
ference via the difference of the starting positions of surface currents distribution paths under different states of PIN
diodes.

Section 2: Determination of the optimal PIN diodes’ locations

As illustrated in Fig. 2(a), the two PIN diodes of the meta-particles are symmetrically stabilized in the approximately
middle part of the umbrella-shaped structure. To intuitively and accurately analyze and determine the impact resulting
from positional variation of the PIN diodes, herein, we take the incidence of LCP wave as an example to simulate the co-
polarized reflection amplitude response via only altering the « values of the two arms. As illustrated in Fig. S1, the
overall co-polarized reflection amplitude is remained at about 0.9 over 9-10.5 GHz when fixing the two PIN diodes to
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the slotted position at about the central line of the maximum central angle of two arms. In fact, as the central angles cor-
responding to the PIN diodes of the two arms decrease, the “ON-OFF” effect of the PIN diodes for individual modula-
tion is weakened and the mutual coupling is enhanced, leading to the reduced co-polarized reflection efficiency. In con-
sideration of the actual package dimensions of the PIN diodes and in order to obtain higher co-polarized reflection am-

plitudes and lower the coupling, the values of  are meticulously optimized and eventually determined as 70°.
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Fig. S1 | Reflection amplitude responses of the proposed meta-particle under LCP normal incidence. (a) Simulated co-polarized reflection
amplitudes with coding states of “11” and “10” varying against different central angles a. (b) Simulated co-polarized reflection amplitudes with
coding states of “01” and “00” varying against different central angles a.

Section 3: Schematic demonstration in terahertz spectra

Herein, in the design of the dynamic achiral meta-particle in terahertz spectra, we selected VO, as an alternative sub-
stance and embedded it into the identical structure illustrated in Fig. 2(a), constructed the model and performed numer-
ical simulations. The topological configuration of the meta-particle is shown in Fig. S2(a), where the basic element is
composed of two layers of noble metal film separated by one layer of pure dielectric spacer. Specifically, the metallic
backplate (Au, electric conductivity 0=4.56x107 S/m) at the bottom layer and the dielectric cavity (polyimide, loss tan-
gent tand=0.0027, dielectric constant ¢,=3.5) at the middle layer are respectively utilized to reflect the incident waves
and increase the propagation phase shift. Also, due to the reversible insulator-metal-transition (IMT) of VO,, both arms
of the umbrella structure (Au, electric conductivity 0=4.56x107 S/m) at the top layer can be flexibly and dynamically
switched between cutoff condition when the VO is in the insulating state (electric conductivity c=1x10* S/m) and con-
duction condition when the VO, is in the metallic state (electric conductivity 0=5x10° S/m). And other parameters in
the meta-particle are schematically shown in Fig. S2(a). Correspondingly, each coding meta-particle has four states:
“ON/ON”, “ON/OFF”, “OFF/ON”, and “OFF/OFF”. For the sake of simplification, four states are respectively defined
as “117, “10”, “01”, and “00” and the former and the latter of the two-bit codes represent the co-polarized reflection
phases under the illumination of LCP and RCP wave. We next investigate and analyze the reflection EM responses of
the designed meta-particle with commercial simulation software and the simulated amplitude and phase profiles of re-
flection spectra are plotted in Fig. S2(b-e) for different coding states under the normal incidence of orthogonal CP
waves. Within a relatively broad frequency band 0.8-1.1 THz, it’s clearly noted that the phases difference of LCP or RCP
co-polarized reflected waves when the VO, changes from insulating state to metallic state can be approximately main-
tained 180° with an average of 0.9 reflection amplitudes, which are in good agreement with the theoretical predications.
In addition, we remark that, when the LCP or RCP wave propagates normally into the meta-particle, altering the work-
ing state of the VO in the cross-polarization direction has no effect on the co-polarized reflection amplitude and phase
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Fig. S2 | Design and EM responses of the dynamic achiral meta-particle in terahertz spectra. (a) Topological layout of an elementary meta-
particle and corresponding umbrella-shaped structure in the top layer. The geometric parameters are denoted in the figure. (a, b) Simulated co-
polarized reflection amplitude and phase responses of the proposed meta-particle with coding states of “11”, “10”, “01”, and “00” under LCP nor-
mal incidence, respectively. (c, d) Simulated co-polarized reflection amplitude and phase responses of the proposed meta-particle with coding
states of “11”, “10”, “01”, and “00” under RCP normal incidence, respectively.

responses, which indicates that the realized meta-particle has high polarization stability and cross-polarization isolation.
Therefore, when constructing the reconfigurable meta-holograms, the well-defined images can be reproduced and hid-
den via arranging the meta-particles with and without embedded VO, according to the pre-designed phase patterns.
Furthermore, combined with the individually addressable techniques in two-dimensional plane, high-precision control
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of phase responses of each meta-particle on the metasurface can be achieved, allowing reconstruction and transforma-
tion of any holographic image. It should be noted that the meta-particle only achieves predesigned dynamic phase re-
sponse through embedded VO, with thermally controlled reconfigurability. However, through incorporating other
well-established switchable and alternative configurations such as Schottky diodes and liquid crystals driven by external-
ly electrical stimuli and optical phase-change materials like GeTe and Sb,S3 into the optimized meta-particle design, it’s
possible to fabricate the CBR-CM for generating dynamically-controlled holograms under arbitrary polarization states
in terahertz or infrared or visible frequencies, and the working principle is essentially the same.

Section 4: Jones matrix analysis and designed details of the proposed meta-particle

The complex Jones matrix describes the incidence and reflection of EM wave passing through the meta-particle. When
two orthogonal CP waves are vertically incident, taking into accounting the opposite propagation direction between the
incident and reflected waves, the complex amplitude profiles of the reflected electric field can be represented via the in-
cident electric field and complex Jones matrix R representing CP basis as

E, E Rw Rw \ /[ E
:Rcir ;L = ; ) S5
(Ei) (ER> (RLL RLR><E§> 9

where, E, ; (E[ ;) denote input (output) electric field of LCP and RCP wave and Ry =ry; - €11 (Rgg = rg - €7%¢) and
Ry =1y - €980 (Rpp = 1y - €1r) are co- and cross-polarized complex reflection coefficients of LCP (RCP) wave, respec-
tively. Assume that the Cartesian coordinate system is taken as the reference coordinate system under LP basis, then re-
lationship between the incident and reflected electric field under LP wave incidence can be related via complex Jones

Ey \ EL _ ( Ry Ry EL
(5 )==(5)=(% &) (5) 0

where, Ey , (Ej ) depict input (output) electric field polarized along x-/y-direction and R, =1, - €% (R, =71, - )

matrix Rji,

and Ry =1y, - e (Ry =1y - ev) are co- and cross-polarized complex reflection coefficients of x- (y-) LP wave,
separately.
Since the CP basis vectors and LP basis vectors illustrated in Eqgs. (S5) and (S6) meet the relationship

(5)-(1 ) (B )we(5)-(1 1) (B

By associating the above Equations, the relevance between R.ir and Ry, can be deduced as follows

Rcir =A- Rlin : A_l ) (SS)
” I —i
where "A = ( 1 i ) /V2 describes the orthogonal decomposition of CP basis vectors in the form of LP basis vec-

tors. Therefore, one can further mathematically transform (Eq. S8) into
R, = Rpr Rer _ R+ R, + %ny - %Ryx R.—R, — %ny - %R},X /2. ($9)
R, R R, — R, +iR,, +iR, R+ R, —IiR,, +iR,

Therefore, four specified co- and cross-polarized reflection states under orthogonal CP incidence separately main-
taining one-to-one correspondence with operation states of the two PIN diodes can be denoted in CP basis as follows

0 1 0 1 0 -1 0 -1
Rcirll = ( 1 0 )/Rcirlo = ( -1 0 )/RcirOI = ( 1 0 )/RcirOO = ( -1 0 > . (510)

Through comparing Equations (S9) and (S10), the required matrices in LP basis can be calculated as

1 0 0 i 0 —i -1 0
Rlinll - ( 0 -1 )/Rlinlo = ( i 0 )/RlinOI = ( —i 0 >/Rlin()0 = ( 0 1 ) . (SH)

To further prove such scattering properties for LP waves of the designed meta-particle, the co- and cross-polarized re-
flection coefficients are simulated with FDTD method in CST Microwave Studio, where unit cell boundary conditions
are employed along x- and y-direction and the excitation is set as x- or y-polarized waves propagating along -z
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direction. The simulated results of co-polarized and cross-polarized reflection coefficients for with different coding
states under LP normal incidence are shown in Fig. S3. Clearly, Fig. S3(a) shows, for state “11”, in the frequency band of
9-10.5 GHz, equal amplitude |ry|=|ryy|~1 and 180° phase difference that ¢,,~¢.,~180° are observed at co-polarized re-
flection coefficients, while for the cross-polarized mode, the coefficients are of equal amplitudes and phase where
|7yx|=|rxy|=0 and @,x—¢x,~0°. Additionally, for state “10” or “01”, equal amplitude |ry|=|r)y|=0 and 0° phase difference
that ¢,,—¢x=0° are observed at co-polarized reflection coefficients, while for the cross-polarized mode, the coefficients
are of equal amplitude |ry,|~|ryy|=1 and with phase difference that ¢,,—¢,,~0° as showcased in Fig. S3(b) and S3(c). The
phase difference 180° between coding state “10” and “01” of ¢, and ¢y, with the average amplitude |ry,| and |ry,| at 1 is
also achieved from 9 to 10.5 GHz, which can be utilized to tailor the wavefronts under orthogonal LP conversion chan-
nels. On the hand, it’s observed from Fig. S3(d) that for state “00”, the amplitude and phase for co-polarized mode, the
equal amplitude of |ry|=|ry,|=1 and the phase difference ¢,—¢,,~180° are achieved, while for the cross-polarized mode,

the coefficients are of equal amplitudes and phases where |ry|=|ry,|~0 and @,,—¢,,~0°. Therefrom, the phase difference
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Fig. S3 | Reflection amplitude and phase responses of the proposed meta-particle with different coding states under orthogonal LP
normal incidence. (a, b) Simulated co-polarized and cross-polarized reflection amplitudes and phases with coding states of “11”. (c, d) Simulat-
ed co-polarized and cross-polarized reflection amplitudes and phases with coding states of “10”. (e, f) Simulated co-polarized and cross-polar-
ized reflection amplitudes and phases with coding states of “01”. (g, h) Simulated co-polarized and cross-polarized reflection amplitudes and

phases with coding states of “00”.
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180° between coding state “11” and “00” of ¢, and ¢y, with the average amplitude |r.| and |ry,| at 0.9 is also achieved
from 9 to 10.5 GHz, which can be utilized to tailor the wavefronts under orthogonal LP preservation channels. Hence, it
concludes that the designed meta-particles with desired complex Jones matrices Ry, are approximately realized in
9-10.5 GHz.

Section 5: Overall schematics of the CBR-CM prototype

The schematics of the top patch array, the middle ground, the DC bias network for for controlling co-polarized waves
under RCP and LCP incidence are respectively denoted in Fig. S4. Coppers in different layers are marked by different
colors (yellow, cyan, green, and blue). The substrates are represented in black.
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o intaininininteintotnininr ool ot e
EMOODDONODNODDODDDDOMDDONM
s MMPDDODDODDODDODDDDDDDODD =
SMMMDODDODDODODODDDDODMOMO E
EDDDDDDDDDPDDDDDDDDDDDDDDD 3
SMMMPOMNOOOQOOOOOOOOOOQQQ E
sMMMOOMOOOOOOQOOQONQONQND =
EPODODODODDDDDODDDODDDDDDDMDD E
sMMNPONMOODNRODOODOODQDMODD =
EMMOOODDDODODODODMDOODODOMMODOD E
sDDODDDODODNDODNONODOMODDDODOD 3
EMMOONDDNOOOMNOOOODOONOMNODE
sMMMPODRODDODDONMQDDQDDODD =
EQDODODDODDDONDODDODDDDNDDDQOM E
s MMMMONMOOOOOOOOONONMOMNQN
EMODDDONDDDODDDDDDDDDTDDD
sMPODODDODODODDDDDDODDDDDD =
EMMODODDODNODDODOMDOOMOOO B
EDDDDDDDDDDDDDDDDDDDDDDDD 3

Bl DN MONDOOMMMDMMMMQQ E
s PMMMPOMOODQOOOONOONQONQQD s
EDDODDNDDDDDDDDDDDDDDDDODOM

DC bias network (0.)
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Fig. S4 | Schematic illustrations of the CBR-CM prototype. (a) The top patch array. (b) The middle ground. (c) The DC bias circuit controlling

the coding meta-particles in R(-R; channel. (d) The DC bias circuit controlling the coding meta-particles in L-L; channel.
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Section 6: Structural configuration and simulated co-polarized reflection performance of the super-cell

Figure S5 displays the detailed structural layout of the coding super-cell, which consists of 2x2 coding meta-particles. To
improve the resource utilization and simultaneously and independently supply the voltage for the PIN diodes in the left
and right arms, only two meta-particles distributed along y-direction are connected via wide metallic lines and then sep-
arately join with the external DC bias lines to reduce the array coupling.

ﬂ " 2x2 Super-Cell n DC bias junction (o) DC bias junction (o.)

X X
z V4

Fig. S5 | Structural layout of the 2x2 coding super-cell. (a) Perspective view of the proposed 2x2 super-cell. (b) The DC bias junction control-
ling the 2x2 coding super-cell in Ri-R;j channel. (¢) The DC bias junction controlling the 2x2 coding super-cell in L-L; channel.
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The simulated co-polarized reflection amplitude and phase responses of the 2x2 coding super-cell are illustrated in
Fig. S6. When the left or right four PIN diodes operate in “ON” or “OFF” state, the super-cell can provide 1-bit phase
modulation for LCP or RCP incident waves. In addition, the simulated co-polarized reflection amplitude is observed to
maintain on average above 0.9 for all coding states, demonstrating good amplitude-phase modulation performance.

1.0 180 — T T T
- | B~ ~
0s § R
.Or ' " :‘\."._\
90} C‘*;x&‘_h‘& 4
3 : e
086} ) — - 3 *’f}\%
s |1/ Py : aghip, ~ 11 SRR
E ;, é 0 )“, & 0,10 s
204}, —o—r,-11 | x L
<
-=0-r,-10
_90 4
0.2 1,01 1
-=& - rn,-00
0 . . . -180 .
9.0 9.4 9.8 10.2 10.6 9.0 9.4 9.8 10.2 10.6
Frequency (GHz) Frequency (GHz)

06} P !
l

5
s : >
[0} |‘ . o
s g ! 3
= o ) <
gOA ,' —— rrr—11 g o
<<
= =0 = =10
02} —a—ree-01 1
- =0 = rr~00
0 L : L -180 . . A S |
9.0 9.4 9.8 10.2 10.6 9.0 9.4 9.8 10.2 10.6
Frequency (GHz) Frequency (GHz)

Fig. S6 | Reflection amplitude and phase responses of the 2x2 coding super-cell. (a, b) Simulated co-polarized reflection amplitude and
phase responses of the proposed super-cell with coding states of “11”, “10”, “01”, and “00” under LCP normal incidence, respectively. (c, d) Sim-
ulated co-polarized reflection amplitude and phase responses of the proposed super-cell with coding states of “11”, “10”, “01”, and “00” under
RCP normal incidence, respectively.
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Section 7: Flow chart of the iterative optimization algorithm

The schematic of the iterative optimization algorithm is demonstrated in Fig. S7. The iterative optimization algorithm is
a phase retrieval method, which establishes the correspondence between the phase distributions with known amplitude
in the metasurface plane and the preset target image. In consideration of the phase distribution discontinuity of the cod-
ing meta-particle, the whole extraction process is mainly divided into phase iteration and phase discretization. The in-

put contains the preset target image and initial amplitude and phase distributions in the metasurface plane, which is

A > IAaperlureI A FP A |Aholograml
aperture, hologram
(p(x, I q’aperlure (pho\ogram

Ej Target field E'(Xo, ¥o)| Yes
o E'(Xo, Yo) Evaluation
1-Bit digital
Discretization

7
IAaperlureIA B A" |A ho\ograml

— aperture hologram , —
Paperture @ hologram Wer

A=1Alexp (jo) W,,: Wight factor

Fig. S7 | Demonstration of the flow chart of the iterative optimization algorithm.

separately precalculated (usually fixed at 1) and random (usually in the range of 0-2m). At first, the electric field intensi-
ty distributions of the metasurface aperture Aaperture is converted into electric field intensity distributions of the target
holographic plane Apologram via forward propagation (FP) formula. Herein, the propagation formula is proportional to
Green function (e7/r) instead of Fraunhofer diffraction in the visible frequency. Subsequently, the calculated electric
field intensity distribution Apologram or E’(xo, yo) is compared with the target electric field intensity E(xo, yo) to deter-
mine whether phase meets the output requirements. To reduce the deviations between E’(xo, yo) and E(xo, yo) and im-
prove the iteration convergence, a weight factor wy, is introduced to modulate the intensity ratio at the mth pixel and
optimize the phase distribution on the metasurface. Then, the electric field intensity distributions of the target holo-
graphic plane A'hologram is converted into electric field intensity distributions of the metasurface aperture A’perture via
backward propagation (BP) formula, and the calculated ¢ ';perture is discretized to 1-bit (0 or m). The discretized phase
distribution ¢.p; is input as the initial phase to the next iteration. The ordered and continuous iterations iteration will
terminate and the final discretized phase distribution ¢';.pir can be obtained and exported until the calculated electric
field intensity E'(xo, yo) is very close to the target and cannot be improved anymore.
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Section 8: Simulated and measured broadband performance of meta-holograms with identical focal length

The meta-holograms with identical focal length are simulated and measured under corresponding polarization chan-
nels in 9-10.5 GHz with a sample interval of 0.25 GHz, and the simulated and measured results presented in Fig. S8 in-
dicate that the designed holograms can reconstruct the images of different letters in corresponding polarization chan-
nels despite the increased background noise due to the compensation phase departure of the meta-particles and mea-

surement errors.
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Fig. S8 | Broadband performance characterization of the meta-holograms with identical focal length. (a, b) Numerically simulated and ex-
perimentally measured normalized electric field intensity of LCP component utilizing corresponding coding pattern in Li-L;j channel on the x-y
plane cutting at z=100 mm in the frequency ranging from 9 to 10.5 GHz, respectively. (c, d) Numerically simulated and experimentally measured
normalized electric field intensity of RCP component utilizing corresponding coding pattern in R-R; channel on the x-y plane cutting at z=100 mm
in the frequency ranging from 9 to 10.5 GHz, respectively.
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The imaging efficiency and SNR of the meta-holograms with identical focal length for images of letters “C” and “D”
are also investigated and separately illustrated in Fig. S9. The results further show the meta-holograms still maintain
good imaging performances with relatively not low imaging efficiency and SNR, of which the imaging efficiency and
SNR of both letters reach their peak at the designed working frequency of 10 GHz. But when the frequency is gradually
shifted away from the designed working frequency, the imaging efficiency and SNR will deteriorate in various degrees,
which is closely related to the characteristics of the meta-particle, and the imaging efficiency and SNR can be greatly im-
proved via optimizing the geometric dimensions of the meta-particle to make it better meet amplitude conditions in a
broader bandwidth.
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Fig. S9 | Measured imaging efficiency and SNR of the meta-holograms with identical focal length in the frequency range of 9-10.5 GHz
for letters (a) “C” and (b) “D”.

Section 9: Simulated and measured broadband performance of meta-holograms with variable focal length
The meta-holograms with variable focal length are simulated and measured under corresponding polarization channels
in 9-10.5 GHz with a sample interval of 0.25 GHz, and the simulated and measured results presented in Fig. S10 indi-
cate that the designed holograms can reconstruct the images of different letters in corresponding polarization channels
despite the increased background noise due to the compensation phase departure of the meta-particles and measure-
ment errors.

The imaging efficiency and SNR of the meta-holograms with variable focal length for images of letters “L” and “R” are
also investigated and separately illustrated in Fig. S11. The results further show the meta-holograms still maintain good
imaging performances with relatively not low imaging efficiency and SNR, of which the imaging efficiency and SNR of
both letters reach their peak at the designed working frequency of 10 GHz. But when the frequency is gradually shifted
away from the designed working frequency, the imaging efficiency and SNR will deteriorate in various degrees, which is
closely related to the characteristics of the meta-particle, and the imaging efficiency and SNR can be greatly improved
via optimizing the geometric dimensions of the meta-particle to make it better meet amplitude conditions in a broader
bandwidth.
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Fig. $10 | Broadband performance characterization of the meta-holograms with variable focal length. (a, b) Numerically simulated and ex-
perimentally measured normalized electric field intensity of LCP component utilizing corresponding coding pattern in Li-L;j channel on the x-y
plane cutting at z=100 mm in the frequency ranging from 9 to 10.5 GHz, respectively. (¢, d) Numerically simulated and experimentally measured
normalized electric field intensity of RCP component utilizing corresponding coding pattern in R-R; channel on the x-y plane cutting at z=150 mm
in the frequency ranging from 9 to 10.5 GHz, respectively.
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Fig. S11 | Measured imaging efficiency and SNR of the meta-holograms with variable focal length in the frequency range of 9-10.5 GHz
for letters (a) “L” and (b) “R”.
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Section 10: Simulated and measured broadband performance of meta-holograms with switchable spatial
pixels

The meta-holograms with switchable spatial pixels for LCP incidence and RCP incidence are simulated and measured
under corresponding polarization channels in 9-10.5 GHz with a sample interval of 0.5 GHz, and the simulated and
measured results presented in Fig. S12 and Fig. S13 indicate that the designed holograms can realize the scanning trajec-
tory of predesigned image despite the increased background noise due to the compensation phase departure of the

meta-particles and measurement errors.
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Fig. $12 | Broadband performance characterization of the meta-holograms with different spatial pixels in L,-L; channel. (a—h) Numerical-
ly simulated and experimentally measured normalized electric field intensity of LCP component utilizing coding pattern in corresponding channel
for spatial pixels 0. 1, 0.2, 0.3, and 0.4 on the x-y plane cutting at z=100 mm in the frequency ranging from 9 to 10.5 GHz, respectively.

The imaging efficiency and SNR of the meta-holograms with switchable spatial pixels for coplanar image of letter “S”
are also investigated and separately illustrated in Fig. S14. The results further show the meta-holograms still maintain
good imaging performances with relatively not low imaging efficiency and SNR, of which the imaging efficiency and
SNR of both letters reach their peak at the designed working frequency of 10 GHz. But when the frequency is gradually
shifted away from the designed working frequency, the imaging efficiency and SNR will deteriorate in various degrees,
which is closely related to the characteristics of the meta-particle, and the imaging efficiency and SNR can be greatly im-
proved via optimizing the geometric dimensions of the meta-particle to make it better meet amplitude conditions in a
broader bandwidth.

240045-514


https://doi.org/10.29026/oea.2024.240045

Chu ZT et al. Opto-Electron Adv 7, 240045 (2024) https://doi.org/10.29026/0ea.2024.240045

@9.5 GHz-1 @10.5 GHz-1 @9 GHz-2 @9.5 GHz-2

0 0
o o .

RCP incidence RCP incidence RCP incidence RCP incidence RCP incidence RCP incidence

@10.5 GHz-2

T

@9 GHz-1 @9.5 GHz-1 @10.5 GHz-1 @9.5 GHz-2 @10.5 GHz-2

RCP incidence RCP incidence RCP incidence RCP incidence RCP incidence RCP incidence

@9 GHz-3 @9.5 GHz-3 @10.5 GHz-3 @9 GHz-4 @9.5 GHz-4 @10.5 GHz-4

" @) o i
i
RCP incidence RCP incidence RCP incidence RCP incidence RCP incidence RCP incidence
ﬂ @9 GH @9.5 GHz-3 @10.5 GHz-3 @9 GHz-4 @9.5 GHz-4 @10.5 GHz-4
- - I1
© ©
(] (]
= =
A
- - - IO
RCP incidence RCP incidence RCP incidence RCP incidence RCP incidence RCP incidence

Fig. $13 | Broadband performance characterization of the meta-holograms with different spatial pixels in R,-R; channel. (a—h) Numerical-
ly simulated and experimentally measured normalized electric field intensity of RCP component utilizing coding pattern in corresponding channel
for spatial pixels o+, 1, 0+ 2, 0+ 3, and 0+ 4 on the x-y plane cutting at z=100 mm in the frequency ranging from 9 to 10.5 GHz, respectively.
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Fig. S14 | Measured imaging efficiency and SNR of the meta-holograms with switchable spatial pixels in the frequency range of 9-10.5
GHz for coplanar image of letter “S”.

Section 11: Theoretical prediction of three groups of different meta-holograms and analysis and discussion

Three groups of different holograms are theoretically calculated under corresponding polarization channels at the fre-
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quency of 10 GHz, and the predicted results presented in Fig. S15 indicate that the designed holograms can reconstruct
the images of different letters utilizing predesigned phase coding patterns in corresponding polarization channels. Fur-
ther synthesizing the simulated and measured results depicted in Fig. 3 and Fig. 4 of the main text, it’s concluded that
there are large differences in the measurement, mainly including relatively low imaging efficiency, background noise,
and indistinct profile. The differences of the measured results may be caused by imperfect fabrication consisting of off-
set feeder line break and through hole size deviation, assembly errors of the metasurface consisting of partial virtual
welding of active components with certain volume and the measurement errors consisting of coaxial probe occlusion,
misalignment of dual LP measurement, and some man-made accidental factors during the experiment. To solve these
problems, in the follow-up work, we plan to adopt some methods such as the miniaturized periodic structure, the large
metasurface array aperture and multi-bit phase distributions with uniform magnitudes provided by varactor and varis-

tor diodes, and multiple measurements for reducing the unintentional factors.
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Fig. S15 | Theoretical prediction for the generation of different types of meta-holograms. (a) The theoretically calculated normalized elec-
tric field intensity of LCP component for target images “C” (left panel) in Ly-L; channel and of RCP component “D” (right panel) in R-R; channel
cutting at z=100 mm on the x-y plane. (b) The theoretically calculated normalized electric field intensity of LCP component for target images “L”
(left panel) in Li-Li channel cutting at z=100 mm and of RCP component “R” (right panel) in Ri-R; channel cutting at z=150 mm on the x-y plane,
respectively. (c—d) The theoretically calculated normalized electric field intensity of LCP component for spatial pixel o1, 0.2, 0.3, and 0.4 (upper
row) and of RCP component for 0+ 1, 0+ 2, 0+ 3, and 0+ 4 (bottom row) cutting at z=100 mm on the x-y plane.

Section 12: Holographic imaging manipulation principle under orthogonal LP conversion channels
According to Egs. (S10) and (S11), when the meta-particles are in the states “10” or “01”, i.e., the PIN diodes in the left
and right arms are respectively in the “ON/OFF” or “OFF/ON?” states, the 1-bit cross-polarized phase modulation can be
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achieved under orthogonal LP incidence. To validate the feasibility of the above theoretical analysis, two different target
holographic images: numbers “1” and “3” are prestored in X;-Y; channel and Y,-X; channel based on the above CBR-
CM, as shown in Fig. S16(a). Through the calculation of the iterative optimization algorithm, we further obtain the cor-
responding phase coding patterns with reference frequency of f=10 GHz and imaging plane of z=100 mm, as depicted in
Fig. S16(b). Correspondingly, for the phase coding patterns in LCP and RCP channels, as long as the phase of each point
in one polarization channel is consistent with the LP conversion channels, i.e., the pre-designed phase patterns, and the
phase of that in another polarization channel keeps the difference value of n. The simulated results are exhibited in Fig.
S16(c-e), from which the predesigned holographic images are distinctly seen being reconstructed spatially in the near
field and in good accordance with the theoretical prediction.
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Fig. $16 | Directional generation of meta-holograms under orthogonal LP conversion channels. (a) The target monochrome image of the
number “1” in X;-Y; channel and the number “3” in Y-X; channel. (b) The calculated phase coding patterns in corresponding LP conversion chan-
nels. (c) Numerically simulated normalized electric field intensity of x-LP component utilizing coding pattern in b in X;-Y; channel and normalized
electric field intensity of y-LP component utilizing coding pattern in b in Y-X; channel at 10 GHz on the x-y plane cutting at z=100 mm. (d, e) Sim-
ulated holographic images of the number “1” and the number “3” in corresponding LP conversion channels at corresponding imaging planes with
frequency ranging from 9 to 10.5 GHz.
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Section 13: Simulated and measured broadband performance of meta-holograms against arbitrary
polarization states on Poincaré sphere

The meta-holograms against arbitrary polarization states on Poincaré sphere are simulated and measured under corre-
sponding polarization channels in 9-10.5 GHz with a sample interval of 0.5 GHz, and the simulated and measured re-
sults presented in Fig. S17 and Fig. S18 indicate that the designed holograms can realize the scanning trajectory of pre-
designed image despite the increased background noise due to the compensation phase departure of the meta-particles

and measurement errors.
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Fig. $17 | Broadband performance characterization of the meta-holograms against four typical LP states on Poincaré sphere. (a—d) Nu-
merically simulated and experimentally measured normalized electric field intensity encoded with LP-0° and LP-90° states on the x-y plane cut-
ting at z=100 mm in the frequency ranging from 9 to 10.5 GHz, respectively. (e—h) Numerically simulated and experimentally measured normal-
ized electric field intensity encoded with LP-45° and LP-135° states on the x-y plane cutting at z=100 mm in the frequency ranging from 9 to 10.5

GHz, respectively.
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Fig. S18 | Broadband performance characterization of the meta-holograms against two typical CP and EP states on Poincaré sphere.

(a—d) Numerically simulated and experimentally measured normalized electric field intensity encoded with LCP and RCP states on the x-y plane

cutting at z=100 mm in the frequency ranging from 9 to 10.5 GHz, respectively. (e, f) Numerically simulated and experimentally measured nor-

malized electric field intensity encoded with ELCP and ERCP states on the x-y plane cutting at z=100 mm in the frequency ranging from 9 to 10.5

GHz, respectively.
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Section 14: Performance comparison of the proposed CBR-CM with previous works of reprogrammable
metasurfaces

The studies in ref.5'-*> are mostly limited to single polarization, and loss of single element and the total size of the meta-
surface prototypes are relatively large, which is not conducive to the development of modern efficient and integrated de-
vices. In addition, the reprogrammable metasurfaces proposed in the ref.%-5!° operate in multi-polarization reconfig-
urable modes. However, more active components embedded into one element will result in a more complex external
hardware network, meanwhile, it’s worth noting that the operating bandwidth and addressing mode cannot be taken in-
to account in the same model simultaneously. The advantages and improvements of our work propose novel complete-
basis-reprogrammable coding metasurface under incident full polarized waves in CP basis form. What’s more, com-
pared with other relevant works, the number of the active components embedded in one element has been cut in half,
reducing the loss and complexity of the bias circuit. Therefore, each element (elementary unit) is able to be efficiently
and independently addressed and possesses considerably operating bandwidth.

Table S1 | Performance comparison of the proposed CBR-CM with previous works of reprogrammable metasurfaces.

Ref. Number of . . .
Mode of L Number of i Total size Individually Element  Operation  Frequency
and . Polarization diodes in one .
operation elements (mm3) Addressed Loss (dB) efficiency band (GHz)
year element
ref.’, 2023  Reflection LP 16x16 4 296.8x283.4%x2.115 Yes 2.25 N.A. 7.5-9.5
ref.2, 2024  Reflection LP 16x30 1 420%240%1.52 Yes <15 N.A. 4.611
ref.3, 2021  Reflection LP 30%30 1 180x180x%1.25 Yes 2.5 24.8%—-42.5% 8.5-9.5
Reflection &
ref.4, 2024 L LP 12x12 3 420%420%4.2 Yes <0.5 N.A. 3.35-3.65
Transmission
ref.5, 2021  Reflection CP 32x32 4 200x200xN.A. Yes <1 N.A. 6.84-7.13
ref.5, 2022  Reflection Dual LP 20%20 4 320%320%4.43 Yes <0.3 15.47% 7.45
ref.”, 2020  Reflection Dual LP, Dual CP  24x24 4 260x260x%3.37 No <1 N.A. 5.67-6.15
ref.8,2024  Reflection Dual LP, Dual CP  16%x16 4 300x300x4.5 No 1.7 N.A. 7.0-11.1
ref.?, 2023  Reflection Dual LP, Dual CP  16x16 2 220x220x%3.58 Yes <11 20.1%—-24.5% 13.5
Ref.’9, 2022 Transmission Dual LP, Dual CP  12x12 8 202x202x5 Yes <1 N.A. 7.4
This work ~ Reflection  Full Polarization 24x24 2 260%250%4.43 Yes <1 12.6%—-20.3% 9.0-10.5
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Section 15: Diagram of the FPGA-based control circuit
The schematic diagram of the FPGA-based control circuit is depicted in Fig. S19.
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Input 1 Input 2

Ground

Equivalent circuit
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Command Integrate

FPGA controller

Fig. S19 | Diagram of the FPGA-based control circuit.
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Section 16: The photographs of fabricated metasurface and experimental setup

The pictures of the fabricated prototype are displayed in Fig. 20(a) and 20(b), where the zoom-in view displays the 4x4
local coding meta-particles with soldered PIN diodes. Figure 20(c—{) illustrate the near-field experimental setups under
CP or LP incidence.
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Fig. S20 | Prototype fabrication, and experimental characterization of the CBR-CM prototype. (a, b) Top view and bottom view of the fabri-
cated prototype, where the inset exhibits 4x4 local coding meta-particles with soldered PIN diodes. (¢, d) The near-field experimental setups for
measuring Ex and E, components in microwave anechoic chamber under CP normal incidence. (e, f) The near-field experimental setups for mea-
suring Ex and E, components in microwave anechoic chamber under LP normal incidence.

References

S1. Tian HW, Xu L, Li X et al. Integrated control of radiations and in - band Co - polarized reflections by a single programmable metasurface.
Adv Funct Mater 33, 2302753 (2023).

240045-522


https://doi.org/10.1002/adfm.202302753
https://doi.org/10.29026/oea.2024.240045

Chu ZT et al. Opto-Electron Adv 7, 240045 (2024) https://doi.org/10.29026/0ea.2024.240045

S2.

S3.
S4.

S5.

S6.

S7.
S8.

S9.

S10.

Zeng BW, Li CX, Fang B et al. Flexible tuning of multifocal holographic imaging based on electronically controlled metasurfaces. Photon-
ics Res 12, 61-69 (2024).

Feng R, Ratni B, Yi JJ et al. Versatile metasurface platform for electromagnetic wave tailoring. Photonics Res 9, 1650-1659 (2021).

Yin T, Ren J, Zhang B et al. Reconfigurable transmission - reflection - integrated coding metasurface for full - space electromagnetic
wavefront manipulation. Adv Opt Mater 12, 2301326 (2024).

Jiang LX, Jing Y, Li YF et al. Multidimensionally manipulated active coding metasurface by merging pancharatnam-berry phase and dy-
namic phase. Adv Opt Mater 9, 2100484 (2021).

Zhang N, Chen K, Zhao JM et al. A dual-polarized reconfigurable reflectarray antenna based on dual-channel programmable metasurface.
IEEE Trans Antennas Propag 70, 7403-7412 (2022).

Zhang XG, Yu Q, Jiang WX et al. Polarization - controlled dual - programmable metasurfaces. Adv Sci 7, 1903382 (2020).

Liu W, Dai JY, Zhang YM et al. Wideband polarization - insensitive 1 - Bit phase manipulations with Co - and cross - polarized conver-
sions for LP and CP waves. Laser Photonics Rev 2400049 (2024); http://doi.org/10.1002/Ipor.202400049.

Yu H, Zhang ZY, Su JX et al. Quad-polarization reconfigurable reflectarray with independent beam- scanning and polarization switching
capabilities. IEEE Trans Antennas Propag 71, 7285-7298 (2023).

Wang CH, Xu HX, Wang YZ et al. Reconfigurable transmissive metasurface synergizing dynamic and geometric phase for versatile polar-
ization and wavefront manipulations. Mater Des 225, 111445 (2023).

240045-523


https://doi.org/10.1364/PRJ.506885
https://doi.org/10.1364/PRJ.506885
https://doi.org/10.1364/PRJ.428853
https://doi.org/10.1002/adom.202301326
https://doi.org/10.1002/adom.202100484
https://doi.org/10.1109/TAP.2022.3165872
https://doi.org/10.1002/advs.201903382
https://doi.org/10.1002/lpor.202400049
https://doi.org/10.1109/TAP.2023.3291460
https://doi.org/10.1016/j.matdes.2022.111445
https://doi.org/10.29026/oea.2024.240045

	 Section 1: Discussion of dynamic AA phase modulation mechanism
	 Section 2: Determination of the optimal PIN diodes’ locations
	 Section 3: Schematic demonstration in terahertz spectra
	 Section 4: Jones matrix analysis and designed details of the proposed meta-particle
	 Section 5: Overall schematics of the CBR-CM prototype
	 Section 6: Structural configuration and simulated co-polarized reflection performance of the super-cell
	 Section 7: Flow chart of the iterative optimization algorithm
	 Section 8: Simulated and measured broadband performance of meta-holograms with identical focal length
	 Section 9: Simulated and measured broadband performance of meta-holograms with variable focal length
	 Section 10: Simulated and measured broadband performance of meta-holograms with switchable spatial pixels
	 Section 11: Theoretical prediction of three groups of different meta-holograms and analysis and discussion
	 Section 12: Holographic imaging manipulation principle under orthogonal LP conversion channels
	 Section 13: Simulated and measured broadband performance of meta-holograms against arbitrary polarization states on Poincaré sphere
	 Section 14: Performance comparison of the proposed CBR-CM with previous works of reprogrammable metasurfaces
	 Section 15: Diagram of the FPGA-based control circuit
	 Section 16: The photographs of fabricated metasurface and experimental setup
	References

