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Acoustic Metasurface for Space-time Reflection
Manipulation

Yunhan Yang, Han Jia,* Jiuyang Lu,* Yuzhen Yang, Tuo Liu, Jun Yang,*
and Zhengyou Liu*

Recently, space-time modulation has revolutionized the wave engineering
technologies, providing unprecedented opportunities beyond traditional static
systems. This advancement is crucial across diverse fields, ranging from
non-reciprocal transmission to wireless communication. However, the current
approaches to sound modulation require bulky artificial structures and are
limited in achieving space-time-variable sound-matter interactions. Here, a
prototype of space-time acoustic metasurface (STAM) is proposed and
implemented, consisting of a reflective piezoelectric array controlled by a
field-programmable gate array. Leveraging the spatiotemporally
programmable phases of the STAM, this is experimentally achieved
Doppler-like chirp modulation and space-time modulation with deterministic
frequency and momentum shifts of waterborne acoustic waves. Furthermore,
based on this flexible and efficient modulation strategy, a stochastic
space-time modulation method is introduced, showcasing its applications in
single-channel direction-of-arrival estimation. The proposed STAM extends
the frontier of wave control and thereby lays the foundation for versatile
space-time applications involving sound.

1. Introduction

Over the past decades, metamaterials have offered diverse
medium properties unattainable in natural materials and trans-
formed the way we engineer the wavefield. As 2Dmetamaterials,
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metasurfaces have emerged as practi-
cal tools for wave manipulation due to
their facile fabrication and small sizes.
Initially conceived as arrays of spatially
arranged subwavelength building units
(meta-atoms),[1] metasurfaces can delib-
erately introduce abrupt transverse phase
shifts and thus enable the flexible design
of light beams. This concept, known as the
generalized Snell’s law, has rapidly been
extended to the fields of electromagnetics,
acoustics, and mechanics through spa-
tially varying the amplitudes, phases, and
polarizations of meta-atoms. Numerous
demonstrations of wave manipulation are
achieved with metasurfaces, such as beam
shaping,[2–5] transmission enhancing,[6,7]

nonlinear interferometry,[8] and polar-
ization imaging.[9,10] However, these
space-variant devices are inherently limited
by Lorentz reciprocity and time-reversal
symmetry.
To overcome these constraints and ex-

plore new physics, a temporal gradient
has been introduced into electromagnetic metasurfaces.[11]

Space-time modulation in propagation medium has been used
for nonreciprocal mode transition,[12] selective wave filtering[13]

and rectification.[14] The advent of space-time metasurfaces with
different active tunning elements incredibly extends the abilities

H. Jia, T. Liu
State Key Laboratory of Acoustics
Institute of Acoustics
Chinese Academy of Sciences
Beijing 100190, China
J. Lu, Z. Liu
Key Laboratory of Artificial Micro- and Nanostructures of Ministry of
Education and School of Physics and Technology
Wuhan University
Wuhan 430072, China
E-mail: jylu@whu.edu.cn; zyliu@whu.edu.cn
Z. Liu
Institute for AdvancedStudies
WuhanUniversity
Wuhan430072, China

Adv. Sci. 2025, 12, e06308 e06308 (1 of 10) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedscience.com
mailto:jyang@mail.ioa.ac.cn
mailto:hjia@mail.ioa.ac.cn
https://doi.org/10.1002/advs.202506308
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:jylu@whu.edu.cn
mailto:zyliu@whu.edu.cn


www.advancedsciencenews.com www.advancedscience.com

Figure 1. Schematic of the space-timemodulation based on the STAM. a) Real-space representation of the underwater stochastic space-timemodulation.
b) Real-space representation of the deterministic space-timemodulation. c) Deterministic space-timemodulation depicted in the kx −𝜔 space. The green
line indicates the spectrum detected by a stationary detector in the direction of 𝜃D. The blue arrow denotes the space-timemodulation with deterministic
frequency (𝜔m) and momentum (km) shifts. d) Stochastic space-time modulation depicted in the kx −𝜔 space. The purple arrow represents the unit
vector of space-time modulation 𝜎u, while the blue points illustrate the reflected modes. The mode distributions constructed by blue points display
certain bandwidths that reflect realistic outcomes due to modulation imperfections.

of artificial devices to perform diverse mode conversions in free
space[15–18] and leads to plenty of important phenomena, includ-
ing frequency conversion,[19] power combing of waves,[20] and
dynamic computing.[21] To improve the practicability of space-
time metasurfaces, digitally coding electromagnetic metasur-
faces have also been proposed with programmable space-time
states.[22] This higher-level controllability of space-time-coding
digital metasurfaces has enabled a variety of applications in elec-
tromagnetics, including secure wireless communication,[23,24]

doppler cloak,[25] and multi-channel transmission.[26–28]

Despite the rapid developments in space-time metasurfaces
for optics and electromagnetics, space-time metasurfaces for
acoustics remain in their infancy. Several time-modulating ele-
ments, such as servo motors,[29,30] loudspeaker arrays,[31,32] ten-
sioned membranes,[33] and carbon nanotube films,[34] have been
proposed for acoustic metasurfaces. However, these elements
generally suffer from long response time, low precision, and
bulkiness, making it a challenge to achieve precise control over
the frequency and momentum of acoustic waves. The lack of
high-speed and efficient modulation mechanisms further hin-
ders advancements in soundmanipulation andmodern commu-
nication systems, particularly in vast underwater environments,
where acoustic waves act as the sole viable option for long-range
oceanic exploration and communication.[35–37]

Here, we propose a space-time acoustic metasurface (STAM)
to realize full control of reflection phases in the spatial and tem-
poral domains. As shown in Figure 1a, the STAM comprises an
array of piezoelectric meta-atoms, each independently controlled
by a field-programmable gate array (FPGA). Through modulat-
ing space-time phase gradients, the Lorentz reciprocity and fre-
quency conservation of the reflection process are broken, thereby

enabling versatilemode conversions. As an experimental demon-
stration, we simultaneously manipulate both the frequency and
momentum of the reflection waves to achieve Doppler-like chirp
modulations and deterministic space-time modulations. We fur-
ther develop a method based on stochastic space-time modula-
tion to guide reflected modes into elaborately designed distribu-
tions in the frequency-momentum space. Utilizing the bridging
effect of these distributions, we realize the real-time direction-of-
arrival (DOA) estimation simply from the observed spectra. The
proposed STAM represents a general and flexible approach to
sound manipulation and paves the way for broader applications
in space-time wave modulation.

2. Results and Discussion

2.1. Theory of Space-Time Modulation

As illustrated in Figure 1a, the STAM is positioned facing under-
water to reflect acoustic waves. The STAM exhibits engineered
reflection phase distributions in both temporal and spatial do-
main, introducing frequency shifts and transverse momentum
shifts along the x-direction. In the time domain, we assume that
the modulation period is significantly longer than that of the in-
cident waves, indicating that the modulation frequency is much
lower than the frequency of the incident waves, thereby justify-
ing the use of slow temporal modulations.[12] In real space, the
reflection process can be described as

pr (x, z, t) = pi (x, z, t) ⋅ Γ ⋅ ej𝜑(x,t) (1)
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where pi, pr, Γ, and 𝜑 denote the incident wave, reflected wave,
reflection amplitude, and reflection phase function, respectively.
In our approach, the reflection process is implemented in the
form of phase modulation with a uniform reflection amplitude
(Γ = 1). The STAM imparts external momentum and frequency
shifts to incident waves by dynamically changing the reflection
phases of eachmeta-atom. Given that reflection is a time-domain
product operation, its Fourier transform in the mode space is re-
lated to a convolution operation. In other words, the phase func-
tion acts as a convolution kernel, enabling mode shifts in the
frequency-momentum space.[3,38,39] For a deterministic space-
time modulation with momentum and frequency components
(km and 𝜔m), the phase function is expressed as 𝜑 (x, t) = 𝜔m t
− kmx. When an acoustic plane wave pi = P0 ej(𝜔0t−kixx+kizz) im-
pinges on the STAM with a certain transverse wavevector and
frequency (kix,𝜔0), as indicated by the black dot in Figure 1c, the
reflected wave is modulated to pr = P0 e

j[(𝜔0+𝜔m)t−(kix+km)x−krzz] (har-
monic analysis provided in Note S1, Supporting Information).
Here, the transverse and normal momentum components of in-
cident wave are denoted as kix and kiz, respectively. kix < 0 presents
an incident wave propagating in the negative x-direction. This
modulation corresponds to a mode shift to (kix + km,𝜔0 + 𝜔m),
represented by the red triangle in Figure 1c, where kix + km
> 0 is used for an instance. The real-space representation is
shown in Figure 1b, illustrating an anomalous reflection char-
acterized by a reversal in the transverse propagation direction
and a change in frequency. The z-component wavevectors of in-

cident and reflected waves are given by kiz =
√

𝜔2
0 ∕c2 − k2ix and

krz =
√
(𝜔0 + 𝜔m)

2∕c2 − (kix + km)
2, respectively, according to the

dispersion relation; c denotes the speed of sound in water.
As a result of convolution, the reflected modes preserve the

information of the incident waves and can be modified using
a pre-designed phase function of the STAM. A finely designed
phase function enables the application of the STAM in the single-
channel DOA estimation, a critical technique in modern com-
munication systems for target detection.[24,40–42] To exploit this,
we propose the stochastic space-time modulation creating quasi-
continuous reflection distributions in the kx −𝜔 space. In this
context, we define a stochastic phase function 𝜑 (x, t) = 𝜉(t) (𝜔ut
− kux) = 𝜉(t)𝜔u(t −1/cux), where 𝜉 (t) =

∑
l 𝜉lUl (t). Here, 𝜉l ∈ ℝ

represents the coefficients following a designed stochastic dis-
tribution Ξ, and Ul(t) is a pulse function defined as Ul (t) =

{
1, (l − 1)T < t < lT

0, otherwise
; T denotes the pulse width of Ul, corre-

sponding to the duration of a deterministic space-time modu-
lation with single mode conversion. From the perspective of kx
−𝜔 space, the stochastic function 𝜉(t) operates on the unit vector
of space-time modulation 𝜎u = 𝜔u (1/cu,1), which is utilized to
determine the slope and length of mode conversion (depicted as
the purple dashed arrow in Figure 1d). Consequently, the mode
conversion length is variable, while the relation between time
and spatial gradient is not influenced. This interaction leads to
mode conversions with a constant slope but a temporally vary-
ing length, forming line-shape patterns over a larger timescale.
Specifically, cu = 𝜔u /ku represents the characteristic speed of the
modulation related to the slope. 𝜔u signifies the unit frequency
shift and serves as the reference length for mode conversion. It

is determined by the central angle of the desired range (typically
normal incidence with kix = 0 and 𝜔 = 𝜔0 ), as well as the inter-
sections along the characteristic speed of the modulation. Given
a plane wave incidence (kix,𝜔0), the reflected wave modes dis-
tributed in the kx −𝜔 space are given by:

(
kix,𝜔0

)
∗
(
Ξ ⋅ 𝜎u

)
=
(
kix + Ξ ⋅

𝜔u

cu
, 𝜔0 + Ξ ⋅ 𝜔u

)
(2)

where Ξ represents the distribution of 𝜉 l, and * denotes the con-
volution operation. We consider the case that the incident waves
have the same frequency but two different transverse wavevec-
tors (kx1,𝜔0) and (kx2,𝜔0), which are depicted as black dots in
Figure 1d. Under Gaussian-distribution stochastic modulation 𝜉,
the incident modes are transformed into two parallel distribu-
tions of reflected modes (blue dots in Figure 1d), manifesting as
two blue bands with the same slope. These reflected mode dis-
tributions center at the frequency of 𝜔0 + 𝜔u and covers a broad
range of angles. Regardless of the specific locations of kx1 and kx2,
they can be estimated, as long as their broad mode distributions
intersect with the detection line. The green line in Figure 1d rep-
resents the detected spectrum line at an angle of 𝜃D relative to
the STAM, and its slope can be given as cD = c/sin 𝜃D. As these
distributions intersect with the detected spectrum line, two sep-
arate intersections emerge (red triangles), showing as two dis-
tinct frequencies in the detected spectrum (𝜔1 and 𝜔2). Owing
to the broad stochastic distribution, a wide range of incidences
with diverse wavevectors can be detected at a given angle. This
is different from deterministic space-time modulation scenar-
ios, which require priori knowledge of both momentum and fre-
quency shifts for observation (Figure 1c). To pursue a clear im-
age, we illustrate the real-space representations of the stochastic
modulation in Figure 1a. The two rainbow-like regions represent
all the reflected waves from two different incident angles. These
distributions vary with incident angle at the same detection an-
gle: a higher frequency (𝜔1) occurs for oblique incidence, while
a lower frequency (𝜔2) is observed for normal incidence. In this
way, we develop an intuitive DOA estimation strategy based on
the one-to-one correspondence between the incidence angle 𝜃i
and the measured frequency 𝜔c (see detailed calculation in Note
S2, Supporting Information):

𝜃i
(
𝜔c

)
= sin−1

[
c
cu

−
𝜔c

𝜔0

(
c
cu

+ sin 𝜃D

)]
(3)

2.2. Experimental Demonstration

To implement space-timemodulations for waterborne sound, we
take an array of 10 × 10 piezoelectric lead zirconate titanate 5H
(PZT-5H) rectangular pillars to construct the STAM (Figure 2a).
All the piezoelectric pillars are polarized along the thickness di-
rection (z-direction) and spatially separated to support indepen-
dent resonances. In the x-direction, all 10 columns are electrically
isolated, whereas in the y-direction, each group of 5 pillars shares
common electrodes. These 5 piezoelectric pillars sharing same
electrodes constitute one channel of the STAM (i.e., 20 channels
in total). Two channels with the same x-coordinate yield identi-
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Figure 2. Design and characterization of the STAM. a) Schematic of the STAM comprising an array of meta-atoms. Details are given in the Experimental
Section. b) Equivalent circuit of a meta-atom. c) Measured average curve of the varactor diode capacitance Cv for individual meta-atom relative to the
bias voltage Vc. d) Representative reflection amplitudes of the meta-atoms in the 16th channel under different external capacitances. The grey line marks
the operating frequency of 162 kHz. e) Representative reflection phases of the meta-atoms in the 16th channel under different external capacitances.
f) Reflection phases (red) and amplitudes (blue) of all meta-atoms as functions of external capacitances at the operating frequency. The solid lines
represent average values and shaded regions indicate error bands.

cal reflection phases, thereby confining the phase modulation to
the x-direction. Polyimide (PI) films isolate the electrodes from
the external environment (fabrication details are provided in Ex-
perimental Section). To achieve programmable reflection phases,
each piezoelectric pillar is equipped with varactor diodes, form-
ing a meta-atom. The equivalent circuit of the meta-atom is de-
picted in Figure 2b. The capacitances Cv of the varactor diodes
in each channel are independently modulated by a time-varying
bias voltage Vc from a FPGA. Figure 2c shows the measured ca-
pacitance Cv curves for an individual meta-atom. Generally, an
increase in the bias voltage Vc results in a decrease in Cv, span-
ning from 72 to 5 pF.
Figures 2d,e present the semi-analytic reflection spectra of

a typical meta-atom derived from the equivalent circuit model
using a scattering matrix method (see detailed expressions and
experimental process in Experimental Section and Note S3,
Supporting Information). We consider the STAM interfacing
with water on one side and air on the opposite side. Under this
condition, varying the external capacitances Cv induces a shift
in the resonance frequency of the meta-atom, indicated by the
dissipation-induced reflection dips in Figure 2d and 𝜋-shifts in
Figure 2e, respectively. As Cv varies from 0 to 50 pF, the reso-
nance frequency shifts from 178 to 151 kHz. Figure 2f presents
the semi-analytic reflection amplitudes |Γ| and phases 𝜑 for all
meta-atoms at the operating frequency of f0 = 162 kHz. A nearly
full 2𝜋 phase shift with small amplitude varying is observed as
Cv changes, confirming the high-resolution phase modulation

capabilities of the meta-atom. By incorporating the control
voltage Vc and capacitance Cv, we derive the desired reflection
phases 𝜑(x, t) as a function of the time-varying Vc for each
meta-atom. A universal long-sequence discretization strategy is
then employed to encode the entire period of the phase functions
into discrete-time states (see Note S1 for details, Supporting
Information), enabling the implementation of tens of thou-
sands of distinct programmable reflection phases. This strategy
overcomes the limitations of short coding sequences with few
elements used in deterministic space-time modulation,[22,43] un-
locking the potential for non-uniform and stochastic space-time
modulations.
The experimental setup for demonstrating the space-time

modulation capabilities of the STAM is illustrated in Figures 3a,b
as a photograph and a schematic, respectively. Measurements are
conducted in an anechoic tank, with the STAM hung from an ad-
justable fixture and partially immersed in water (see the overall
setup in Figure S5, Supporting Information). We use a piezoelec-
tric transducer as the sound source and a hydrophone as the de-
tector to capture the reflection spectrum (see details in the Exper-
imental Section).We first conduct Doppler-like chirpmodulation
experiments by designing different chirp functions to achieve
long-duration reflection frequency control. In experiments, both
the source and the hydrophone are positioned vertically to the
center of the metasurface. The source continuously emits a sinu-
soidal wave at the operating frequency f0 and a linearly-varying
frequencymodulation is applied to the STAM. The chirpmodula-
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Figure 3. Experiment setup and results of space-time modulations. a,b) Photograph (a) and schematic (b) of the experimental setup. c) Normalized
PSD spectrogram of reflection in the first chirp modulation experiment with normal incidence and reception. The chirp modulation parameters are set to
𝜔s = 2.3 × 2𝜋 kHz, and u = 4 × 2𝜋 kHz, periodically modulating the target reflection frequency from 164.3 kHz to 168.3 kHz within 2 s. d) Normalized
PSD spectrogram of reflection in the second chirp modulation experiment with normal incidence and reception. The chirp modulation parameters are
set to 𝜔s = −1.8 × 2𝜋 kHz, and u = −3 × 2𝜋 kHz, periodically modulating the target reflection frequency from 160.2 kHz to 157.2 kHz within 2 s.
e) Measured normalized PSD for three different space-time modulations. The mode conversion slopes and frequency shifts (c(n)st and 𝜔

(n)
st ) are set as

(−c/9, −3.5 × 2𝜋 kHz),(−c/16, +3.9 × 2𝜋 kHz), (c/10, −5.8 × 2𝜋 kHz), corresponding to the blue, green, and brown curves, respectively. The bold lines
denote spectra in the target reflection directions and the red arrows indicate the coordinates of measured peaks. The dashed line denotes the operating
frequency. f0 = 162 kHz. The inset depicts the related mode conversion processes in the kx −𝜔 space.

tion phase function, emulating the Doppler effect under relative
movement, is given by 𝜑 (t) = 𝜔s t +

1
2
ut2, where 𝜔s is the static

angular frequency shift and u is the Doppler shift coefficient. The
scattering process is described by (kix,𝜔0) → (kix,𝜔0 + 𝜔s +

1
2
ut),

where kix = 0 and 𝜔0 = 2𝜋f0. The phase function is config-
ured to repeat every 2 s with 40000 discrete reflection phases,
each lasting 50 us. Figures 3c,d display the normalized power
spectral density (PSD) spectrograms in the time-frequency do-
main from the two chirp modulation experiments. In Figure 3c,
an explicit periodic frequency shift is observed from 164.3 to
168.3 kHz and then back to 164.3 kHz. Figure 3d shows another
result where the reflected wave is repeatedly shifted from 160.2 to
157.2 kHz. Both experiments demonstrate precise reflection fre-
quency shifts and high signal-to-noise ratios, confirming the ca-
pabilities of the STAM for accurate frequency modulation across
a large number of programmable reflection states.

Next, we simultaneously control the spatial and temporal vari-
ations of the phase function to achieve three different space-
time modulations, each characterized by unique mode conver-
sion slopes and frequency shifts in the kx −𝜔 space (c(n)st and 𝜔

(n)
st ,

where n = 1, 2, 3). In this setup, a stationary source gener-
ates a normal incident wave, while a hydrophone positioned on
the collaborative robot captures the reflected wave distributions
with a rotation angle of 1°. Through the design of cst and 𝜔st, we
aim to direct the reflected waves to (11.2°, 158.5 kHz), (−22.6°,
165.9 kHz), and (−21.0°, 156.2 kHz). The mode conversions of
these reflection processes are indicated by the blue, green, and
brown colors in the inset of Figure 3e, respectively. Figure 3e
illustrates the measured spectra in the three experiments. The
bold lines depict the reflection spectra in the target directions
while the red arrows indicate the measured peak frequencies,
with corresponding coordinates marked above. Distinct deflec-
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tion angles indicate the transverse momentum shifts generated
by the STAM, as the incident waves do not possess any transverse
momentum components. The remarkable agreement between
the desired reflected modes and the measured peaks confirms
the STAM’s capability for flexible and precise control over both
the frequency and momentum of reflected waves. The spatial-
domain lineshapes, with certain beamwidths, are related to the
far-field directivities of the STAM.

2.3. Stochastic Space-Time Modulation For Single-Channel DOA
Estimation

Building on the validated space-time modulation capabilities of
the STAM, we perform two stochastic space-time modulation
experiments for DOA estimation, utilizing distinct phase func-
tions 𝜑(n) (x, t) = 𝜉(n) (t)𝜔(n)

u (t − 1

c(n)u
x), n = 1, 2. The modulation

unit vectors are set as 𝜎
(n)
u = 𝜔

(n)
u ( 1

c(n)u
, 1), n = 1, 2, with oppo-

site slope signs (indicated by red arrows in Figures 4a,b). The
lengths of the unit vectors are determined by the normal incident
mode and their respective intersections. This configuration an-
ticipates identical incidence but with different frequencies in ob-
servation. The first modulation demonstrates a down-conversion
momentum-to-frequency mapping (c(1)u < 0), while the second
employs an up-conversion mapping (c(2)u > 0), as presented in
Figures 4a,b, respectively. In both experiments, a stationary de-
tector is positioned at a 30° angle relative to the STAM, resulting
in a detected spectrum line slope of cD = c/sin 30°. The stochas-
tic functions 𝜉(n)(t), n = 1, 2 are designed to follow two kinds of
distributions: 𝜉(1)l are sampled from a uniform distribution U(0,

2), while 𝜉(2)l are sampled from a Gaussian distribution r ×N(1, I)
which centered at 1 (Figures 4c,d). Here I is the identity matrix,
and r represents the amplitude of the random function, which
is set as 0.4 to make most samples located within [0,2]. The uni-
form distribution generates an averaged energy profile in the re-
flected area (Figure 4c), resulting in a broader estimation range.
In comparison, the Gaussian distribution has a more concen-
trated energy profile (Figure 4d). This concentration results in
significantly higher counts of reflected modes within the range
of [0.5,1.5], substantially increasing the probability of detecting
incident modes near the central momentum and enhancing esti-
mation accuracy at angles close to normal incidence. These vary-
ing values of coefficients 𝜉 l influence the phase shift velocities
in both spatial and temporal domains. As illustrated in the in-
sets of Figure 4c,d, the stochastic nature of 𝜉 l results in unique
phase shift patterns within each space-timemodulation period T.
Figures 4e,f illustrate the measured spectra for varying incident
wave directions with 2.5° increments under the two stochastic
modulations (see Note S5 for measurement procedure, Support-
ing Information). Explicit frequency shifts with incident angles
are observed across ≈50° for the down-conversion modulation
(Figure 4e) and 30° for up-conversion modulation (Figure 4f).
These measured frequency components indicate the reflected
modes deflected to an angle of 30°, illustrating the effect of both
frequency and momentum shifts. A high degree of consistency
is evident between the experimental observations and theoretical
frequencies (calculated using Equation 3 and depicted by white
dashed lines). To assess the accuracy of the proposed strategy,

we calculate the correction matrices[9,44] in Figures 4g,h to eval-
uate the correlation coefficients between the measured results
and the theoretical Lorentzian lineshapes (Note S6, Supporting
Information). The diagonal terms act as the maximum values of
the matrix, indicating the estimated incidence channels exactly
align with the actual incidence channels. These experiments con-
firm the effective and programmable capabilities of the STAM
for DOA estimation. It is worth noting that, as demonstrated by
the experimental results, 𝜎u determines themapping relation be-
tween the incident wavevector and observed frequency, thereby
serving as a key to decode the spectrum. Without the knowledge
of 𝜎u, even if an eavesdropper acquires the same spectra, the
DOA information remains inaccessible, which ensures the se-
curity of the estimation process.
Finally, we present real-time DOA estimations for a moving

source to test the practicability of the proposed strategy. Accord-
ing to the principles of stochastic processes, the random distribu-
tion Ξ remains valid even when examined on a rationally small
timescale, thus allowing real-time applications. We employ the
Gaussian-distribution modulation with 𝜎

(2)
u = 𝜔

(2)
u ( 1

c(2)u
, 1) to con-

duct experiments, aiming for higher time resolution near the
normal direction as previously mentioned. The moving source
is mimicked by a transducer rotated at a uniform speed by the
collaborative robot, while the hydrophone is fixed at a 30° angle,
aligning with the kx −𝜔 relation in Figure 4b. Three rotations of
the source are implemented: (I) 0° to -5° in 4.3s; (II) 5° to -5° in 5s;
(III) -10° to 0° in 5s. The stochastic modulation is performed per-
sistently as the incidence rotates. Figures 5a-c present the PSD
spectrograms recorded during these experiments, showing clear
frequency shifts with different starting and ending points. We
extract the time-varying peak frequencies and calculate the es-
timated directions using Equation 3. Figures 5d-f illustrate both
the realistic trajectories of themoving source and the correspond-
ing estimations, showing a close alignment with absolute errors
generally within 2°. In these experiments, the estimations are
simply performed using the peak frequencies and a relatively
high real-time estimation accuracy is obtained at the meantime.
A more concentrated distribution of Ξ and a larger array with
additional meta-atoms could further improve efficiency and ac-
curacy of the estimation (see Note S1, Supporting Information),
resulting in a narrower beam width and more precise momen-
tum shifts.

3. Conclusion

To summarize, we have developed a prototype of STAM featur-
ing diverse space-time modulations in reflection. Leveraging
the rapid response of piezoelectric meta-atoms and the high
programmability of FPGA, our STAMachieves high-accuracy fre-
quency and momentum shifts of reflected modes. By sweeping
among reflection phases, the STAM generates linear frequency
shifts that mimic the Doppler effect and implements determin-
istic space-time modulations. The long-duration phase control
further enables stochastic space-time modulation for wave
detection. Unlike traditional real-time DOA estimation systems
or other metasurface-based methods,[24,41,45] which often face
cost challenges due to the need for multiple receivers and com-
plex real-time processing algorithms, our proposed stochastic
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Figure 4. Experimental demonstration of the stochastic space-timemodulation. a, b) Schematics of down-conversion (a) and up-conversion (b) stochas-
tic space-time modulation processes in the kx −𝜔 space. The bold grey lines represent incident modes with a series of angles, whereas the rainbow lines
signify the corresponding detected frequencies at the angle of 30°. The blue (a) and orange (b) regions illustrate all possible distributions of reflected
modes under uniform (down-conversion) and Gaussian (up-conversion) stochastic modulations, with color intensity reflecting the mode density. Red
arrows denote the unit mode conversions, with parameters set as 𝜔(1)

u = −4.4 × 2𝜋 kHz, c(1)u = − 1
18
c (a) and 𝜔

(2)
u = 4.2 × 2𝜋 kHz, c(2)u = 1

20
c (b). c,

d) Distributions of the stochastic modulation functions: 𝜉(1)
l

follows a uniform distribution (c) and 𝜉
(2)
l

follows a Gaussian distribution (d). The dark
lines illustrate the distribution envelopes. Insets depict the reflection phases of the first three single space-time modulations at channels 4, 8, 12, and
16, each lasting 1.5 ms (T = 1.5 ms) e, f) Measured reflection spectra of down-conversion (e) and up-conversion (f) modulations at different incident
angles. White dashed lines denote the theoretical prediction frequencies from intersection coordinates. g, h) Measured correlation coefficient matrices
of down-conversion (g) and up-conversion (h) modulations, with ranges of [− 20°, 7.5°] and [− 15°, 5°], respectively. Each channel represents a 2.5°

angle.
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Figure 5. Real-time DOA estimation of a moving source. a–c) Measured PSD spectrograms of the real-time estimations of a moving source from 0° to
-5° in 4.3s (a); from 5° to -5° in 5s (b); -10° to 0° in 5s (c). d-f) The realistic (red dashed lines) and estimated (red solid lines) directions of the moving
sources from 0° to -5° d); from 5° to -5° e); -10○ to 0° f). Blue solid lines are the absolute errors of the estimation.

method leverages the inherent mode conversion characteristic of
space-time modulation. This approach establishes a direct map-
ping from the incident wavevector to the observed frequency,
significantly reducing both complexity and hardware costs.
Leveraging a long-sequence discretization strategy, the complex
space-time varying phase functions can be readily encoded into
discrete-time state sequences, significantly reducing the design
complexity and enhancing design flexibility. This method, rooted
in general physical principles, can be easily extended to other
wave systems, such as optics, electromagnetics, and mechan-
ics, to enable multifunctional reflection control and detection.
The proposed STAM opens new pathways for full degree-of-
freedom sound propagation control and highlights significant
potential for future ocean exploration, navigation and wireless
communication.

4. Experimental Section
Experimental Setup: As depicted in Figure 2a, the piezoelectric pillars

are spaced by 0.5 mm air gaps, resulting in a lattice constant of 5.5 mm.
Two flexible printed circuits (FPC) are positioned on the top and bottom
of the piezoelectric arrays, respectively. Each FPC consists of a 12.5 um
thick PI film and incorporates 20 silver electrodes. A hollow 3D printing
frame secures the array and FPCs. Epoxy adhesive is used to ensure a wa-
terproof seal between the FPCs and the frame. Electrodes on the same
FPC are linked with FPC connectors, enabling connections to the varac-
tor diode arrays and FPGA outputs. Six varactor diodes (BB910) are con-
nected in parallel to serve as the external capacitances for a single channel,
i.e., five meta-atoms (Figure S5, Supporting Information). These varactor
diodes offer continuously variable capacitances (Figure 2c), facilitating 7-
bit phase modulation with 128 distinct reflection states. This makes them
a superior choice compared to PIN diodes, which are commonly used in
space-time modulation systems but are limited to two switching states
(equivalent to short or open circuits). A FPGA hardware control board
based on the AMD Kintex UltraScale+ generates the 20-channel control
voltages according to pre-designed space-time phase function. The con-
trol voltage is updated at a rate of 20 kHz (i.e., 𝜏 = 50 us) to achieve

discrete reflection phase states, allowing for a maximum frequency mod-
ulation of 10 kHz. The typical power consumption of the FPGA is ≈10 W,
while the 20-channel DACwith amplifier circuits consumes≈3.8W. Conse-
quently, the total power consumption of the operating STAM is ≈13.8 W.
Reducing the pulse width of the steady phase state would increase the
modulation rate, allowing for a broader range of reflected wave frequen-
cies. However, thismust bemaintain the slow temporalmodulation condi-
tions to ensure accurate reflection phases, which imposes a constraint on
𝜏. Themodulation period should not be less than 8 times the 6.2 us period
of the incident waves (see simulation results in Note S7, Supporting In-
formation). For stochastic space-time modulation, phase-state sequences
with a length of 90 000 (4.5 s) are periodically applied to each channel. The
pulse width T for single space-timemodulation is set at 1.5ms, comprising
30 distinct reflection phase states to ensure effective mode conversion.

Experimental Measurements: The experimental measurements are
conducted in a 1.5 × 1 × 0.7 m anechoic tank with inner walls covered with
mute wedges, providing a cutoff frequency of 50 kHz (see experimental
setup in Note S4, Supporting Information). At the operation frequency of
162 kHz, acoustic waves are effectively absorbed, creating a near free-field
underwater environment. A piezoelectric transducer (DYW-150-E) with a
center frequency of 150 kHz serves as the sound source, and a hydrophone
(B&K Type 8130) is used as the detector. A collaborative robot (AUBO-i5),
with an accuracy of 0.02 mm, is used to control either the transducer (in
experiments involving chirp modulation and stochastic space-time modu-
lation for DOA estimation) or the hydrophone (in deterministic space-time
modulation experiments) using 3D printing fixtures. In the former setup,
the transducer is positioned along a circular path with a radius of 20 cm
from the center of the STAM, while the hydrophone is placed 14 cm be-
low the water surface. In the latter configuration, the transducer is placed
20 cm below the water surface, and the hydrophone is situated along a
circular path with a radius of 14 cm from the STAM. Both the source and
detector meet the far-field conditions. The emitting and receiving sound
signals are analyzed by amultifunction I/Omodule (National Instruments
PXI-6115).

Modelling of the meta-atom: From Figure 2b, the mechanical surface
impedance of the meta-atom oriented toward water with the opposite side
of air boundary condition can be derived as:

Zm (𝜔) = Z1 +
1

1

Z2−N2 Cv
j𝜔C0(C0+Cv)

+ 1
Z1+Zr

(4)
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Consequently, the reflection coefficient Γ(𝜔) of the meta-atom is ex-
pressed as:

Γ (𝜔) =
Zm (𝜔) ∕S − Zw
Zm (𝜔) ∕S + Zw

(5)

Here, Z1 = j𝜌vS tan kL
2

and Z2 = R + 𝜌vS
j sin kL

denote different parts of

mechanical impedance, Zr ≈
𝜌acak

2
a

2𝜋
S2 + j𝜌acaS(

8
3𝜋
kad) is the radiation

impedance of the air-facing side of the meta-atom, and Zw = 𝜌w c is the
characteristic impedance of water with themass density of 𝜌w = 1 g∙cm−3

and sound speed of c = 1500 m∙s−1. C0 =
S

L(𝛽T33+g
2
33∕s

D
33)

and N = g33S
sD33𝛽33L

were respectively the clamped capacitance and electromechanically cou-
pling coefficient of the piezoelectric pillar. Above parameters are derived
from some fundamental constants, obtained via electrical experiments us-
ing an impedance analyzer (TH-2851, see experimental details in Note S3,
Supporting Information). These constants include elastic constant under
short circuit conditions sD33, direct voltage coefficient g33, dielectric permit-

tivity 𝛽T33, and the 2D clamped dielectric permittivity 𝛽33 = 𝛽T33 (1 +
g233

sD33𝛽
T
33
).

In addition, S, L, and d are respectively the cross-sectional area, thickness,
and width of the piezoelectric element. The terms 𝜌, v = 1√

𝜌sD33

, and R de-

note the mass density, sound speed, and mechanical damping of PZT-5H.
Meanwhile, 𝜌a, ca, and ka = 𝜔/ca refer to the air density, sound wave ve-
locity, and wavenumber, respectively. Typical values of these parameters
are provided in Note S8 (Supporting Information).
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the author.

Acknowledgements
This work is supported by the National Key R&D Program of China (Grant
No. 2022YFA1404900), National Natural Science Foundation of China
(Grant No. 12104480, No. 12222405), National Natural Science Founda-
tion of Beijing (Grant No. L233037) and the IACAS Frontier Exploration
Project (Grant No. QYTS202110).

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
Y.-H.Y. and H. J. conceived the idea; Y.-H.Y., J.-Y.L., and T.L. performed the
analytical modeling; Y.-H.Y. and Y.-Z.Y. conducted sample fabrications and
experiments. Y.-H.Y., H.J., J.-Y.L., and T.L. wrote the manuscript; J.Y. and
Z.-Y.L. supervised the research. All authors contributed to discussions of
the results and the manuscript.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
acoustic metasurface, direction-of-arrival estimation, space-time modula-
tion, waterborne sound manipulation

Received: April 8, 2025
Revised: June 5, 2025

Published online: June 26, 2025

[1] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J. P. Tetienne, F. Capasso, Z.
Gaburro, Science 2011, 334, 333.

[2] Y. Zhu, X. Fan, B. Liang, J. Cheng, Y. Jing, Phys. Rev. X 2017, 7, 021034.
[3] S. Liu, S. Ma, R. Shao, L. Zhang, T. Yan, Q. Ma, S. Zhang, T. J. Cui, Sci.

Adv. 2022, 8, abo1511.
[4] L. Lin, J. Hu, S. Dagli, J. A. Dionne, M. Lawrence,Nano Lett. 2023, 23,

1355.
[5] H. T. Zhou, C. Y. Li, J. H. Zhu, C. Hu, Y. F. Wang, Y. S. Wang, C. W.

Qiu, Adv. Mater. 2024, 36, 2313004.
[6] P. Pai, J. Bosch, M. Kühmayer, S. Rotter, A. P. Mosk, Nat. Photonics

2021, 15, 431.
[7] M. Horodynski, M. Kühmayer, C. Ferise, S. Rotter, M. Davy, Nature

2022, 607, 281.
[8] A. Di Francescantonio, A. Zilli, D. Rocco, V. Vinel, L. Coudrat, F. Conti,

P. Biagioni, L. Duò, A. Lemaître, C. De Angelis, G. Leo, M. Finazzi, M.
Celebrano, Nat. Nanotechnol. 2024, 19, 298.

[9] B. Xiong, Y. Liu, Y. Xu, L. Deng, C. W. Chen, J. N. Wang, R. Peng, Y.
Lai, Y. Liu, M. Wang, Science 2023, 379, 294.

[10] Z. Shen, F. Zhao, C. Jin, S. Wang, L. Cao, Y. Yang,Nat. Commun. 2023,
14, 1035.

[11] Y. Hadad, D. L. Sounas, A. Alu, Phys. Rev. B 2015, 92, 100304.
[12] Z. Yu, S. Fan, Nat. Photonics 2009, 3, 91.
[13] G. Trainiti, Y. Xia, J. Marconi, G. Cazzulani, A. Erturk, M. Ruzzene,

Phys. Rev. Lett. 2019, 122, 124301.
[14] J. Li, Z. Zhang, G. Xu, H. Sun, L. Dai, T. Li, C. W. Qiu, Phys. Rev. Lett.

2022, 129, 256601.
[15] A. M. Shaltout, V. M. Shalaev, M. L. Brongersma, Science 2019, 364,

6441.
[16] Y. Saifullah, Y. He, A. Boag, G. Yang, F. Xu, Adv. Sci. 2022, 9, 2203747.
[17] X. Xia, C. M. Spadaccini, J. R. Greer, Nat. Rev. Mater. 2022, 7, 683.
[18] X. Guo, Y. Ding, Y. Duan, X. Ni, Light Sci. Appl. 2019, 8, 123.
[19] S. Duan, X. Su, H. Qiu, Y. Jiang, J. Wu, K. Fan, C. Zhang, X. Jia, G. Zhu,

L. Kang, X. Wu, H. Wang, K. Xia, B. Jin, J. Chen, P. Wu,Nat. Commun.
2024, 15, 1119.

[20] X. Wang, V. S. Asadchy, S. Fan, S. A. Tretyakov, ACS Photonics 2021,
8, 3034.

[21] T. Zhou, W. Wu, J. Zhang, S. Yu, L. Fang, Sci. Adv. 2023, 9, adg4391.
[22] L. Zhang, X. Q. Chen, S. Liu, Q. Zhang, J. Zhao, J. Y. Dai, G. D. Bai, X.

Wan, Q. Cheng, G. Castaldi, V. Galdi, T. J. Cui, Nat. Commun. 2018,
9, 4334.

[23] Y. Zheng, K. Chen, Z. Xu, N. Zhang, J. Wang, J. Zhao, Y. Feng, Adv. Sci.
2022, 9, 2204558.

[24] X. Q. Chen, L. Zhang, S. Liu, T. J. Cui, Adv. Opt. Mater. 2022, 10,
2201900.

[25] X. G. Zhang, Y. L. Sun, Q. Yu, Q. Cheng, W. X. Jiang, C. W. Qiu, T. J.
Cui, Adv. Mater. 2021, 33, 2007966.

[26] S. R. Wang, M. Z. Chen, J. C. Ke, Q. Cheng, T. J. Cui, Adv. Sci. 2022, 9,
2200106.

[27] S. R. Wang, J. Y. Dai, Q. Y. Zhou, J. C. Ke, Q. Cheng, T. J. Cui, Nat.
Commun. 2023, 14, 5377.

[28] L. Zhang, Z. R. Huang, X. Q. Chen, Y. N. Zheng, S. Liu, V. Galdi, T. J.
Cui, Adv. Funct. Mater. 2024, 34, 2314110.

[29] W. Wang, C. Hu, J. Ni, Y. Ding, J. Weng, B. Liang, C. W. Qiu, J. C.
Cheng, Adv. Sci. 2022, 9, 2203482.

[30] Q. Wang, Z. Zhou, D. Liu, H. Ding, M. Gu, Y. Li, Sci. Adv. 2022, 8,
abq4451.

[31] R. Adlakha, M. Moghaddaszadeh, M. A. Attarzadeh, A. Aref, M.
Nouh, Sci. Rep. 2020, 10, 21339.

Adv. Sci. 2025, 12, e06308 e06308 (9 of 10) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[32] Z. Chen, Y. Peng, H. Li, J. Liu, Y. Ding, B. Liang, X. F. Zhu, Y. Lu, J.
Cheng, A. Alù, Sci. Adv. 2021, 7, abj1198.

[33] X. Zhu, J. Li, C. Shen, X. Peng, A. Song, L. Li, S. A. Cummer, Appl.
Phys. Lett. 2020, 116, 034101.

[34] Y. Jia, Y. Liu, B. Hu, W. Xiong, Y. Bai, Y. Cheng, D. Wu, X. Liu, J.
Christensen, Adv. Mater. 2022, 34, 2202026.

[35] Z. Sun, H. Guo, I. F. Akyildiz, IEEE Commun. Mag. 2022, 60, 96.
[36] H. Wang, Z. Sun, H. Guo, P. Wang, I. F. Akyildiz, IEEE Trans. Wireless

Commun. 2023, 22, 8934.
[37] S. Kisseleff, S. Chatzinotas, B. Ottersten, IEEE Access 2021, 9, 150214.
[38] S. Liu, T. J. Cui, L. Zhang, Q. Xu, Q. Wang, X. Wan, J. Q. Gu, W. X.

Tang, M. Qing Qi, J. G. Han, W. L. Zhang, X. Y. Zhou, Q. Cheng, Adv.
Sci. 2016, 3, 1600156.

[39] C. Zhang, J. Yang, L. X. Yang, J. C. Ke, M. Z. Chen, W. K. Cao, M. Chen,
Z. H. Wu, J. F. Chen, Q. Cheng, T. J. Cui,Nanophotonics 2020, 9, 2771.

[40] M. Huang, B. Zheng, R. Li, X. Li, Y. Zou, T. Cai, H. Chen, Laser Pho-
tonics Rev. 2023, 17, 2300202.

[41] R. Z. Jiang, Q. Ma, Z. Gu, J. C. Liang, Q. Xiao, Q. Cheng, T. J. Cui, Adv.
Sci. 2024, 11, 2306181.

[42] Z. Fang, Q. Zhou, J. Y. Dai, Z. J. Qi, J. Zhang, Q. Cheng, T. J. Cui, IEEE
Trans. Antennas Propagat. 2024, 72, 1173.

[43] L. Zhang, T. Cui, Research 2021, 2021, 9802673.
[44] X. Sun, H. Jia, Z. Zhang, Y. Yang, Z. Sun, J. Yang, Adv. Sci. 2020, 7,

1902271.
[45] N. Meftah, B. Ratni, M. N. El Korso, S. N. Burokur, Adv. Electron.

Mater. 2024, 11, 2400476.

Adv. Sci. 2025, 12, e06308 e06308 (10 of 10) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com

	Acoustic Metasurface for Space-time Reflection Manipulation
	1. Introduction
	2. Results and Discussion
	2.1. Theory of Space-Time Modulation
	2.2. Experimental Demonstration
	2.3. Stochastic Space-Time Modulation For Single-Channel DOA Estimation

	3. Conclusion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Author Contributions
	Data Availability Statement

	Keywords


