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Wideband and Configurable Acoustic Metasurface
for Enhanced Acoustic Sensing and Communication

Juan He, Jie Xiong, Weihang Hu, Chao Feng, Enjie Yao, Xiaojing Wang, Chen Liu, Xiaojiang Chen

Abstract—Acoustic metasurfaces have recently emerged as a
promising technology to enhance acoustic communication and
sensing performance. While promising, two key issues hinder
their real-world adoption. The first issue is that configurable
metasurfaces remain expensive and are not readily scalable.
The second issue is that achieving operation across a large
frequency range is challenging. This paper presents the first
wideband, configurable acoustic metasurface. We show that with
a large number of metasurface elements, a cheap and simple two-
state element design can achieve performance very close to that
achieved by expensive continuous-state elements. Furthermore,
we enable wideband operation by fine-tuning the geometric
parameters of the element structure to support similar phase
changes across a large frequency range. Extensive experiments
show that, with a 17.6×17.6 cm metasurface, our system achieves
average signal strength improvements of 7.5 dB and 10.5 dB in
LoS and NLoS scenarios, respectively. Two representative sensing
applications (i.e., respiration sensing and gesture recognition)
and one communication case study are employed to show the
effectiveness of the metasurface.

Index Terms—Acoustic Metasurface; Configurable Environ-
ment; Wideband Beamforming; Acoustic Sensing.

I. INTRODUCTION

Recent years have witnessed rapid advancements in using
metasurfaces to enhance communication [1]–[4] and sens-
ing [5]–[8] performance. Rather than focusing solely on
transceivers, metasurfaces improve system capabilities by dy-
namically manipulating signal propagation environments. A
metasurface reshapes the incident wave by altering the phase
or amplitude of signals and usually consists of many elements.
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Fig. 1. The concept of CW-AcousLen.

Among metasurface designs, acoustic metasurfaces have
gained significant attention due to the ubiquity of acoustic
modules (e.g., speakers and microphones) in our environment.
Unlike RF counterparts, which dynamically control phase elec-
tronically via components like diodes and varactors, acoustic
metasurfaces rely on mechanical wave manipulation. Phase
variation is achieved by guiding sound waves through carefully
designed structures such as curved channels to alter acoustic
path length. However, these static structures inherently lack re-
configurability, resulting in poor adaptability to environmental
changes or signal variations like frequency shifts.

To achieve configurability, the state-of-the-art design [9]
employs a speaker array and leverages the configurability
of the speaker array to enable beam-steering with metasur-
face. However, it requires a 2 cm separation between the
array and metasurface. This proximity makes the metasurface
almost part of the transmitter, losing the original objective
of metasurface, i.e., programming the environment to en-
hance signal strength. Alternative active acoustic metasur-
faces [10]–[12] enable reconfiguration but incur prohibitive
costs (>$10/element), limiting scalability.

Another issue associated with acoustic metasurface is that
it works in a relatively small frequency range. This conflicts
with broadband chirp signals which are widely employed
in acoustic sensing and communication to improve sensing
resolution [13]–[18] and communication throughput [1], [19],
[20]. Existing acoustic metasurfaces are ineffective when in-
coming signals span a wide frequency band or contain multiple
widely separated frequencies. This is because metasurfaces
rely on signal phase manipulation for constructive combining,
while phase values vary across frequencies, making wideband
operation challenging for fixed designs.

This paper advances acoustic metasurface practicality by
simultaneously enabling low-cost configurability and broad-
band operation, pushing acoustic metasurface one step forward
towards real-life adoption. To make the metasurface config-
urable at a low cost, we adopt a very simple two-state design
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at each element. This two-state design is based on one key
observation: with a large number of metasurface elements, the
gap between continuous element states and a small number
of discrete element states (e.g., two states) is quite small. For
example, for a metasurface with 144 elements (i.e., 12× 12),
with just two states at each element, the achieved beamforming
direction deviation is less than 1◦ and the gain is only
around 3 dB lower compared to that achieved with infinite
number of continuous states. Thus, by leveraging the inherent
advantage of large number of elements at a metasurface,
even the simplest two-state design can realize fine-grained
beam patterns. This observation helps significantly reduce the
complexity of hardware design and accordingly the cost of the
configurable (active) metasurface.

To enable acoustic metasurface working in a large frequency
range, we adopt the Helmholtz resonator structure [12], [21]
as the basic metasurface element. We leverage one key ob-
servation that the Helmholtz resonator exhibits similar phase
changes across different frequencies if we carefully tune the
geometry of the basic element [12], laying the foundation of
enabling acoustic metasurface working in a wide frequency
range. To make it happen, we developed a cascaded two-
port network model for Helmholtz resonators. This model
yields closed-form expressions for the phase change, enabling
analytical decoupling of the phase change from the frequency
through the tuning of geometric parameters. Based on the
model, we formulate our objective as an optimization prob-
lem to derive the optimal geometric parameters. With our
design, we ensure the same phase change (e.g., 180 degrees)
is induced when the same mechanical state change of the
metasurface element is applied (e.g., from plunger pushed
in to pulled out) at different frequencies. This significantly
reduces the computational complexity when we design the
coding pattern (i.e., the 0/1 states for all the elements) for
beamforming. To support wideband beamforming, the objec-
tive is to find a common coding pattern that achieves high
beamforming gain not just at one single frequency but across
the entire inaudible band (i.e., 16 kHz - 24 kHz). While the
optimal coding patterns at different frequencies are different,
we notice that they share many common-state elements. This
insight inspires us to reduce the computational complexity
by only optimizing the remaining elements for the common
coding pattern. Furthermore, we propose a theoretical model to
optimize compact acoustic metasurfaces, analytically deriving
trade-offs between size (element count), placement, and gain
to maximize signal enhancement.

We fabricated the proposed configurable acoustic meta-
surface prototype with 16 × 16 elements using resin ma-

terials. Each element is 3D printed and integrates a cost-
effective solenoid valve (≈$0.35/element) for plunger ac-
tuation, enabling binary state control. An FPGA controller
achieves full-array reconfiguration within 0.02 s. Comprehen-
sive experiments demonstrate that even with a small proto-
type (17.6 cm×17.6 cm), our system achieves average signal
strength improvements of 7.5 dB in LoS and 10.5 dB in
NLoS scenarios. By applying the configurable metasurface to a
speaker array, beamforming coverage reaches nearly 360◦. We
validate the proposed metasurface through two representative
acoustic sensing applications: human respiration sensing and
gesture recognition. In LoS scenarios, mean sensing accuracy
improves by 20% for hand gestures, while median respiration
sensing error decreases from 1.32 to 0.46 bpm. Even in chal-
lenging NLoS scenarios, the proposed acoustic metasurface
extends gesture recognition range to 3 m. Notably, in NLoS
settings, signals are reflected at least twice before reaching
the receiver, making them too weak for sensing without meta-
surface assistance. Moreover, CW-AcousLen achieves near-
optimal gain (97.5% efficiency) and substantial SNR improve-
ment (10.2–14.3 dB) in dynamic LoS/NLoS environments.
Contributions. To summarize, we present CW-AcousLen, a
low-cost configurable acoustic metasurface capable of working
in a wide frequency range. Compared to the state-of-the-art
design which requires a speaker array, the proposed metasur-
face design can work with a single speaker. Through deeply
understanding the principle, We demonstrate that a simple two-
state design achieves performance comparable to expensive
continuous-state implementations while ensuring scalability.
Our integrated FPGA-based control system enables real-time
metasurface reconfiguration for dynamic beamforming. As
conceptualized in Fig. 1, CW-AcousLen steers wideband
signals toward target directions, improving performance in
both LoS and NLoS scenarios. We fabricate a prototype and
validate its effectiveness through sensing and communication
applications in real-world environments.

II. PRIMER: BACKGROUND OF ACOUSTIC METASURFACE

Acoustic metasurfaces operate by manipulating the prop-
agation of mechanical waves. Most acoustic metasurfaces
control the phase of reflected waves by guiding sound through
carefully designed structures, such as curved channels or
resonant cavities, which modify the effective acoustic path
length. In this work, we adopt the Helmholtz resonator as
the basic metasurface element because it can be fabricated at
low cost using 3D printing techniques. As shown in Fig. 3,
when an incident sound wave enters a cavity, it undergoes
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(c) Cross-sectional structure.
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(d) Equivalent model.

Fig. 3. The design of a basic Helmholtz resonator. (a) and (b) illustrate its structure and the corresponding phase shift across different frequencies for a single
cavity. (c) and (d) present the cross-sectional view of the Helmholtz resonator and its equivalent transmission line model.

multiple reflections and resonance effects before being re-
radiated into the environment. The cavity geometry (e.g., d,
d1, and h1) determines the effective acoustic path length and
resonance characteristics, which in turn control the phase shift
of the reflected wave at a given frequency. By designing
different cavity structures, neighboring elements can produce
different reflection phases. When hundreds of such elements
are arranged across a metasurface, their reflected waves can
be made to constructively interfere in a desired direction and
destructively interfere elsewhere. By dynamically tuning the
phase response of each element, it shapes incident wavefronts
to enable beamforming, focusing, and wave redirection.

As shown in Fig. 2, by deploying the metasurface in the
environment, the metasurface improves system performance
by: 1) Strengthen signal and mitigate interference. Even
with just one single speaker/microphone, one can obtain
signals from both the direct path and the metasurface path.
By constructively combining signals from these paths, the
signal strength can be enhanced, resulting in a larger sensing
range. Additionally, due to the large number of elements at
a metasurface, the metasurface path exhibits a narrow beam
which helps reduce interference. 2) Overcome blockages.
The metasurface can help overcome blockages by redirecting
incident signals toward the target, enabling sensing in NLoS
scenarios when the LoS path towards the target is 100%
blocked. 3) Collaboration with the array. The metasurface
design can work together with a speaker array to further
enhance sensing/communication performance. For example,
although a speaker array can steer the beam towards a specific
direction, it can only cover a limited angle range.

III. HARDWARE DESIGN

In this section, we detail the hardware design of our
metasurface, including the design of the individual element
and the overall architecture of the metasurface system.

A. Design Goals and Challenge

Design goals. To support a wideband range, we have the
following two goals for CW-AcousLen’s element design: (1)
Consistent phase shift in a wide frequency range. We would
like to ensure that for a same mechanical state change (e.g.,
0 → 1), the phase change is consistent across the targeted wide
frequency range (e.g., 16-24 kHz). This requirement does not
mean the absolute phase values are identical, but rather that

the phase difference remains consistent. For example, 0◦ to
180◦ and 10◦ to 190◦ represent the same phase change. (2)
High reflection efficiency. The signal gets through the element
structure with a small power loss.
Challenge. For acoustic signal, phase change is typically
achieved through varying the signal propagation path. How-
ever, such approaches result in frequency-dependent phase
response: Signals at different frequencies experience different
phase shifts when traversing the same path.

B. Element Design

1) Enabling metasurface element with the same phase
change in a wide frequency range: We propose building CW-
AcousLen’s element using a low-cost, 3D-printable Helmholtz
resonator [21]. Typically, a Helmholtz resonator consists of
multiple cavities with different sizes. Here, we first consider
a single-cavity structure. As shown in Fig. 3(a), it consists
of a square cube with a cylindrical cavity. The cube has a
side length of d = 11 mm, while the cavity has a diameter
of d1 = 4.4 mm and a depth h1 ranging from 0 to 10 mm.
The key to manipulating phase shifts is varying the cavity
depth (h1). Changing (h1) makes incidental signals travel
different depths before reflecting from the bottom, producing
different phase shifts. However, phase shifts also vary with
signal frequency. As shown in Fig. 3(b), we use COMSOL
Multiphysics with the Acoustic-Structure Interaction module
to simulate phase shifts across different frequencies. Waveg-
uide boundaries terminated with perfectly matched layers
(PMLs) are employed to suppress reflections, while a normally
incident plane wave (1 Pa, zero phase) is applied. The results
show that for the same cavity depth change from 3 mm to
4.2 mm, the resulting phase shifts at 16 kHz, 20 kHz, and
24 kHz differ significantly.

For wide frequency support, it is critical to ensure that the
same change in cavity depth (h1) leads to relatively consistent
phase changes across different frequencies. We model the
Helmholtz resonator as a cascaded two-port network [22] to
analyze phase shift versus depth. This model enables analysis
of signal transmission. Without loss of generality, we use an
N -layer two-port network (Fig. 3(d)), each characterized by a
transmission matrix (Ti) for wave pass from zone i to i + 1.
Cascading Ti yields the complex incident and reflected signals:(

PN
in

0

)
= TN · · ·T2T1

(
Pin

Pout

)
, (1)
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Fig. 6. The CW-AcousLen’s element structure design and the optimized phase
curve across different frequencies. The element’s geometry parameters are
d = 11 mm, d1 = 9 mm, d2 = 7 mm, h1 = 4 mm, and h2 = 0/4 mm.

where P i
in and P i

out are the complex signal of the incident
and reflected wave when pass through each two-port network,
respectively. The transmission matrix (i.e., T1, T2, ..., TN ) of
each two-port network can be calculated as:

T1 =
1

2

(
1 + 1

d10
1− 1

d10

1− 1
d10

1 + 1
d10

)
, (2)

T2 =
1

2

(
(1 + 1

d21
)e−jkh1 (1− 1

d21
)ejkh1

(1− 1
d21

)e−jkh1 (1 + 1
d21

)ejkh1

)
, (3)

TN =
1

2

(
(1 + Z)e−jkhN−1 (1− Z)ejkhN−1

(1− Z)e−jkhN−1 (1 + Z)ejkhN−1

)
, (4)

where d10 = π(d1

2 )2/(π(d2 )
2) and d21 = π(d2

2 )2/(π(d1

2 )2)
denote the cross-section area ratio between two zones. The
overall transmission matrix can be expressed as a 2×2 matrix:

T = TN · · ·T2T1 =

(
T1,1 T1,2

T2,1 T2,2

)
. (5)

For the single-cavity structure, the overall transfer matrix is
T = TNT1 and N = 2. Thus, T2,1 and T2,2 entries are:

T21 =
1

4

[
(1− Z)(1 +

1

d10
)e−jkh1 + (1 + Z)(1− 1

d10
)ejkh1

]
,

(6)

T22 =
1

4

[
(1− Z)(1− 1

d10
)e−jkh1 + (1 + Z)(1 +

1

d10
)ejkh1

]
,

(7)

where ejkh1 = cos(kh1) + j sin(kh1) and e−jkh1 =
cos(kh1) − j sin(kh1). Note that the last layer in Fig.3(c) is
a rigid plunger, resulting in PN

out = 0. Thus, the reflection
coefficient can be calculated as T = T21

T22
. In addition, because

the acoustic impedance of the Helmholtz resonator plunger
(i.e., ZHR) is much larger than that of air (i.e., Zair), thus
Z = ZHR/Zair ≫ 1. We have 1 + Z ≈ Z and 1− Z ≈ −Z.
Therefore, the reflection coefficient can be approximated as:

Γ ≈ −d2/d1
2cos(kh1) + jsin(kh1)

d2/d1
2cos(kh1) + jsin(kh1)

= e
−j2arctan(tan

kh1
d2/d1

2 )
,

(8)
where k = 2πf

c is wave number, c is the sound velocity in
air and f is the frequency of the incident signal. The phase
shift is characterized by the complex reflection coefficient Γ
and can be expressed as:

φ = 2arctan

(
tan(

2πf

c
h1)

d21
d2

)
. (9)

The above equation shows that the phase shift φ, related
to cavity depth (h1), is influenced by both signal frequency
and the ratio d1/d. This suggests an opportunity to decouple
phase shift and its frequency dependence by tuning d1/d.
With a proper d1/d, the same h1 change yields consistent
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phase shifts across frequencies, as demonstrated in Fig. 4 by
COMSOL [23] simulations for various d1/d ratios at 16–
24 kHz. Notably, as shown in Fig. 4(c), with d1/d = 0.95,
consistent phase changes occur across frequencies when h1

varies from 4.2 to 8.2 mm. At 16 kHz, phase shifts from
240◦ to 60◦ (a 180◦ change); at 24 kHz, from 135◦ to -45◦

(also 180◦). These results confirm that tuning d1/d effectively
decouples the frequency dependence of phase shift. However,
a problem occurs when a single cavity design with the optimal
ratio of d1/d = 0.95 is adopted. For d = 10 mm, d1 = 9.5 mm
yields a wall thickness of only 0.25 mm, which loses the
rigidity required in our model [22], [24]. This can introduce
complex wave coupling and increased reflection losses.
Decouple the dependency of phase shift on frequency by
introducing additional cavities. To address the problem
encountered with single-cavity design, we propose to add
additional cavities. Besides tuning the ratio of d1/d, we can
also adjust the ratios of other cavities to achieve the desired
consistent phase change across various frequencies. However,
incorporating too many cavities can lead to an increase of
cavity depth, which results in signal attenuation [25]. To trade
off attenuation, physical size, and wideband capability, we
choose the structure with two cavities, as shown in Fig. 6(a).
The reflection coefficient Γ for this two-cavity structure can
be calculated as Γ = −T2,1/T2,2, which is:

T2,1 ≈ −(1 + 1/d21) [1/d10 cos(kh)− j sin(kh)]

+ (1− 1/d21) [1/d10 cos(kh
′)− j sin(kh′)] ,

T2,2 ≈ −(1 + 1/d21) [1/d10 cos(kh) + j sin(kh)]

+ (1− 1/d21) [1/d10 cos(kh
′) + j sin(kh′)] . (10)

where d10 = d1/d, d21 = d2/d1, h = h1 + h2, and
h′ = h2 − h1. The phase shift is obtained by calculating
the angle of the reflection coefficient, i.e., φ = arg(Γ). To
achieve consistent phase changes across different frequencies,
we jointly fine-tune the values of d1/d and d2/d1. Figure 5
shows an example. We fixed the d/d1 = 0.8, and tuned the
d2/d1 ratio to investigate the impact of the phase shift across
different frequencies. With a properly chosen value of d2/d1
(Figure 5(d)), the same change in cavity depth (h2) can result
in nearly consistent phase changes across different frequencies.

Then, we need to determine the optimal parameters. One
method is to use simulation tools such as COMSOL [23]; how-
ever, this process is extremely time-consuming. We therefore
formulate it as an optimization problem.
Problem formulation. Specifically, for a given range of cavity
depth (e.g., from hs to he), if a particular configuration (d1/d
and d2/d1) can provide consistent phase changes across a

broad frequency range, we consider the parameters of this
configuration as “decoupling parameters”. As illustrated in
our previous analysis (see Fig. 4(c)), achieving consistent
phase changes over a wide frequency range implies that the
phase shift curves with respect to the cavity depth for different
frequencies (φ(fi)) appear as parallel lines. This indicates that
the rate of the phase change with respect to the cavity depth
is constant for different frequencies. We denote the working
frequency range as F = {f1, f2, · · · , fi, · · · , fn} and the rate
of phase change for each frequency can be calculated as ∂φ(fi)

∂(h)
based on Equation 10. Our objective is to find the geometric
parameters (d1/d and d2/d1) that can provide the same rate
of phase change across different frequencies, which can be
described as:

arg min
d, d1, d2, hs, he

n∑
i=1

(
∂φ(fi)

∂(h)
− δ)2, (11)

where δ represents the common phase change rate. By solving
this optimization problem, we can obtain the optimal param-
eters (d1/d and d2/d1). For instance, in a frequency range
between 16 and 24 kHz, the optimal d1/d is 0.8 and d2/d1
is 0.78. To validate these theoretically derived parameters, we
perform a simulation using COMSOL. Fig. 6(b) shows the
simulation results. We can see that with the derived optimal
parameters, as the depth (h) varies from 0 to 4 mm, there exist
consistent phase changes across all frequencies, represented by
the approximately parallel lines.

2) High Reflection Efficiency: To achieve a high reflection
efficiency, we further apply one step on our design. We
select the material which can reflect more signal power back.
Specifically, we would like to make the difference between
material impedance and air impedance as large as possible. As
the acoustic impedance of the material is determined by the
multiplication of the material density and the acoustic velocity
of the material, we choose a material (i.e., G-10CR resin) with
high density and high acoustic velocity.

C. Metasurface Control

To enable configurability, prior works utilize a step mo-
tor [12], [26], [27] to achieve continuous phase shift at each
element. This design becomes expensive when applied to
metasurfaces with a large number of elements. CW-AcousLen,
in contrast, introduces a cost-effective solution by adopting
a 1-bit configuration with just two phase states. In the later
section, we compare the performance of our 1-bit phase shift
approach with the continuous phase shift method.

To realize configurability, CW-AcousLen employs low-cost
solenoid valves ($0.3 each) to control the position of the
plunger inside the element cavity. As shown on the right side
of Fig. 7(a), the plunger, connected to the iron core inside
the valve, is controlled by an electromagnet. By applying two
different voltages, the solenoid valves can alternate between
“push in” and “pull out”, thereby switching the plunger’s
position between the h0 and h1 states. For example, applying
a “10 V” voltage corresponds to the “h0” state while a “-10 V”
voltage shifts it to the “h1” state, as shown in Fig. 7(b).
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Fig. 10. The performance of using the center frequency’s coding pattern for
the whole band.

The controller for the entire metasurface. We build a
metasurface prototype consisting of 16×16 elements, as shown
in Fig. 7(a). To configure the entire metasurface, we designed
a control circuit module that includes an FPGA controller and
M ×N DC driver chips (SA9110) to provide voltage control
for the solenoid valves. Each DC driver chip costs approx-
imately $0.05. The FPGA outputs different combinations of
“0/1” levels, which control the SA9110 to deliver “10 V/-
10 V” voltages. These voltages control the plunger position
in each element. CW-AcousLen uses a low-end FPGA since
it does not require many on-chip resources. As a low-end
FPGA (e.g., Xilinx Artix-7 XC7A35T [28]) has limited GPIO
pins, we use 64 SN74HC595 [29] shift registers to expand
GPIO capacity, each costing around $0.05. Specifically, each
channel connects four registers to store 32 bits of data. Once
the enabled port of the shift register is triggered, a 32-bit
data stream from each register controls 16 elements. This
design allows independent configuration of each element’s
state. When all control signals are concurrently dispatched
through 64 shift registers, the configuration latency for the
entire 16× 16 metasurface is about 20 ms.

IV. BEAMFORMING

CW-AcousLen enables beamforming by configuring the
phase state of each element and operates in two modes:

(1) Single-frequency mode and (2) Wideband-frequency mode.
In the latter, CW-AcousLen supports signals across a wide
frequency range (i.e., 16–24 kHz for acoustic sensing).

A. Single Frequency Beamforming

We employ a metasurface consisting of M×N elements as
shown in Fig. 8 to illustrate the concept. When an acoustic
wave impinge on the metasurface, the phase shift of each
element is configured to achieve beamforming. Specifically,
given the beamforming direction (θr, ϕr) and the frequency
f0 of the incident signal, the theoretical phase compensation
of each element can be calculated as:

φC
m,n = k(mdsinθrcosϕr + ndsinθrsinϕr)− φI

m,n, (12)

where φI
m,n = kdm,n is the phase delay due to propagation

distance dm,n from the source to the (m,n)-th element, and
k = 2π/λ with λ being the wavelength. The matrix ΦC =
{φC

1,1, φ
C
1,2, . . . , φ

C
m,n} denotes the coding pattern, i.e., the set

of phase states for all elements.
Continuous Phase Shift vs. Discrete 1-bit Phase Shift.
According to Equation 12, ideal phase compensation requires
continuous phase shifts. Implementing such continuous phase
shifts is highly expensive. To enable a cost-effective config-
urable metasurface, we employ a 1-bit design, where each
element provides two discrete phase states. Continuous phase
compensation is then quantized using the following rule:

R
(
φC
m,n |1−bit

)
=

{
π, if π/2 ≤ φC

m,n < 3π/2

0, otherwise.
(13)

The choice of 0 and π as the two 1-bit phase states is based
on the Intermediate Value Theorem [30]. The adoption of 1-
bit phase quantization inevitably introduces phase errors and
affects beamforming performance. To investigate this impact,
we analyze the performance gap between continuous and 1-
bit phase shifts in terms of power gain and beamforming
direction accuracy. The simulation results are shown in Fig. 9.
We observe that as the number of elements in the metasur-
face increases, the direction offset decreases and eventually
approaches zero. The difference in power gain stabilizes at
3–4 dB. To summarize, even with 1-bit state change (i.e.,
two states), a metasurface with many elements (e.g., 256 in
our implementation) can achieve beamforming gain and target
direction comparable to those with continuous phase shifts.

Thus, for single-frequency beamforming, we can first com-
pute the continuous phase pattern, then derive the 1-bit pattern
using Equation 13. By controlling each element’s cavity depth
h, the metasurface generates the desired beam pattern.

B. Wideband Beamforming

Challenge. For wideband signals, different frequencies require
different coding patterns. However, the metasurface can only
use one pattern at a time, making it difficult to achieve
desired beam patterns across a large frequency range (e.g.,
chirp signals). A straightforward solution is to use the center-
frequency coding pattern for the entire band. Fig. 10 shows
the gain performance across frequencies. In this simulation,
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Fig. 11. The 1-bit coding patterns for different frequencies when the beamforming angle is set at 45 ◦. The common element states across these patterns are
highlighted in yellow.
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Fig. 12. The impact of the number of frequencies selected.
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Fig. 13. Simulated beam patterns before and after optimization.

we set the target beamforming angle to 45◦ and compute the
1-bit coding pattern at the center frequency (20 kHz). This
pattern is then applied from 16 to 24 kHz. Power drops as
frequency moves away from the center frequency. To address
this issue, we propose a wideband beamforming algorithm.
Wideband optimization. Our goal is to drive a coding
pattern Φ∗ that maximizes the total signal strength in the
target direction (θr, ϕr) across the entire frequency band. Let
F = {f1, f2, ..., fi, ..., fl} represent l evenly distributed fre-
quencies in the frequency range. Given a random 1-bit coding
pattern ΦC = {φC

1,1, φ
C
1,2, ..., φ

C
m,n}, the signal strength at the

direction of (θr, ϕr) for frequency fi can be calculated as:

Gfi
(θr,ϕr)

=

M∑
m=1

N∑
n=1

am,ne
j(k(mdu+ndv)−φC

m,n−φI
m,n), (14)

where am,n is the amplitude, u = sinθrcosϕr, and v =
sinθrsinϕr. To maximize the total signal strength along
direction (θr, ϕr) while maintaining consistently high strength
across all frequencies, we define our objective function as:

Φ = arg min
Φ∗

W1

fi∈F∑ ∣∣∣Gfi∗
(θr,ϕr)

−Gfi
(θr,ϕr)

∣∣∣︸ ︷︷ ︸
maximize the total signal strength

+ W2σ
2(Gfi

(θr,ϕr)
)︸ ︷︷ ︸

minimize the variance

,

(15)

where Gfi∗
(θr,ϕr)

is the theoretical maximum signal strength
for single frequency fi using continuous phase shifters. W1

and W2 are the weight coefficients, and σ is the variance.
The first half maximizes the total signal strength across l
frequencies and the second half minimizes the variance of
the signal strengths across different frequencies to avoid a
large signal strength discrepancy among frequencies. However,
optimizing the above equation is challenging. For instance,
directly applying the Particle Swarm Optimization (PSO)
algorithm [31] might face the non-convergence issue due to a
large number of elements and a wide frequency range.

We address the issue by leveraging the following observa-
tions: We observe that the optimal 1-bit coding patterns at
different frequencies share a large portion of common element
states. Fig. 11 shows an example of these common element
states shared for all frequencies. By keeping these common
states unchanged and only optimizing the remaining ones, we
significantly reduce the search space. Also, owning to the con-
tinuity of coding patterns across adjacent frequencies, there is
no need to consider a large number of frequencies. Instead, we
just need to consider a few frequencies evenly distributed in
the frequency range. Incorporating these observations leads to
a reduction in both the number of frequencies and the number
of elements we need to consider for optimization, effectively
reducing the computational load.
Identify common element states across frequencies. The
1-bit coding patterns for different frequencies can be de-
rived by combining Equation 12 and Equation 13. We aim
to maximize the number of common-state elements across
the frequency band, reducing the number of elements to be
optimized. However, using the same quantization boundary
for all frequencies may not achieve this goal. We thus apply
different quantization boundaries at each frequency to generate
various coding pattern combinations, and then search for the
set of boundaries that yields the highest number of common-
state elements across selected frequencies.
Determine the number of frequencies considered for op-
timization. The number of selected frequencies is crucial,
affecting both computational load and beamforming perfor-
mance. Fig. 12(a) shows how the percentage of common-
state elements changes with the number of optimized frequen-
cies. In this simulation, we consider 256 elements, various
beamforming directions, and a frequency range from 16 to
24 kHz, examining 2 to 9 evenly distributed frequencies. We
observe that increasing the number of frequencies reduces the
percentage of common-state elements, thus increasing compu-
tational cost. However, selecting too few frequencies cannot
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Fig. 14. The propagation paths in the scenario.

adequately represent the full band, causing beamforming gain
fluctuations. As shown in Fig. 12(b), selecting only 2–3
frequencies leads to significant gain fluctuations. Therefore, to
balance computational cost and performance, we empirically
choose 4 or 5 frequencies.

In summary, for wideband beamforming, we retain
common-state elements across multiple evenly distributed fre-
quencies and optimize the remaining elements using PSO by
minimizing Equation 15. Fig. 13 presents an example. As
shown in Fig. 13(a), applying the 20 kHz optimal coding
pattern to 16 kHz and 24 kHz causes gain drops at the desired
angle (45◦). In contrast, Fig. 13(b) shows that the proposed
coding pattern Φ∗ achieves consistently high gain across all
three frequencies. This is particularly valuable for chirp signals
widely used in sensing over broad frequency ranges.

C. How to Beamform Toward an Unknown Target?

The metasurface of CW-AcousLen can beamform toward
either an audio receiver in communication or a passive subject
in sensing. With a typically static source, the incident signal
can be measured in advance. When the target location is
unknown, existing methods can be adopted to determine the
beamforming direction.

For communication, we use beam scanning to estimate
target direction via power maximization [7], [32]. Specifically,
we pre-calculate coding patterns for all Rx directions, use a
wide beam for coarse localization, then switch to a narrow
beam for precise estimation. These beams can be generated via
optimization methods such as PSO [7] or autocorrelation [2].
Next, we set a gain threshold for received signal strength. The
controller compares measured gain against this threshold: if a
coding pattern yields N consecutive gains above it, the search
stops and the pattern is selected; otherwise, the metasurface
switches patterns. If none exceeds the threshold, the pattern
with maximum gain is chosen after scanning all directions.
Notably, only the initial stage requires full scanning; subse-
quent tracking is limited to ±10◦ due to motion continuity.

In passive sensing scenarios, we can exploit the reconfigura-
bility of the metasurface to perform direction estimation [33],
as the target cannot provide feedback. Specifically, we sweep a
set of predefined coding patterns and record the corresponding
reflections from the passive user, establishing a mapping
between coding patterns, user direction, and received signals,
from which the user direction can be inferred.

D. Compact Metasurface Optimization

CW-AcousLen aims to distinguish the metasurface signal
from multipath by enabling a strong metasurface path via
beamforming. While increasing the number of elements can
enhance power, it incurs higher cost and deployment complex-
ity. Thus, how can CW-AcousLen achieve strong performance
with a compact metasurface? To address this, we develop a
theoretical model to quantify the relationship between signal
strength and the number of elements, showing that with proper
placement, a compact metasurface can still achieve high signal
strength and spatial diversity gain.

As shown in Fig. 14, without the metasurface, the target
only receives signal from the direct path. According to the
Acoustic Diffusion equation [34], [35], the signal strength
is Pdir =

√
WTQ3ρc

4πr23
, where WT , Q3, ρ, and c denote the

transmitted power, directivity factor, air density, and sound
velocity, and r3 is the source–target distance. With the meta-
surface, the signal strength of the metasurface path is the sum

over M × N elements: Pmeta =
M∑

m=1

N∑
n=1

√
WTQ1Q2Sρc

4πr1(m,n)r2(m,n) ,

where S is the element area, Q1 and Q2 are the directivity
factors from the source to the (m,n)-th element and from the
element to the target, and r1(m,n) and r2(m,n) denote the
corresponding distances. Accordingly, the total signal strength
is Ptotal = Pdir + Pmeta. Thus, the improved gain can be
calculated as:

ξ = 20 lg(1 +

√
Q1Q2S

πQ3

M∑
m=1

N∑
n=1

r3
r1(m,n)r2(m,n)

). (16)

From this equation, we know that the gain can be controlled
by varying the number of elements (i.e., M and N ) and their
placement (i.e., r1, r2, and r3).
Placement vs. Size. Specifically, to achieve the same gain
with a smaller metasurface, it should be placed closer to either
the signal source or the target. Since the target is mobile, we
place the metasurface near the stationary source. Assuming a
relatively small metasurface and a distant target, the placement
with respect to the target satisfies the far-field condition (i.e.,
r3/r2 ≈ 1). Therefore, the gain can be simplified as:

ξ = 20 lg(1 +

√
Q1Q2S

πQ3

M∑
m=1

N∑
n=1

1

r1(m,n)
). (17)

Now the gain is mainly related to r1. For a typical omnidi-
rectional signal source and microphone, the directivity factors
can be Q1 = 1, Q2 = 4, and Q3 = 1. We prefer a relatively
larger area of the element, and we set S = 1.21 cm2 for
our design. With a relatively compact 16 × 16 metasurface
array, the optimal distance between the signal source and
metasurface is r1 = 51 cm, and achieves a substantial gain
(e.g., 10 dB) at the same time.
Impact of multipath. Our model assumes a dominant prop-
agation path, where multipath components are weaker due
to additional reflections and attenuation. In practice, multi-
path may introduce constructive and destructive interference,
leading to fluctuations in the measured gain. The predicted
gain can thus be viewed as an idealized result under this
assumption, while the overall placement–size–gain scaling
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Fig. 15. The prototype of CW-AcousLen.
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Fig. 16. Performance of single-mode and wide-mode.

trend remains unchanged. The received signal consists of the
direct path, metasurface-assisted path, and weaker multipath
components. Placing the metasurface near the signal source
further strengthens the metasurface-assisted path and improves
robustness against multipath.

V. IMPLEMENTATION

Metasurface fabrication. We fabricated the proposed config-
urable acoustic metasurface with 16×16 elements, using low-
cost resin material [36] through 3D printing. Each element is
designed with a side length of 1.1 cm, which is large enough to
accommodate the off-the-shelf control components. Fig. 15(a)
shows the prototype of the metasurface, which has a size of
17.6×17.6 cm2. Within each element, we integrated a solenoid
valve [37] with a unit price of $0.3. The control components
are connected to an FPGA controller board. The FPGA (Xilinx
Artix-7 XC7A35T [28]) costs $60, and only 20% of the FPGA
resource is used. Lower-priced FPGAs are also feasible.
Experiment setup. We employ the experiment setup shown
in Fig. 15(b) for evaluation. The setup includes three main
components: speaker, microphone, and the proposed acoustic
metasurface. In the controlled experiments detailed in Sec-
tion VI-A, we use the proposed metasurface and a single
speaker as the default setup. The speaker is placed 0.2 m and
0.5 m in front of the metasurface. We model the near-field
propagation between the source and the metasurface. The far-
field case is a special scenario where the wavefront approaches
a plane wave. The incident phase delay is calculated from
dm,n (Equation 11), approximated by measuring the source
position relative to the metasurface center and computing the
distances to each element. The microphone is placed 2 m from
the metasurface in both scenarios. Sound pressure level (SPL)
is measured using a miniDSP UMIK-1 microphone [38], with
recorded signals processed by MATLAB’s SPLmeter function.
For speaker-array setups, multiple speakers are connected to a

Bela board [39] for synchronized beamforming. The metasur-
face coding pattern is then configured to further enhance and
redirect the resulting beam.

Metasurface for Sensing. We evaluate the effectiveness of
our acoustic metasurface on enhancing sensing performance
through two representative sensing applications: (i) respiration
monitoring and (ii) hand gesture recognition. For both appli-
cations, the transmitter transmits chirp signals (16-23 kHz)
for sensing. We recruited 10 volunteers for our study. For
respiration monitoring, each experiment trial lasted for 60
seconds and was repeated 5 times. We used a respiration
monitor belt (NUL-236 [40]) to record ground truth data.
For hand gesture recognition, we extracted channel impulse
response (CIR) features and employed a neural network for
training and classification. Each volunteer performed five
different gestures, and we collected 30 samples per gesture at
various positions. The data set was divided, with 80% used for
training and the remaining 20% for testing. We use a camera
to obtain the ground truth. We use respiration rate error and
gesture recognition accuracy as the evaluation metrics, since
they directly reflect the sensing quality in practical acoustic
sensing tasks. Specifically, respiration error captures the accu-
racy of phase/range estimation for subtle chest motion sensing,
while gesture recognition accuracy reflects the system’s spatial
discrimination capability and robustness to multipath inter-
ference. Therefore, improvements in these task-level metrics
indicate enhanced physical-layer sensing performance.

Metasurface for communication. For communication,
we implement Orthogonal Frequency-Division Multiplexing
(OFDM) for data transmission. Each OFDM frame is com-
posed of 180 Binary Phase Shift Keying (BPSK) symbols,
distributed across 42 subcarriers within the frequency range of
16 to 23 kHz. We evaluate the communication performance in
terms of Signal-to-Noise Ratio (SNR) and data rate.



10

-90 -60 -30 0 30 60 90

Angle (degree)

0

0.2

0.4

0.6

0.8

1

N
o

rm
iz

e
d

a
m

p
li
tu

d
e

10°
20°
60°

(a) Different reflected angles.

Inefficient incident angle

Po
w

er
(d

B
)

Main lobe

(b) Different incident angles.

Fig. 17. Performance across different angles.

16 64 144 256
The  number of elements

-10

-5

0

5

10

G
ai
n 

(d
B

)

Continuous phase shift
1-bit phase shift

(a) Different reflected angles.

16 64 144 256
The  number of elements

-5

0

5

10

15

D
ire

ct
io

n 
of

fs
et

 (d
eg

)

Continuous phase shift
1-bit phase shift

(b) Different incident angles.
Fig. 18. 1-bit phase shift vs. continuous phase shift.
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Fig. 19. Acoustic sensing accuracy in LoS scenario.

VI. EVALUATION

A. Benchmark Experiment

Performance of single-frequency mode and wideband
mode. We first evaluate the wideband beamforming perfor-
mance of CW-AcousLen by comparing the center-frequency
coding pattern with the proposed optimized coding pattern
over 16–23 kHz, with a target beam angle of 45◦. The beam
pattern is measured by moving a microphone along a 2 m ra-
dius arc from 0◦ to 90◦ with a 5◦ step. As shown in Fig. 16(a)
and 16(b), the center-frequency coding pattern degrades at
other frequencies, while the proposed design maintains high
gain across the band. We further evaluate the improvement
of both single-frequency and wideband modes, where the
speaker and microphone are placed 0.2 m and 2 m from
the metasurface, respectively. In single-frequency mode, sine
waves from 16–24 kHz are transmitted with the corresponding
best coding pattern; in wideband mode, both discrete tones
and FMCW chirps are used with the proposed coding pattern.
As shown in Fig. 16(c) and 16(d), the metasurface achieves
consistent gain improvements over the baseline, demonstrating
its effectiveness in both modes.
Performance at different incident and reflected angles.
We evaluate the beam patterns at different beamforming and
incident angles. The speaker–metasurface distance is fixed
at 0.2 m, and the metasurface is placed at the center of a
2 m-radius circle, where the sound pressure level is measured
every 5◦. For beamforming evaluation, we test three target
directions (i.e., 10◦, 20◦, and 60◦). As shown in Fig. 17(a),
the metasurface generates directional beams with main lobes
accurately aligned to the desired directions. Although a side
lobe appears at −38◦ for the 60◦ case, it does not affect the
main lobe. We further investigate the effect of incident angles
by varying the incident angle from 0◦ to 90◦, while fixing the
desired direction at 0◦. The sound pressure level is measured

along a semicircle from −90◦ to 90◦. As shown in Fig. 17(b),
effective beamforming is maintained up to a 60◦ incident an-
gle. Beyond this range, the main lobe deviates and strong side
lobes emerge, as the incident wave becomes nearly parallel to
the metasurface. Therefore, we recommend constraining the
incident angle within 60◦ for optimal performance.
1-bit vs. continuous phase shift. We compare 1-bit (two-
state) and continuous phase shift metasurfaces under different
sizes (from 4× 4 to 16× 16). The continuous case is realized
using a 3D-printed metasurface with a fixed 20◦ beam. As
shown in Fig. 18, as the number of elements increases, the
direction offset of the 1-bit design decreases and approaches
zero, while the signal strength loss remains small compared
to the continuous case. These results are consistent with the
simulations in Section IV-A.

B. Acoustic sensing performance

Performance in LoS scenarios. In this experiment, we evalu-
ate the sensing performance of respiration monitoring and ges-
ture recognition in LoS scenarios. The deployment is shown in
Fig. 19(a). We randomly select 15 locations spanning various
distances and angles. At each location, respiration monitoring
lasts for 60 s and is repeated 5 times. For gesture recognition,
the target performs five different gestures, i.e., G1—Push-Pull,
G2—Swipe left and right, G3—Move Clockwise, G4—Flick,
and G5—Push forward. A total of 1500 gesture traces are
collected at 15 locations. The overall performance is shown
in Fig. 19(b) and Fig. 19(c). We can see that, the median
error of respiration rate sensing is reduced from 1.32 to
0.46 bpm (beats per minute) when the proposed metasurface
is applied, and the average gesture recognition accuracy is
increased from 76.67% to 96.67%. Note that the low gesture
recognition accuracy (76.67%) without metasurface is mainly
due to the large target-device distance/angle.
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Performance in NLoS scenarios. We conduct experiments
in NLoS scenarios where the path between the target and
transceiver is blocked by a wall, as shown in Fig. 20(a).
The metasurface is placed 0.5 m from the transceiver. The
respiration rate error and gesture recognition accuracy are
shown in Fig. 20(b) and Fig. 20(c). Without the metasurface,
neither respiration nor gestures can be accurately sensed, as
secondary reflections are too weak when the primary reflection
is blocked. With the proposed metasurface, both tasks are sig-
nificantly improved: even at 3 m, the respiration error remains
below 1 bpm and gesture accuracy exceeds 90%. These results
demonstrate that the metasurface can redirect incident signals
to cover occluded areas, enabling NLoS sensing.
The effect of target-metasurface distance. The deployment
layout is shown in Fig. 21(a). In this experiment, we set
the distance between the transceiver (co-located speaker and
microphone) and the metasurface as 0.2 m. In Fig. 21(b),
we compare the respiration sensing performance when using
(refer to w/ AM) and not using metasurface (refer to w/o
AM), as well as when combining metasurface with virtual
transceiver (refer to w/ AM+VT) technique. The human target
is positioned between 1 m and 9 m away from the transceiver.
We observe that the performance is comparable when the

target is within a range of 2 m. However, when the target
is further away from the transceiver (i.e., larger than 4 m), the
performance without the metasurface significantly degrades.
We also note that even at a distance of 6 m, CW-AcousLen
can still achieve a medium error lower than 1 bpm. The better
performance benefits from the improved SNR brought by the
proposed metasurface. By further combining the advanced
signal processing technique, i.e., the virtual transceiver tech-
nique [41], the sensing distance is increased to 8-9 m with a
median error lower than 1 bpm.
Combating interference. We evaluate the performance of
CW-AcousLen under interference, such as moving humans
in the surrounding area. The experiment setup is shown in
Fig. 22 (right), where another individual moves near the target
at location R1, R2, R3, and R4, respectively. As shown in
Fig. 22 (left), the respiration rate error slightly increases in
the presence of such interference. The error at location R4
is slightly higher than those at other locations. Nevertheless,
the respiration rate error remains below 1 bpm, demon-
strating CW-AcousLen’s robustness against interference. This
resilience can be attributed to the metasurface’s capability
of creating directional beams. Such directional beamforming
allows the transceiver to focus power at a specific target,
mitigating environmental interference.

C. Acoustic communication performance

Concurrent wideband communication. In this experiment,
we evaluate the performance of CW-AcousLen on improving
acoustic communication using OFDM chirp signals spanning
from 16 kHz to 23 kHz. We investigate the data rate improve-
ment brought by CW-AcousLen’s wideband beamforming
capability. The deployment layout is shown in Fig. 23(a).
We select 10 Rx locations spanning across various distances
and angles. At each location, we collect 20 measurements
and calculate the average data rate. The result is shown in
Fig. 23(b). The average data rate is improved from 0.9 kbps
to 2.41 kbps, which demonstrates CW-AcousLen’s capability
on improving channel gains for acoustic communication.
Collaborating with a speaker array. When combining a
metasurface with a speaker array, we can employ the speaker
array for beam steering or utilize the metasurface to re-direct
the incident signal. This setup allows us to significantly extend
angle coverage. We conducted experiments in a 3.5×5m2 hall
and measured signal power with and without the metasurface
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at various locations. The results are shown in Fig. 24. We can
see that the beamforming coverage of the speaker array with
four speakers is constrained within a certain angular range,
approximately [−70◦, 70◦]. By incorporating a metasurface,
we can redirect the speaker signal to cover areas that the
speaker array cannot cover. As shown in Fig. 24b, the coverage
can be effectively expanded to almost 360◦ through combining
the speaker array with the metasurface.
Metasurface vs. metal reflector. In this experiment, we
compare the performance of an ideal signal reflector (a
metal plane) against the proposed metasurface. As shown in
Fig. 25(a), both the metal plane and the metasurface are placed
0.8 m from the transmitter at an incident angle of 45◦. For
each receiver position, i.e., from −5◦ to −85◦, a dedicated
codebook for the metasurface is generated to steer the reflected
beam toward the receiver, and the corresponding BER is
measured. Fig. 25(b) presents the results. The metal plane
acts as a passive specular reflector; therefore, its minimum
BER is expected near the specular reflection direction (i.e.,
−45◦), while the BER increases as the receiver moves away
from this direction. In contrast, CW-AcousLen is reconfigured
for each receiver direction and can therefore maintain a low

BER (≤ 0.01) over a much wider angular range. These
results demonstrate that the proposed metasurface significantly
extends the angular communication coverage by improving the
received SNR through programmable beamforming.
Rx Location change. In practice, the receiver may move to
unknown locations. We evaluate the convergence latency and
the gap between the achieved and theoretical beamforming
gain. The speaker is placed 0.5 m from the metasurface, and
the Rx is at 30◦. As shown in Fig. 26(a), the metasurface ini-
tially operates with a default phase (0◦ per element), resulting
in a low sound pressure level (SPL). When the metasurface
starts working to scan the Rx direction at 6.5 s, the SPL
rapidly increases and converges within 3.5 s. The converged
SPL closely matches the theoretical value, demonstrating the
effectiveness of the beam-scanning algorithm. Notably, only
the initial full scan requires 3.5 s; subsequent tracking is lim-
ited to ±10◦, significantly reducing latency. Next, we evaluate
beamforming performance under Rx mobility in both LoS and
NLoS scenarios. The transmitter is fixed, while Rx moves
along a predefined trajectory (Fig. 26(b)). At each location,
the controller adapts the metasurface based on feedback. As
shown in Fig. 26(c) and 26(d), the converged sound pressure
level (SPL) approaches the optimal value across 15 locations.
Compared to the initial case without metasurface, our approach
improves SPL by 10.2 dB and 14.3 dB in LoS and NLoS,
respectively, demonstrating robustness to location change.

VII. RELATED WORK

Acoustic metasurfaces. A lot of acoustic metasurface designs
have been proposed recently to enhance the performance of
communication [42], [43] and sensing [5], [6], [9]. Most
designs achieve phase control by guiding acoustic waves to
propagate through dedicated structures such as curled chan-
nels [5], [6], [9], [44]–[46]. These designs are not configurable.
To enable configurability, the state-of-the-art design [9] uses a
speaker array co-located with a non-configurable metasurface
to enable beam-steering. A lot of efforts were also devoted
to active (i.e., configurable) acoustic metasurfaces. Recent
works [12], [26], [27] adopt expensive mechanical structures
with step motor, driver, and controller in each element. Other
works [10], [11], [47] use advanced materials that can be
deformed under the fine control of magnetic field, together
with a large number of complex relay modules. Furthermore,
some works [48], [49] propose the concept of piezoelectric-
based structure that varies phase using electric circuit. How-
ever, the piezoelectric-based design in air has a low power
efficiency, i.e., more than 50% power loss. There are also
works on underwater acoustic reconfigurable intelligent sur-
faces [50], [51], which can reshape multipath propagation and
coverage to improve link performance (e.g., spatial degrees
of freedom/capacity and shadow-zone mitigation). However,
they mainly focus on underwater environments and cannot
be directly used in air due to impedance mismatching and
thus low energy efficiency. In contrast, CW-AcousLen enables
configurability at low cost (i.e., each element costs just $0.3)
and the power efficiency is high (i.e., 90%) in air.
Wideband design. Some effort has been devoted to design-
ing wideband metasurfaces. The straightforward solution is
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Fig. 26. The performance when Rx location changes.

to combine multiple sub-structures with each operating in
a specific frequency range [52]–[54]. While effective, such
solution increases both the physical size and the hardware
complexity. Another work [55] adopts a helical structure to
enable continuous phase shift between 0 and 2π, supporting
a wideband frequency range. However, it requires delicate
mechanical control at each element to support a large number
of states, making the design complicated and less practical
for real-world adoption. Some works also leverage acous-
tic metamaterials (e.g., Luneburg lens) to enable wideband
capability for ultrasonic sensing [56], imaging [57], noise
absorption [58], and focusing [59] applications. However,
these structures are non-configurable structures and fixed once
fabricated. In contrast, CW-AcousLen utilizes the simplest
two-state valve for element control. The supported bandwidth
is 8 kHz (i.e., 16-24 kHz) which mainly focuses on sensing.
The state-of-the-arts [9] support a bandwidth of 2 kHz in the
angular range of [-60◦, 60◦].
Speaker/microphone array. One common strategy to im-
prove signal’s SNR is to use a speaker or microphone ar-
ray [13], [15], [60]–[64]. Although promising, a lot of com-
modity devices still have just 1-2 speakers, resulting in a
limited SNR improvement. In addition, speaker arrays have
a small angular range. CW-AcousLen requires just a single
speaker to work and the metasurface design can enable not
just longer sensing range but a wider angular coverage.
Parametric arrays. Parametric arrays generate signals at
the transmitter, whereas metasurfaces reshape existing sig-
nals within the propagation environment. In parametric ar-
rays, information is encoded onto a high-frequency ultrasonic
carrier, and a low-frequency signal is generated along the
propagation path via nonlinear interactions, enabling highly
directional beams with relatively wide bandwidth. Compared
with metasurface-based systems, parametric arrays primarily
operate at the transmitter and cannot manipulate the acoustic
field within the environment. Their performance relies on
line-of-sight propagation and is less effective in non-line-of-
sight scenarios. In addition, they typically require high-power
ultrasonic excitation, which raises concerns regarding energy
efficiency and safety.
RF metasurfaces. Numerous metasurfaces operating in radio
signal frequency (RF) band have been proposed. By control-
ling the phase, amplitude, and polarization of the incident
signal, RF metasurfaces can change the propagation properties
of electromagnetic waves. By deploying metasurfaces to alter
ambient wireless signals, an intelligent environment can be
created to facilitate communication [4], [65]–[69] and sens-

ing [7], [8]. For example, RFlens [7] proposed a metasurface
working in 5G Wi-Fi bands to enable beamforming for low-
cost IoT devices. RF-Bouncer [4] designed a dual-band (i.e.,
2.4-2.48 GHz and 5.15-5.35 GHz) metasurface for communi-
cation. However, compared to the gigahertz carrier frequency,
the supported bandwidth is still narrow band. The optimization
scheme proposed in these designs cannot be applied to our
case. CW-AcousLen proposes both hardware and software
designs to make wideband acoustic metasurface work.

VIII. DISCUSSION AND LIMITATION

The supported bandwidth. Our acoustic metasurface is cur-
rently designed for ultrasound frequency range, i.e., 16–24
kHz, suitable for sensing applications. The same design can
be applied to lower frequency range by modifying the geo-
metric parameters of the metasurface elements. However, for
a frequency range with larger wavelength difference, it is more
challenging to make the phase shift similar. For example,
for the same 8 kHz working range, it is more difficult to
make 1–9 kHz band work than 16–24 kHz band because the
former band’s maximum wavelength is 9 times larger than the
minimum one while the latter band is just 50% larger. On the
other hand, designing a compact metasurface for even lower
frequency range (e.g., 500 Hz to 1 kHz) remains challenging
because the wavelength is much larger (i.e., meters) and the
element size needs to be large to be efficient.
Multi-target sensing. To support simultaneous beamforming
at multiple targets, we can create multi-beam patterns toward
different targets. However, with multiple targets, the power
focused at each target will unavoidably decrease. Another in-
teresting observation is that when one lobe of the beamforming
pattern is affected by target movement, the amplitudes of other
lobes are also affected even without any target movement at
the direction of other lobes. This brings an interesting research
problem to differentiate between real target-induced lobe and
algorithm-induced lobe variation.
3D beamforming. While current experiments focus on 2D
horizontal beamforming, the proposed formulation inherently
supports 3D beamforming through joint elevation-azimuth
phase control, which will be explored in future work.

IX. CONCLUSION

In this paper, we present a wideband and configurable
acoustic metasurface for the first time. Through careful hard-
ware and software co-design, CW-AcousLencan support a
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wide inaudible band, i.e., 16 kHz - 24 kHz. Extensive exper-
iments on sensing and communication demonstrate the effec-
tiveness of proposed system in real-world environments. We
believe the proposed designs can inspire follow-up research in
this exciting area.
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