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Chirality-protected extreme asymmetric
acoustic information transport with noise
immunity
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Chiral vortex beams with tunable topological charges (TCs) hold promise for
high-capacity and multi-channel information transmission. However, asym-
metric vortex transport, a crucial feature for enhancing robustness and
security, often disrupts channel independence by altering TCs, causing signal
distortion. Here, we exploit the radial mode degree of freedom in chiral space
to achieve extremely asymmetric transmission with high energy contrast,
while preserving chirality and TCs. This is enabled by radial modemodulation,
induced by one-way momentum from an invasive metamaterial, resulting in
full vortex transmission in one direction and complete isolation in the oppo-
site.We further realize high-contrast asymmetric image transport by encoding
information into different TC channels. Notably, this approach sustains near
noise-immune performance at signal-to-noise ratios as low as -25 dB, owing to
TC preservation and the orthogonality of vortices with differing TCs. Our
findings present a new strategy for chiral beam control and pave the way for
secure, directional, and noise-resilient information transport in structured
wave platforms.

Asymmetric wave transmission has been a key driver in enhancing the
security and robustness of high-performance transmission systems1–4.
Achieving asymmetric transmission often requires breaking spatial or
temporal symmetry5,6. Over the past decade, breaking spatiotemporal
inversion symmetry has facilitated one-way propagation of optical and
acoustic waves through various mechanisms, including external mag-
netic fields1,7, biased background flow fields8–10, nonlinear effects4,11–14,
and active spatio-temporal modulations15–18. On the other hand, bro-
ken spatial symmetry and non-Hermitian physics provide a different
approach, giving rise to intriguing phenomena such as unidirectional
transparency19–21, unidirectional absorption22,23, and unidirectional
focusing24. However, these studies have primarily focused on manip-
ulating relatively simple plane waves. Given that structured waves
inherently carry richer information due to the higher degree of free-
dom of their wavefronts, asymmetric structured wave transmission
has attracted growing interest.

Vortex beams, as a representative class of structured waves, are
characterized by a helical phase wavefront and are capable of carrying
orbital angular momentum (OAM). In idealized cases—such as a single,
stable vortex beam with a centered phase singularity and circularly
symmetric amplitude, the carried OAM is proportional to its topolo-
gical charge (TC)25,26, so that the beam’s chirality can be determined by
the sign of the TC. Since the TC is defined as a quantizedphasewinding
number around the singularity, it remains invariant under continuous
perturbations as long as the singularity is not annihilated or merged,
which in turn ensures the preservation of chirality. It is precisely
because of this unique phase and intensity distribution that vortex
beams have been widely studied in optics27, acoustics28, and
electromagnetism29. These properties have enabled diverse applica-
tions such as optical or acoustic tweezers30,31, imaging32,33, and high-
capacity communications34–36. Notably, manipulating the chirality of
vortex beams has emerged as a promising route for achieving
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asymmetric transport. Existing methods such as gradient-phase
modulations (GPMs)37,38, bound states in the continuum (BICs)39, and
non-Hermitian exceptional points (EPs)40 have demonstrated uni-
directional vortex propagation. However, these methods often intro-
duce external azimuthalmomentum via structure angularmodulation,
which can induce undesired mode coupling between different TC
states and distort the output beam’s chirality. This mode mixing
complicates the separation of signals encoded in distinct TC channels,
increases crosstalk, and degrades communication reliability. Although
recent efforts36 have demonstrated real-time acoustic communication
with high channel capacity through multiplexed vortex beams, the
approach relies on symmetric transmission paths and does not
address directional selectivity or chiral preservation. These limitations
highlight the need for a new framework that enables asymmetric
vortex transmission while preserving both TC and chirality.

In this work, we harness the previously unexplored radial mode
as a hidden modal dimension to achieve asymmetric transmission
with chirality and TC protection. By introducing an axially modulated
non-invasive acoustic metamaterial, we drive the unidirectional
evolution of the radial mode, thus achieving perfect vortex trans-
mission exclusively in the forward direction, without altering the
chirality and TC. In contrast, backward transmission of vortex is
inhibited owing to the divergence of momentum driven by such
radial mode evolution, leading to the transition of the system from a
transport state to an isolation state. By encoding image information
into distinct TC channels, we further utilize such extreme asym-
metric vortex transmission to achieve high-contrast one-way image
transport. Crucially, we find that the combination of mode ortho-
gonality and chirality protection across different TC states provides
strong immunity against external interference during image trans-
mission, as non-target components in the noise are converted into
evanescent waves and effectively filtered out. This allows us to
experimentally achieve image transport with a signal-to-noise ratio
(SNR) as low as -25 dB. Our work offers a generally applicable strategy
for chiral beam manipulation and lays a foundation for secure,

unidirectional, and noise-resilient information transport across a
broad class of structured wave.

Results
Principle of asymmetric transmission with chiral protection
Vortex beams, which act as eigenfunctions of the angular momentum
operator41, represent the eigenfields in acoustic circular waveguides,
which is expressed as

pm,n =Am,n Jmðkr
m,nrÞeimθeik

z
m,nz , ð1Þ

whereAm,n is the complex amplitude of eachmode, Jm is them-th order
Bessel function of the first kind that describes the field distribution in
radial direction. kz

m,n and kr
m,n are the axial and radial wavenumber,

respectively. They are related by the equation

k2
0 = ðkr

m,nÞ
2
+ ðkz

m,nÞ
2
, ð2Þ

where k0 is the wavenumber of the incident wave and kr
m,n depends on

the acoustic properties of the duct radius and its wall boundary con-
ditions. The unique spiral phase wavefront of a vortex beam is deter-
mined by two key parameters: the TC number (m) and the radialmode
order (n). Note that the TC number, m, is crucial because it carries
chiral information that can be encoded for signal transport42, while the
radial mode order n, a non-negative integer corresponding to the n-th
extremum of the Bessel function, is associated with sidelobe effects
and often regarded as interference with m43. Since vortex beams are
characterized by the angular phase gradient of their wavefront that
relates to m, manipulating vortex beams using structures such as
metamaterials with angular modulations is common44,45. However,
these methods often alter m, thereby disrupting chirality, mixing
communication channels associated with different TCs and increasing
the bit error rate.

Here, we conceptually show that a perfect rotational symmetry
metamaterial modulated in the axial direction facilitates extreme

Fig. 1 | Principle of extreme asymmetric information transmission with chiral
protection. a Perfect transmission of vortex beams encoding information under
positive incidence. Themetamaterial imparts anexternalwave vectorΔk (indicated
by the blue arrow) to drive the radial mode evolution. This evolution protects the
chirality and TC of the vortex beams so that information encoded in different TC
channels can be transmitted efficiently without crosstalk. b The transmission of
same vortex beams in reversed direction is completely inhibited. c Modulation of

wavevector during vortex transmission in the forward direction. When the direc-
tion of incidence opposes the direction of the Δk provided by the metamaterial,
Δk induces a change in kz

m,n and causes kr
mn tomatch, resulting in the evolution of a

vortexbeamfrommode (m, 0) tomode (m, 1), with theTCmpreserved.dWhen the
incident direction is reversed, Δk causes kz

m,n to increase, resulting in kz
m,n

exceeding the k0. The transmitted vortex transitions from apropagating state to an
evanescent state, causing the system to turn into isolation.
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asymmetric control of vortex beams with chiral and TC protection in
circular waveguides. Specifically, the axial arrangement of the meta-
material, by introducing an external wave vector Δk in the axial
direction, allows the incident wave to evolve along propagation. Δk
modulates the axial wavenumber kz

m,n in a unique way for asymmetric
chiral-protected vortex transmission (Fig. 1a, b). Without loss of gen-
erality, we consider an incident vortex with TC m and radial mode
order 0. When the vortex enters from the forward direction, Δk
induced by the metamaterial decreases the axial wavenumber kz

m, 0,
which causes a corresponding change in kr

m,n, as their squared sum
must equal k0 according to momentum conservation (Eq. (2)). In this
case, the transmitted vortex remains within the propagable region,
which is a semicircle with a diameter of k0 (Eq. (2)). Crucially, during
this process, the TC carried by the vortex is preserved because the
axially symmetric metamaterial does not introduce a external vector in
the azimuthal angle direction that would drive transitions between
different TC modes. As a result, the incident radial wavenumber kr

m, 0

shifts to the transmitted one kr
m,n, where the m remains unchanged

while the radial mode order changes from 0 to n (see the transition
from point A to point B in Fig. 1c). Such a TC-preserved transmission is
essential formaintaining information transport in the sameTC channel.

Conversely, when the direction of incidence is reversed, the
external wave vector is aligned with the direction of kz

m, 0 thus
increasing its magnitude to exceed the semicircle of diameter k0
(Fig. 1d). As no corresponding kr

m,n exists and the phase velocity of the
chiral beam cp is less than the sound velocity c0, the vortex turns froma
transmission state to the evanescent state, entering the isolation plane
(see Fig. 1d, transition frompoint A to point C). As a result, chiral beam
propagation is not permitted, and the conservation of energy ensures
that the incident beam is fully reflected (see details in Supplemen-
tary Note 1).

Acoustic metamaterials empowered radial mode evolution with
chiral protection
Achieving asymmetric transmissionwith chiral protection requires the
tailored evolution of the radialmode driven by an externalwave vector

Δk. Here, this is achieved by leveraging the flexible sound manipula-
tion capability of metamaterials. Since generating specific vortex
mode can be achieved through the coherent superposition of sources
at different locations (see details in Supplementary Notes 2 and 4), we
replace these sources with side-branch slots of subwavelength width
which act in a similar but passive way as the sources (Fig. 2a). Note that
the metamaterial comprising these axially arranged side-branch slots
is noninvasive, allowing high efficient barrier-free signal transport, and
thus is superior to those designs with angular or radial modulations
that may lead to structural obstruction in the waveguide.

We showcase a metamaterial designed along this scheme that
achieves extreme asymmetric transport for a vortex with mode (1, 0),
i.e.,m = 1 and n = 0, at 3225 Hz (Fig. 2). Numerical simulations indicate
that, under positive incidence, the metamaterial converts the incident
vortex of mode (1,0) into the transmitted one (1,1) with 100% effi-
ciency, as shown in Fig. 2b (see simulation details in Methods). Note
that the TC value is preserved (m = 1) during this process. The cross-
sectional amplitude and phase distributions further confirm the chiral
protection (Fig. 2d, upper and middle panels). In contrast, reversing
the incidence of vortex (1, 0) leads to complete transport isolation
(Fig. 2c and the lower panel of Fig. 2d).

To gain a comprehensive understanding of the mode evolution
during the asymmetric vortex transmission, we present the vortex
modes of each order at the transmitted side, both simulationally and
experimentally, using the sound field decomposition method (see
details about the decomposition method in Supplementary Note 2).
The experimental setup consists of a dual-layer array of 32 indepen-
dently controlled loudspeakers, precisely generating a chiral beam
with the target mode (1,0) as the incidence (see Methods and Sup-
plementary Notes 2 and 3). A four-layer microphone array is placed in
the downstream of the waveguide for accurate modal decomposition
of the transmitted sound (See experimental details in Methods and
Supplementary Note 3). A scanning microphone, with a step size of
0.004m, scans a region of 0.12 × 0.12m2 to measure the field dis-
tribution in a cross-section on the transmitted side. When the vortex
propagates in the forward direction, the incident state (1,0) evolves

Fig. 2 | Acoustic metamaterial driving radial mode evolution with TC con-
servation. aAn axially symmetricmetamaterial with subwavelength slots arranged
along the axial direction. The circular waveguide has a diameter D, and the meta-
material thickness is L = 1.58λ (λ being the acoustic wavelength). The slots have a
fixed widthw = 0.22λ and varying depths hj, where h1 = 0.33λ, h2 = 1.18λ, h3 = 1.11λ,
and h4 = 0.59λ in this design. The axial spacing between adjacent slots is di. Here
d1 = 0.35λ, d2 = 0.22λ and d3 = 0.14λ. b, c The simulated acoustic pressure fields

through the metamaterial when the vortex of mode (1,0) propagates along the
forward and backward directions, respectively. d Cross-section acoustic pressure
and phase distribution at the input and output cross-sections marked by the
dashed circles in (b, c). The transmissive vortex retains the same chirality as the
input vortex under forward propagation, while transmission is forbidden when the
incident direction is reversed.
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completely into the transmitted state of (1,1) (Fig. 3a, b). Conversely,
when the vortex is incident from the reverse direction, the incident
state (1, 0) is inhibited to pass through the metamaterial, resulting in
the isolation (lower panels of Fig. 3a, b). Investigation on the variation
of the system performance with frequency further reveals that the
asymmetric chiral signal transport exists over a range from 3130 to
3300Hz: the reversed vortex transmission keeps inhibited while the
positive transport maintains relatively high with the energy trans-
mitted ratio T consistently higher than 50%. At the designed frequency
(i.e. 3225 Hz), T reaches 100%, accompanying by the contrast ratio σ,
the ratio of T under positive and reserve incidence, being as high as
800 (Fig. 3c). The magnitude and phase distributions of the acoustic
field on the transmitted side, as predicted by simulations and mea-
sured by the scanning microphone, are in good agreement (Fig. 3d).
For positive incidence (the left panel of Fig. 3d), the magnitude plot
indicates a radial ordern = 1 for the transmitted vortex, while the phase
plot further confirms the preserved TC number m = 1. For reversed
incidence (the right panel of Fig. 3d), the magnitude plot shows that
the transmitted sound is strongly suppressed, while the phase plot
indicates an evanescent vortex (see Supplementary Note 1).

Chiral-protected asymmetric acoustic information transmission
The TC-preserved asymmetric vortex transmission presented here
offers a promising approach for one-way, crosstalk-free acoustic
information transport, where information is encoded in vortex beams
with different TCs (see coding details in Supplementary Note 5). To

experimentally validate this concept, we employ the speaker and
microphone arrays to excite an encoded data stream and extract the
received chiral information (Fig. 4a). To generate the encoded data
stream, an image is pixelated and each pixel is encoded onto a vortex
beam with TC = 1 or TC = −1 via binary shift keying (Fig. 4b)36,46. Then
original image can be reconstructed by decompositing the vortex
modes from the extracted information at the receiving side.

During forward signal transport, the input, consisting of modes
(1,0) and (−1,0) vortices, is transformed into a data stream composed
of (1,1) and (−1,1) vortices at the receiving side (Fig. 4c). Despite the
change in radial order n, the transmitted vorticies still maintain the TC
value m used for information coding. To investigate the reversed
transport of the image, we fix the input (the speaker array) and output
(the microphone array) while reversing the metamaterial. As above
demonstrated, neither of (1,0) and (−1,0) vortices can be transmitted in
the reverse direction (Fig. 4d, the right panel). As a result, the data
stream received under forward incidence enables perfect reconstruc-
tion of the encodedpattern, whereas no image information is detected
during reverse incidence (Fig. 4d). This confirms the feasibility of
incorporating radial mode dimensions into asymmetric transmission
of information. Notably, this method significantly reduces mode
crosstalk, thereby preserving the integrity of the information carrier
throughout the transmission process. In this way, we show that the
emergence of radial modes introduces a novel approach to informa-
tion encryption and transmission, opening new possibilities for secure
communication systems.

Fig. 3 | Mode evolution of asymmetric vortex transmission with chiral pro-
tection. a Simulated energy flow ratio (transmittance) between transmission and
incident (1,0) mode during forward (Tf) and backward (Tb) transmission.
b Measured transmittance of each mode. c Simulated and measured the trans-
mittance of mode (1,1) when mode (1,0) is incident in the forward and backward
directions, The transmission contrast ratio shown in the lower panel is defined as

σ = Tf/Tb. Circles: experiment. Solid line: simulation. d Simulated and measured
sound field distributions on the transmitted side on the cross section at a distance
z = 4λ from the metamaterial. Left and right panels indicate the forward (propag-
able) and backward (isolated) directions, respectively. Top row: the real part of
pressure p. Bottom row: phase of the vortex.
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Chiral-protected noise-immune information transport
During information transmission, external perturbations can disrupt
sound wave propagation, degrade the information carrier, and
diminish system robustness. Since external noise can be represented
as a superposition of different modes, information encoded on TCs
will be disturbed by noise. In this work, the synergy between TC
protection and TC mode orthogonality offers a promising approach
to noise-immune signal transmission (see Supplementary Note 6). To
prove this, we investigate the effect of the chiral-protected image
transport under strong noise interference. We encode the image by
using TC = ±1 vortices as the information carrier as above. These
signal-carrying vorticies, together with a variety of other vortex
modes with random amplitudes and random phases in the range of
1500–4500Hz as background interference, are generated by the
loudspeaker array and then fed into the system from the forward
direction. We gradually increased the background noise intensity
and then measured the data stream of the image detected on the
receiving side at different SNRs (Fig. 5). As the noise intensity
increases, the pixel resolvability at the receiving end gradually

decreases, with the binary values of each pixel becoming indis-
tinguishable (Fig. 5a). Despite increasing ambient noise, the images
remain recognizable and are successfully reconstructed even at an
SNR of -25 dB (Fig. 5b).

To gain a deeper understanding of the noise-immune capability
of the system, we performed mode decomposition to the received
signal at two pixel points (marked in Fig. 5b) at SNR of −10 dB and
−25 dB, respectively (Fig. 5c). For image transport at SNR of −10 dB,
high intensity vortex carrying TC = 1 and TC= −1 were well received at
points α and β, respectively (Fig. 5c, the left panel). When SNR drops
to −25 dB, the intensity of the vorticies carrying TC= ±1 received at
the two pixel points decreases significantly (especially for the vortex
with TC = −1 at point δ), as shown by the right panel of Fig. 5c.
However, our design successfully converts those non-coded modes
constituting noise into evanescent waves, thereby completely filter-
ing out these interfering modes (see Supplementary Note 6). As a
result, the transmitted signal at SNR of −25 dB is still recognizable.
This remarkable result demonstrates that the introduction of radial
mode evolution not only facilitates the protection of chirality and
TC, but also serves as a barrier against external interference, thus
ensuring highly robust information transmission. Notice that the
image transmission at SNR of −25 dB observed here means that our
design allows the signal to be 300 times lower than the background
noise. Such a chiral-protected one-way signal transmission at ultra-
low SNR may provide an important means for underwater long-
distance signal communication.

Discussion
We have demonstrated the concept of extreme asymmetric trans-
mission with chiral protection by harnessing radial modes in chiral
space. Owing to the flexible modulation capabilities of metamater-
ials, a single vortex beam with a well-defined TC can be perfectly
transmitted in the forward direction without altering its chirality and
TC. Conversely, transmission in the reverse direction is completely
inhibited due to the divergence of momentum. Based on this, by
encoding image information into different TC channels, we further
realized high-contrast asymmetric image transport. Importantly, the
unique way of radial mode evolution induced by the metamaterial
provides dual protection for information transmission by not only
preserving the chirality and TC but also filtering out undesired
modes as noise interference through converting them into evanes-
cent waves. This allow us experimentally achieved image transmis-
sion at SNR as low as -25 dB. Our core physical mechanism is not
limited to acoustics but can be extended to structuredwaves in other
physical domains—such as optics and electromagnetic—offering
valuable functionalities for high-capacity communication, including
unidirectional transmission, crosstalk-free operation, and noise
immunity.

Methods
Numerical simulations
Equivalent monopole sources are employed to simulate the evolution
of radial modes. The finite element method is utilized for full-wave
numerical simulations to validate the equivalentmonopole sources.To
simulate the asymmetric transmission characteristics and radial mode
evolution capabilities of the proposed metamaterial, a frequency
domain solver is employed. The interface between the metamaterial
and the surrounding air ismodeled as rigid. The excitationof the chiral
beam is simulated using either the background pressure field or the
angular and radial distributions of monopole sound sources. In char-
acterizing chiral properties, the transmission characteristics of differ-
ent modes are analyzed through wave beam decomposition by
utilizing the distribution of the cross-sectional sound field after
numerical calculations, alongside specific sound pressure and phase
distributions on the interface surface.

Fig. 4 | Experiments on one-way image transmission with chiral protection.
a The experimental setup. A speaker array on the incident side is for generating the
specific mode field, while a microphone array on the transmitted side is for char-
acterizing the vortex mode composition. b The image “3” to be transferred is
pixelized. The information is encoded by binary amplitude shift keying into a
vortex with TC= ±1, where the pattern (1,0) represents white and the pattern (-1,0)
represents blue. c Data flow decoded for the different radial mode at the trans-
mission end for both forward and backward incidenceof the ( ± 1,0)mode.d Image
reconstruction under both forward and backward incidences.
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Experiments
The structure is fabricated using 3D-printed resin material. Both ends
of the metamaterial are connected to rigid cylindrical pipes with an
inner diameter of 200mm and a wall thickness of 9mm. Acoustic
horns are attached to both ends of the duct to suppress end reflec-
tions. The chiral beam is generated using two rings of 32 indepen-
dently controlled sound sources, driven by the voltage outputmodule
(National Instruments, type NI-9263), to stimulate the chiral beam and
encode information. For mode characterization, 16 quarter-in. micro-
phones (GRAS 46BD) are uniformly arranged on the duct wall at equal
axial and angular intervals. The PXImulti-function I/O device (National
Instruments, type PXIe-4497) is employed to extract and collect the
amplitude and phase of sound pressure on the duct wall, and the
modal coefficients of the chiral beams are retrieved through beam
decomposition. Simultaneously, a microphone is connected to a
removable console for sound field reconstruction. External noise
interference is simulated using white noise within the frequency range
of 1500–4500Hz.

Data availability
All data supporting the findings of this study are available within the
main text and Supplementary Information. Additional data are avail-
able from the corresponding author upon request.
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