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Asymmetric transmission in a passive vortex system is highly desirable, as it enables the development of
compact vortex-based devices. However, breaking the mirror symmetry of transmission via a single
metasurface poses challenges due to the inherent symmetric transmission properties in reciprocity. Here,
we theoretically propose and experimentally demonstrate a novel transmission-reflection phase coupling
mechanism to achieve the broken mirror symmetry of sound vortex transmission. This mechanism
establishes a special coupling link between transmission and reflection waves, superimposing asymmetric
reflection phases on the transmission phases. By utilizing a single passive phase gradient metasurface
with asymmetric reflection phase twists, distinct transmission phase twists for mirror-symmetric
incident vortices can be achieved within a cylindrical waveguide. This is typically difficult to imple-
ment in a reciprocal system. Numerical and experimental results both demonstrate the broken mirror
symmetry of vortex transmission and reflection. Our findings offer a new strategy for controlling
vortex wave propagation, which may inspire new directional applications and extend to the field of

photonics.
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The development of metasurfaces has sparked a growing
interest in exploring complex fields with a higher degree of
freedom [1,2]. One such field is the vortex field that carries
orbital angular momentum (OAM), which offers ortho-
gonal modes and can be passively generated using the
spiral phase of a phase gradient metasurface (PGM) [3-6].
Because of the excellent prospects of OAM-based appli-
cations in acoustic and optical communication [6-9],
particle manipulation [10], and torque [11], achieving
asymmetric effects with space-efficient design holds great
potential for directional applications. In contrast to nonre-
ciprocal modulations that require active devices or bulky
configurations with external intervention, reciprocal mod-
ulations employing passive and simple structures offer
greater flexibility and suitability for compact systems.
However, the symmetric scattering matrix of a reciprocal
system makes it difficult to realize asymmetric transmission
phases. The electromagnetic waves can obtain asymmetric
transmission phases through polarization conversion and
composite layer stacking [12,13], while the acoustic waves
are generally regarded as scalar pressure fields that lack
such degrees of freedom. Thus, breaking the symmetric
transmission effects on a single passive metasurface
remains an intriguing question in acoustics.

Recent advancements have revealed that multiple inter-
nal reflections (MIRs) provide a new paradigm to
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manipulate transmission and reflection wave fields via
diffraction [14-20]. This mechanism enables an external
phase accumulation that depends on the propagation
number. The acoustic vortex diffraction law, which benefits
from MIRs, has been presented [18]. By utilizing a single
PGM, it allows asymmetric transmission for opposite inci-
dent vortices with same topological charges. Moreover,
asymmetric vortex transmission for opposite plane wave
incidences can be achieved by combining two PGMs [19].
However, the unit cells of the PGM in previous works still
exhibit symmetric transmission phases owing to reciprocity
[3-6,18,19]. Consequently, the transmission phase twists
generated by a single PGM are essentially definite, which
can create a mirror-symmetric effect on the equivalent
incident waves originating from opposite directions. If the
backward incident vortex irradiated onto the PGM adopts
equivalent cases (mirror-symmetric) with the forward one,
then the corresponding transmitted vortex will also exhibit
mirror symmetry (Supplemental Material, Sec. A [21]).
Therefore, proposing a new physical mechanism to break
the mirror symmetry of vortex transmission with a single
PGM would be highly valuable.

In this Letter, inspired by the acoustic vortex diffraction
law, we theoretically present and experimentally validate
for the first time a transmission-reflection phase coupling
(TRPC) mechanism. This mechanism breaks the mirror

© 2024 American Physical Society
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FIG. 1. Schematic of asymmetric generation and propagation of

mirror-symmetric incident vortices. (a), (b) Transmission and
reflection of mirror-symmetric vortex in a cylindrical waveguide.
Red and blue spirals represent vortices with topological charges
of —1 and 1, respectively. (c) Schematic diagram of a single TRI
PGM, which is composed of groups of fanlike supercells.
(d) Nlustration of MIRs effect with normal and coupled processes
in a 2D cross section of the unit cell for forward and backward
incidences.

symmetry of vortex transmission within a cylindrical wave-
guide by employing a single transmission-reflection-
integrated (TRI) PGM. Generally, a single PGM employs
only transmission or reflection response of unit cells,
serving primarily to introduce fixed phase twists without
achieving substantial change in mirror-symmetric trans-
mission properties. The introduced TRI PGM possesses
both transmission and reflection responses enabling TRPC
during MIRs, thereby superimposing the reflection phases
on the transmission phases. Remarkably, the mechanism of
transmission phase control and the structural design
method are fundamentally different from previous studies.
Empowered by TRPC, the designed TRI PGM enables
asymmetric transmission for mirror-symmetric incident
vortices. Figure 1(a) shows the one-way transmission,
and Fig. 1(b) shows the asymmetric transmission with
different topological charges. The superscripts f and b
indicate the directions of forward and backward propaga-
tion, respectively, and subscript i represents the incidence.
The generalizable mechanism presented herein offers a
distinctive platform for generating asymmetric vortices
and efficiently shifts the paradigm in compact acoustic
devices.

To reveal this unusual mechanism, we commence by
introducing a TRI PGM structure arranged in a rigid
cylindrical waveguide of radius R, as shown in Fig. 1(c).
Each unit cell can be regarded as an equivalent medium
separated by thin sound-hard plates [see the gray regions in
Fig. 1(c)]. By discretizing the phases of fanlike unit cells to
provide phase gradients in azimuth, the phase twists are
achieved. Since the unit cell designed here uniquely

supports both transmission and reflection phase modula-
tions [23], waves incident on the unit cell will not only
transmit, but also be reflected. The corresponding trans-
mission and reflection phase shifts will be further obtained.
M fanlike unit cells are divided into |lf(t3)| and |l‘f(rB>|
groups of fanlike supercells, each with an angular width
of 0,5 = 2ﬂ/|lf(t3)| and 0, (.5 = 27t/|lf(r3)|, respectively.
This division enables simultaneous provision of trans-
mission and reflection phase twists, where subscripts
t and r represent the transmission and reflection,
respectively, and subscript B represents the backward
direction. Each supercell covers a phase range of 2z with
phase differences of Ag,;p) = 27/m,p) and A@,p) =

27/ m, 5 between adjacent unit cells (m,(;5 = M /|lf(tB)|
and m,(p = M/|lf(r3)| are the number of unit cells

per supercell). Thus, the corresponding TRI PGM can
provide transmitted and reflected intrinsic topological
charges of I = MA@,/2x (55 = —MAg,/2x) and [ =
MAg,/2n (lfB = —MAg,/2r) for forward (backward)
incidence. Because of reciprocity constraints, the trans-
mission phase differences remain identical for both forward
and backward incidences, i.e., A@; = A@,p, m; = m;p.
Mirror symmetry is imposed on transmission phase twists
with I5 = —[5,. However, the reflection phase differences
can still be different for opposite incidences [24], i.e.,
A@, # Ag,p, resulting in 5 # —lfB.

The acoustic waves propagating within the waveguide
can generate vortex beams exhibiting Bessel-like profiles
[4]. The vortex modes are determined by the working
frequency and waveguide radius, which restrict the topo-
logical charge to [—/y, [),] [18,19]. Here, [, represents the
maximum topological charge, and “+” (“-") defines
clockwise (counterclockwise) helicity of phase twists
observed along the propagation direction. Figure 1(d)
schematically illustrates a sketch map depicting wave
propagation in unit cells for opposite incidences. When
the incident vortex with a topological charge of l{ (1%
satisfies [/ + 5| < Iy, and | + 5] < Iy (1P = 5] < Iy
and |1% + lf3| < Iyy), part of the wave propagating in PGM
will directly transmit with 7,, while the remaining part
will be immediately reflected with R,. Here, T, and R,
represent the averaged transmissivity and reflectivity
of all unit cells, respectively. The propagation numbers
of transmitted and reflected waves traveling in the PGM
are defined as L, =1 (L,g=L,) and L, =1 (L,g = 1),
respectively [see the left in Fig. 1(d)]. The PGM can

directly twist both transmitted and reflected waves and pro-
vide intrinsic topological charges, denoted by l{ = l{ +
and —12 =1/ +15 (P =1"-15 and 1) =17 + [5,) for
forward (backward) incidence. Since the incident vortex
and the reflected vortex propagate in the opposite direction,

the “—” sign is added in the formula “/°” or “«ilr
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Nevertheless, when the topological charges of the emergent
vortices exceed the critical value, the wave vector will
become imaginary along the z direction. Consequently,
direct transmission and reflection of these waves from the
PGM are rendered impossible. Both transmitted and
reflected waves propagating in the PGM will be internally
reflected at the interface and undergo MIRs with L > 1. We
define the normal process as the transmitted and reflected
waves independently experiencing MIRs and propagating
along their original paths in PGM, while the coupled
process is that they are coupled to each other. In the
normal process, the transmitted or reflected waves
propagating within the PGM undergo a pure L, or L,
single trip, resulting in equivalent phase differences of
A¢ = L, Ap, —2rq or Ap = L,(,p)A@,(,p) — 2mq between
adjacent unit cells, where ¢ is an integer. The equivalent
topological charge provided by the PGM is [” = MA¢/2n
with |IP| < M/2, which is calculated for the forward
direction and will result in —/? for the backward direction.
If the topological charge of the emergent vortex is
below the maximum order [, i.e., |l{ +1P| <y
(|12 = IP| < 1}y), the incident vortex will attach the equiv-
alent topological charge [P and depart from the PGM;
otherwise, the wave will experience the next internal
reflection and so forth [16,18]. The scenario of L, =
L,(p = 2 for both forward and backward incidences is
shown in the middle in Fig. 1(d).

Since the TRI PGM possesses both transmission and
reflection responses originating from nonzero 7', and R, the
wave will not only transmit, but also be reflected during
internal reflection. The coupled process occurs concurrently
with the normal process. Consider the coupled processes
with a total propagation number of L = 2 as examples [see
the right in Fig. 1(d)]. For forward incidence, there are two
different coupled processes shown as I and II. In process I,

the reflected vortex with |l{ + l§| > [, is prohibited and
undergoes a secondary propagation (L = 2). Part of the
wave transmits and experiences a subsequent L, = 1 single
trip (see orange arrows) instead of following the original
path. The total propagation process L = 2 consisting of
L, = 1and L, = 1 provides an equivalent phase difference
of A¢p = Ap, + Ag,. In process II, the transmitted vortex

cannot directly exit because |l{ + lf| > [y. Instead, part
of the wave is reflected and undergoes the L, = 1 process
(see black arrows). The total propagation process
includes L, =1 and L, = 1, resulting in an equivalent
phase difference of A¢ = Ap, + A@,5. In analogy, the
coupled processes for backward incidence can be
understood as the equivalent phase difference of A¢ =
Ap, + A, in Ill and App = Ap, + Ap,p in IV. When the
emergent vortices are below the maximum order after
experiencing these four coupled processes (L = 2), they
will eventually exit. Thus, the equivalent topological

charges of [° =M(Agp,+Ag,)/2r=1[+15—Mq or [° =
M(Ag, + Ap,p)/2n =[5 — lfB — Mg are provided by the
PGM. An interesting result occurs, i.e., reflection phases can
be superimposed on the transmission phases during the
coupled processes, leading to TRPC. The transmissivity 7',
and reflectivity R, of the PGM are critical to the coupled
processes, which must occur during MIRs with L > 1 and
nonzero T, and R,. The strength of phase coupling can be
described by the sound energy transfer efficiency; for
example, the coupling strength is 7 = T,R, in the four
coupled processes. Although the I and III (Il and IV) coupled
processes appear to still yield mirror-symmetric equivalent
phase twists with A¢ = Ag, + Ap, (Ap = Ap, + Ap,p),
the conditions under which the coupled processes occur are
different. The I (IV) process arises from the forbidden vortex
reflection, while the II (III) process is induced by the

disallowed vortex transmission. If we design lf(rB) and [5
to satisty [/ + 15| < Iy, and |} + 15| > Ly (|12 + 55| < Ly
and |12 — lf| > [,y) for forward (backward) incidence, only
the II and III coupled processes will remain. This results in
asymmetric equivalent transmission phase differences
through Ag, # Ag,p, leading to equivalent transmission
phase twists with broken mirror symmetry [see red dashed
boxes in Fig. 1(d)]. In addition, when |l{ + | < 1y and
1> — I{| < I, part of the incident vortices will transmit for
both forward and backward incidences without experienc-
ing the II and III processes. The remaining I and I'V coupled
processes can also break the mirror symmetry of trans-
mission phase twists with |/ + 15| > Iy, or [I2 + 5] > Iy
Thus, the TRPC provides a new paradigm to manipulate
transmitted waves, while the MIRs offer a necessary
platform.

More generally, for the emergent vortices traveling in the
PGM with a total propagation number of L =1L, +
L, + L,p, the equivalent phase difference between adjacent
unit cells can be further concluded as

A¢ = LtA(pt =+ LrA(pr + LrBA(prB - 27”1' (1)

The corresponding equivalent topological charge is
IP =L, +L,I; — L,gl5, — Mq. When the wave under-
goes internal reflection with an odd L, and exits, it will
eventually form a transmitted vortex with transmissivity

T = TéL,’RgL’H"B). An even L, will result in a reflected

vortex with reflectivity R = TL R ) The topological

charge of the transmitted vortex can be written as

U=U+P

l;’ B ll’? _p L, = odd. (2)
[

And the reflected one can be expressed as

~1b =1+ 1P

o L, = even. (3)
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FIG. 2. Design of the TRI PGM. (a) The TRI PGM comprises
of six fanlike sections with double-opening resonators and
perforated panels. (b) Azimuthal part of the fanlike sections.
(c) The simulated transmission and reflection phase responses
and transmission spectra for each unit cell. The corresponding
wave propagation process of topological charge conversion for
two pairs mirror-symmetric incidences are shown in (d) and (e),
respectively.

To verify the theoretical analysis mentioned above and
achieve distinct transmission phase twists, we designed a
waveguide with a radius of R = 0.644 (4 = 10 cm), whose
maximum topological charge is [;; = 2. The designed TRI
PGM comprises six fanlike unit cells (M = 6), which
are divided into two supercells with an angular width of
0, = 0, = 180°. Each supercell contains three unit cells
[see Fig. 2(a)]. The phase differences between adjacent unit
cells are taken as Ap, = —27/3, Ap, = 2x/3, and A, =
0 with intrinsic topological charges of 5 =-2,15=2 and
lfB = 0. Each unit cell is constructed by rotating its
azimuthal section [see Fig. 2(b)] along the z axis. The
azimuthal section consists of four rows along the radius,
with each row comprising four cavities and a perforated
panel to stabilize transmissivity [25]. Figure 2(c) displays
the simulated phase response and transmissivity of each
unit cell. The transmissivities are all close to 0.5, resulting
in T, = R, = 0.5. The purple and orange arrows indicate
the phase twists with opposite helicity via A@, and Ag,,
respectively. The detailed design schemes including the
TRPC mechanism, constitutive relation between phases,
perforated panel design, and simulation methods, are
shown in Supplemental Material, Secs. A-D [21].

Considering that mirror-symmetric sound vortices of

/= —1 and [» =1 are incident on the PGM from the
forward and backward directions, as shown by ©® and @
procedures in Fig. 2(d), one-way transmission of vortices

can be achieved. The total transmissivity is 7 =0 for
forward incidence (l{ = —1) and T = 0.25 for backward
incidence (lf? = 1), as shown in Fig. 1(a). Moreover, for
another pair of mirror-symmetric incident vortices with

l{ =1 and [ = -1, as shown by ® and @ procedures in
Fig. 2(e), vortex transmission with different topological

Amplitude  Phase

V=1  P=l

FIG. 3. Simulations of asymmetric vortex generation via PGM.
(a), (b) The simulated scattered pressure fields for two pairs of
mirror-symmetric incident vortices with the PGM placed at
z=0. (c), (d) The simulated transmission phase and amplitude
distributions of total pressure field patterns at 7 = —2.64 and
7z = 3.351, respectively. The amplitudes are normalized by their
maximum values.

charges can be achieved. The transmitted vortices are
composed of #/ =1, T=0.25 and ¥/ = —1, T = 0.5 for
forward incidence, while the transmitted vortex is 2 = 1
and T = 0.5 for backward incidence, as illustrated in
Fig. 1(b). The detailed topological charge conversions
are provided in Supplemental Material, Sec. E [21].
Unlike the traditional way that provides only fixed phase
twist, our proposed mechanism offers an extraordinary
understanding of asymmetric phase generation through
phase coupling. It further exhibits great potential in
asymmetry, multichannel, and multifunctionality.

The simulated scattered pressure fields of the single
PGM are depicted in Figs. 3(a) and 3(b), corresponding to
incident vortices with Z/ = £1 and /2 = =+1, respectively.
As observed, the PGM provides disparate transmission
phase twists, which is clearly demonstrated by the asym-
metric vortex transmission. The asymmetric transmission
and reflection of mirror-symmetric incident vortices are all
well presented, where the transmissivities of ©, @, ®, and @
procedures are 0.013, 0.215, 0.605, and 0.404 at 3430 Hz,
respectively (Supplemental Material, Sec. F [21]). These
simulated results are consistent with theoretical predictions,
validating the presented TRPC mechanism. Cross sections
of the transmitted vortex’s total acoustic field patterns for
forward and backward incidences are depicted in Figs. 3(c)
and 3(d), respectively. The design principle is generalizable
to other metasurfaces, such as coiling-up space structures
[3,19], as long as they can provide the required phase
responses and transmissivity. Vortex transmission with
broken mirror symmetry via fanlike coiling-up space
structures is also demonstrated in Supplemental Material,
Sec. G [21].
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FIG. 4. Experimental demonstrations. (a) Cylindrical wave-
guide employed for experimental studies, with measurement
areas indicated by red dashed lines. (b), (c) The experimentally
measured phase and amplitude distributions of total pressure field
patterns for transmission. The measured amplitudes are also
normalized by the maximum values.

To confirm the broken mirror symmetry of vortex
propagation, we conducted experimental validation using
3D printed samples [see Fig. 4(a)]. The total acoustic field
distributions of the transmitted waves were scanned with an
angular width of 30° and a step of 2.0 cm at the same
position as in the simulations, as shown in Figs. 4(b) and
4(c). Despite some fabrication errors and incomplete
elimination of reflections from the source, the experimental
results are in good agreement with simulations. These
results demonstrate that the single passive PGM can break
the mirror symmetry of vortex transmission and reflection.
This confirms theoretical predictions and provides valuable
insights for implementing the TRPC. The details of experi-
ment are shown in Supplemental Material, Sec. H [21].

In summary, we have presented an approach for inte-
grated modulation of both transmission and reflection
responses in a passive acoustic system. By introducing
the TRPC mechanism into MIRs, we have both theoreti-
cally and experimentally demonstrated the broken mirror
symmetry of vortex transmission through a single passive
PGM with tailored asymmetric reflection phase responses.
Compared with complicated nonreciprocal modulations
[26-28], our proposed mechanism endows a single meta-
surface with the inherent capability to alter phase properties
passively through phase modulation. This mechanism
paves a flexible avenue for generating asymmetric trans-
mission phases and enabling direction-dependent phase
twists. This advancement can promote the exploration
of acoustic OAM and facilitate the miniaturization and
simplification of multifunctional passive OAM-based devi-
ces. Our Letter provides insight into fundamental wave
physics and offers a new paradigm for asymmetric phase
regulation in waveguides, especially beneficial for scalar
sound lacking polarization.
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