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We propose the design and measurement of an acoustic metasurface retroreflector that works at

three discrete incident angles. An impedance model is developed such that for acoustic waves

impinging at �60�, the reflected wave is defined by the surface impedance of the metasurface,

which is realized by a periodic grating. At 0� and 60�, the retroreflection condition can be fulfilled

by the diffraction of the surface. The thickness of the metasurface is about half of the operating

wavelength and the retroreflector functions without parasitic diffraction associated with

conventional gradient-index metasurfaces. Such highly efficient and compact retroreflectors open

up possibilities in metamaterial-based acoustic sensing and communications. Published by AIP
Publishing. https://doi.org/10.1063/1.5025481

Recent advances in acoustic metamaterials have revolu-

tionized the manipulation of acoustic waves.1–3 By carefully

engineering the subwavelength scatterers embedded inside

the metamaterials, one is able to control the acoustic waves

in a fashion not attainable with natural materials. The two-

dimensional equivalent of metamaterials, i.e., metasurfaces,

has attracted significant attention recently due to their thin

feature and extraordinary capability of redirecting incident

waves. Numerous applications have been proposed based on

the concept of acoustic metasurfaces, such as wavefront

modulation,4,5 sound absorption,6–8 asymmetric transmis-

sion,9,10 and so on. In the scenario of reflection-based meta-

surfaces, the most extensively studied applications have

been anomalous reflection,11 negative reflection,12,13 carpet

cloaking,14 and more. In most of these cases, metasurfaces

are considered single-channel systems where the desired

response is obtained for a single direction of illumination or

within a narrow range around the designed direction.

Recently, a new concept of metasurfaces has been

proposed that treats them as multichannel systems where dif-

ferent directions of illumination can be considered as chan-

nels.15 One promising possibility offered by multichannel

metasurfaces is to perform the retroreflection functionality,

i.e., incident waves from different directions can be reflected

toward the impinging directions. By redirecting the incident

energy into the original direction, such retroreflectors can

find applications in free-space communications, remote sens-

ing, and object detection and tracking. The literature on

metasurface-based retroreflectors remains scarce in the field

of acoustics.16 In electromagnetics, retroreflectors have been

proposed based on cat’s eye geometries17 and Eaton lenses.18

These retroreflectors, however, are bulky with sizes much

larger than the operating wavelength. Metasurface-based

retroreflectors have been proposed that stack two layers of

metasurfaces.19 Their efficiency is limited, however, due to

the dual-layer configuration. Despite the deep accumulated

knowledge on single-channel retroreflectors (or isolating

mirrors) such as blazed gratings at optical frequencies,20 it

was not until recently that a planar metasurface retroreflector

was introduced in electromagnetics.15 By tailoring the sur-

face impedance profile, the metasurface can be designed to

function as a retroreflector at multiple discrete angles. Such

impedance-based flat retroreflectors avoid parasitic scatter-

ing and have high efficiency for multiple incident angles.

In this paper, we investigate the possibilities of multi-

channel metasurface retroreflectors in acoustics. Based on

the general surface impedance model21,22 and diffractive

acoustics,4,12 we design a metasurface retroreflector that

functions at three specific angles, namely, �60�, 0�, and 60�.
By enforcing impedance matching and reciprocity, the

design in principle has 100% efficiency and no parasitic scat-

tering occurs at the surface. The realized structure, although

not strictly a surface, is subwavelength with thickness being

approximately half of the wavelength. The metasurface ret-

roreflector can have potential applications in acoustic com-

munications, sensing, and detection.

The schematic illustration of the metasurface retroreflec-

tor is shown in Fig. 1(a), where a flat metasurface extends in

the x direction. The width of an individual unit cell and the

periodicity of the metasurface are d and C, respectively.

When the incident acoustic wave reaches the metasurface, it

will be reflected toward the original incidence direction with-

out any parasitic scattering. To ensure perfect efficiency, we

require that all the incident energy is reflected with the pres-

sure amplitude preserved. The incident and reflected acoustic

pressure fields can therefore be written as

piðx; zÞ ¼ p0e�jkxxejkzz; (1)

prðx; zÞ ¼ p0ejkxxe�jkzz; (2)

where p0 is the amplitude of the incident wave, and kx

¼ k sin hi and kz ¼ k cos hi are the x and z components of

the wave number, with hi being the incident angle. k¼x/c
is the free-space wave number, x is the angular frequency,

and c is the sound speed in air. The surface impedance

relating the incident and reflected waves can be found bya)Electronic mail: cummer@ee.duke.edu
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Zs ¼
ptotðx; 0Þ

�n̂ �~vtotðx; 0Þ
; (3)

where n̂ is the unit vector normal to the metasurface, and ptot

and ~vtot denote the total acoustic pressure and velocity. By

recognizing that~v ¼ jrp=xq, the surface impedance can be

obtained as

Zs ¼ j
Z0

cos hi
cotðki sin hixÞ: (4)

Without loss of generality, we choose as an example

hi1¼�60� as channel 1. The value of hi1 can be chosen arbi-

trarily as long as the condition C< k is fulfilled to keep the

channels isolated. The behavior of other channels (0� and

60�) can be analyzed as follows. From Eq. (4), the periodic-

ity of the surface impedance is C ¼ k=ð2 sin hiÞ, and the

wave vectors of the diffracted waves can therefore have the

following tangential components:

kxn ¼ kx þ 2pn=C; n 2 Z: (5)

The corresponding reflection angles of different diffraction

orders at a given angle of incidence can be found from

hrn ¼ sin�1kxn=k. Figure 1(b) shows the reflection angle as a

function of the incident angle for different diffraction orders.

It can be seen that since the periodicity C is small, the only

allowed diffraction orders are n¼�1, 0, and 1. At channel

2, i.e., hi2¼ 0�, only one diffraction order of n¼ 0 represents

a propagation mode and the channel is isolated from the

other two diffraction orders. Therefore, at channel 2, the con-

dition for retroreflection, i.e., hi¼�hr, is automatically satis-

fied. At channel 3, although n¼ 0 diffraction will result in a

propagating mode with reflection angle hr¼ 60�, it is prohib-

ited by reciprocity. This is because for the reciprocal and

passive system considered here, coupling from channel 3 to

channel 1 is exactly the same as from channel 1 to channel 3.

The acoustic waves at channel 3 will hence experience an

n¼�1 diffraction, with the reflected angle being hr¼�60�.
The retroreflection condition is thus fulfilled at all three

channels by engineering the surface impedance and diffrac-

tion of the metasurface properly.

We now design the metasurface retroreflector using

closed-end tubes.23 For the selected incident angle of �60�

and operation frequency of 3000 Hz, it can be calculated

from Eq. (4) that the periodicity of the metasurface is

C¼ 6.6 cm. To implement the required surface impedance

profile, each period is discretized into six unit cells, with the

width being d¼ 1.1 cm. The height of each tube ln can be

obtained through the relation Ztube ¼ �jZ0 cotðklnÞ, where

n¼ 1 � 6 denotes the unit cell number. The first unit cell is

positioned at x¼ 0.5d to avoid the extreme points, and the

discretized impedance of the tubes is marked by circles in

Fig. 2. The heights of the unit cells are 0.53 cm, 1.13 cm,

2.25 cm, 4.04 cm, 5.16 cm, and 5.76 cm, respectively, all less

than half of the operation wavelength at 3000 Hz. It is noted

that for such impedance-based metasurfaces, the resolution

can be relatively coarse to yield a good performance.22,24

For the results of finer discretization of the metasurface, see

supplementary material. Since the closed-end tubes do not

contain small channels or resonators, it is expected that

the dissipation loss associated with this structure is low. In

principle, other structures can also be used given that the

impedance profile is satisfied. For example, space-coiling

architectures,4,25 helical structures,26 shunted Helmholtz res-

onators,27 etc., can also be adopted, and the overall thickness

of the metasurface may be further reduced.

Numerical simulations based on the finite element pack-

age COMSOL Multiphysics are then performed to validate

the performance of the metasurface. The walls of the tubes

are 1 mm thick and are assumed to be acoustically rigid since

FIG. 1. (a) Illustration of the operation principle of the three-channel meta-

surface retroreflector. All the incident energy is reflected back toward the

original direction without parasitic scattering. The gray arrows represent the

incident waves and the blue arrows represent the reflected waves. (b)

Diffraction analysis of the metasurface. Blue, purple, and green curves rep-

resent the �1st, 0th, andþ1st diffraction orders. The dotted gray curve

shows the requirement for an ideal retroreflector. The three channels are

marked by red circles.

FIG. 2. Requirement of the surface impedance profile for channel 1. The

shadow region denotes a period, and the red circles mark the discretized

impedance by the unit cells of the metasurface.
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their impedance is much higher than that of the air. The cor-

responding acoustic fields are shown in Fig. 3, where a spa-

tially modulated Gaussian beam illuminates the metasurface

at the designed angles. The reflected waves interact with the

incident beams, and an interference pattern can be observed.

By subtracting the incident waves from the total acoustic

fields, the reflected fields can be obtained. It can be clearly

seen that the incident energy is redirected into the original

direction and the amplitude is preserved. The small imper-

fectness of the reflected fields (e.g., parasitic scatterings) can

be caused by the discretization of the impedance profile and

the non-negligible thickness of the tube walls. Interestingly,

it can be observed that some additional evanescent compo-

nents are excited near the metasurface at 60� and normal

incidence. This is because at these angles, the reflected fields

are formed by the diffraction on the metasurface, as shown

in Fig. 1(b). However, the evanescent waves decay rapidly

away from the metasurface and do not contribute to the far-

field efficiency. In the �60� case, the reflected field contains

only one plane wave since it is defined by the surface imped-

ance from Eq. (4). The behavior of the metasurface at other

angles can be predicted using the diffraction analysis12,28

shown in Fig. 1(b), and the detailed results can be found

in the supplementary material. The excellent agreement

between the theory and simulations indicates that the retrore-

flector can reach almost 100% efficiency by rerouting all the

energy into the desired direction.

The metasurface retroreflector is further validated with a

3D printing prototype. A portion of the fabricated sample is

shown in the inset of Fig. 4. Each unit cell is connected to a

back cavity so that the resulting metasurface has a flat

surface. The back cavities are sealed with a rigid printing

material and are assumed to have no interaction with the

incoming acoustic waves. The overall size of the sample is

80 cm by 6 cm, and the thickness is about half of the opera-

tion wavelength. The sample is situated in a 2D waveguide of

4 cm height to ensure that only the fundamental mode can

propagate inside. A loudspeaker array consisting of 28 indi-

vidual transducers is placed in front of the sample for the gen-

eration of incident Gaussian beams with 20 cm width.

Absorbing foams are used to reduce the reflections on the

edges. The acoustic field distribution inside the scan region is

captured by a moving microphone with the step of 2 cm. The

size of the scan area is 100 cm by 24 cm. The loudspeaker

array is moved so that the beam fully illuminates the sample

at different incident angles. The acoustic fields are measured

with and without the sample, and the reflected fields are

obtained by subtracting the two fields. Figure 5 depicts the

measured incident and reflected acoustic fields at different

angles of incidence at 3000 Hz. Good agreement is observed

between the numerical simulations and experiments, includ-

ing the evanescent field pattern near the metasurface at

normal incidence. The results confirm that the proposed

metasurface can fully reflect the incident energy back toward

its original direction without parasitic scatterings.

To quantitatively study the performance of the metasur-

face retroreflector, the reflection efficiency is analyzed as a

function of frequency. The efficiency is computed by divid-

ing the reflected energy toward the desired direction by the

incident energy. Specifically, the incident and reflected ener-

gies are calculated by performing a spatial Fourier transform

along the line exiting the metasurface. The overall measured

efficiency is shown in Fig. 6, with the maximum efficiency

close to 100%. The result well confirms the high efficiency

and absence of parasitic scattering predicted by the theory.

The peak frequency is slightly shifted from 3000 Hz to

around 2900 Hz, which may be a result of fabrication errors.

The efficiency is above 60% within a frequency band of

about 500 Hz for the 60� and �60� cases and gradually

decreases off the center frequency. This can be explained by

the dispersive nature of the closed-end tubes, as the required

impedance profile cannot be preserved when the frequency is

far off the designed frequency. Remarkably, the efficiency

for normal incidence is generally above 80% within the

entire spectrum. This is because the periodicity is small and

channel 2 is isolated, as can be seen in Fig. 1(b). No other

propagating modes are allowed for normal incidence as long

as the periodicity remains small compared to wavelength,

and only specular reflection occurs at the interface of the

metasurface. The maximum efficiency is also slightly lower

at higher frequencies for the 0� case, which may be because

the losses are larger at higher frequencies.

To conclude, we have designed a high-efficiency three

channel acoustic metasurface retroreflector that operates at

FIG. 3. Numerical simulations of the metasurface retroreflector. The top,

middle, and bottom panels show the incident, total, and reflected acoustic

fields. The blue and red arrows denote the incident and reflected beams,

respectively. The inset shows the zoom-in field near the metasurface.

FIG. 4. Experimental setup of the metasurface retroreflector. The starting

line of the scan region is 1 cm away from the exiting surface (tube openings)

of the metasurface. The inset shows a portion of the fabricated sample.

FIG. 5. Measured acoustic pressure fields at 3000 Hz. Top panels show the

incident acoustic fields, and bottom panels show the reflected acoustic fields.
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three specific angles. The response of the metasurface is dic-

tated by the engineered surface impedance and diffraction.

Such a surface impedance-based design strategy can reduce

unwanted scatterings and yield a high efficiency. The pro-

posed retroreflector is verified both numerically and experi-

mentally with a 3D printed prototype. Measurements show

that the retroreflector reaches nearly 100% efficiency around

the designed frequency. The device features a flat geometry

and subwavelength thickness and can be conveniently inte-

grated into different scales or modified to work at other fre-

quencies. The retroreflector can also in principle be extended

for 3D wave propagation or modified to have other function-

alities such as anomalous reflection.22 Such a compact,

multi-channel, and high efficient retroreflector is hoped to be

useful in acoustic sensing and communications.

See supplementary material for the simulated results for

finer discretization of the metasurface and cases of incident

angles other than the three channels.

This work was supported by the Multidisciplinary

University Research Initiative grant from the Office of Naval

Research (No. N00014-13-1-0631) and in part by the

Academy of Finland (Project Nos. 13287894 and 13309421).

1S. A. Cummer, J. Christensen, and A. Al�u, Nat. Rev. Mater. 1, 16001

(2016).
2G. Ma and P. Sheng, Sci. Adv. 2, e1501595 (2016).
3H. Ge, M. Yang, C. Ma, M.-H. Lu, Y.-F. Chen, N. Fang, and P. Sheng,

Natl. Sci. Rev. 5, 159 (2018).
4Y. Xie, W. Wang, H. Chen, A. Konneker, B.-I. Popa, and S. A. Cummer,

Nat. Commun. 5, 5553 (2014).
5K. Tang, C. Qiu, M. Ke, J. Lu, Y. Ye, and Z. Liu, Sci. Rep. 4, 6517

(2014).
6G. Ma, M. Yang, S. Xiao, Z. Yang, and P. Sheng, Nat. Mater. 13, 873

(2014).
7X. Cai, Q. Guo, G. Hu, and J. Yang, Appl. Phys. Lett. 105, 121901

(2014).
8Y. Li and B. M. Assouar, Appl. Phys. Lett. 108, 063502 (2016).
9C. Shen, Y. Xie, J. Li, S. A. Cummer, and Y. Jing, Appl. Phys. Lett. 108,

223502 (2016).
10Y. Li, C. Shen, Y. Xie, J. Li, W. Wang, S. A. Cummer, and Y. Jing, Phys.

Rev. Lett. 119, 035501 (2017).
11Y. Li, B. Liang, Z. Gu, X. Zou, and J. Cheng, Sci. Rep. 3, 2546 (2013).
12W. Wang, Y. Xie, B.-I. Popa, and S. A. Cummer, J. Appl. Phys. 120,

195103 (2016).
13B. Liu, J. Zhao, X. Xu, W. Zhao, and Y. Jiang, Sci. Rep. 7, 13852 (2017).
14H. Esfahlani, S. Karkar, H. Lissek, and J. R. Mosig, Phys. Rev. B 94,

014302 (2016).
15V. S. Asadchy, A. D�ıaz-Rubio, S. N. Tcvetkova, D.-H. Kwon, A.

Elsakka, M. Albooyeh, and S. A. Tretyakov, Phys. Rev. X 7, 031046

(2017).
16Y. Fu, J. Li, Y. Xie, C. Shen, Y. Xu, H. Chen, and S. A. Cummer, preprint

arXiv:1801.06775 (2018).
17T. Takatsuji, M. Goto, S. Osawa, R. Yin, and T. Kurosawa, Meas. Sci.

Technol. 10, N87 (1999).
18Y. G. Ma, C. K. Ong, T. Tyc, and U. Leonhardt, Nat. Mater. 8, 639

(2009).
19A. Arbabi, E. Arbabi, Y. Horie, S. M. Kamali, and A. Faraon, Nat.

Photonics 11, 415 (2017).
20A. Bunkowski, O. Burmeister, T. Clausnitzer, E.-B. Kley, A. Tunnermann,

K. Danzmann, and R. Schnabel, Appl. Opt. 45, 5795 (2006).
21V. S. Asadchy, M. Albooyeh, S. N. Tcvetkova, A. D�ıaz-Rubio, Y. Ra’di,

and S. A. Tretyakov, Phys. Rev. B 94, 075142 (2016).
22A. D�ıaz-Rubio and S. A. Tretyakov, Phys. Rev. B 96, 125409 (2017).
23L. E. Kinsler, A. R. Frey, A. B. Coppens, and J. V. Sanders, Fundamentals

of Acoustics, 4th ed. (Wiley-VCH, 1999).
24J. Li, C. Shen, A. D�ıaz-Rubio, S. A. Tretyakov, and S. A. Cummer, Nat.

Commun. 9, 1342 (2018).
25Y. Xie, A. Konneker, B.-I. Popa, and S. A. Cummer, Appl. Phys. Lett.

103, 201906 (2013).
26X. Zhu, K. Li, P. Zhang, J. Zhu, J. Zhang, C. Tian, and S. Liu, Nat.

Commun. 7, 11731 (2016).
27Y. Li, X. Jiang, B. Liang, J. Cheng, and L. Zhang, Phys. Rev. Appl. 4,

024003 (2015).
28B. Liu, B. Ren, J. Zhao, X. Xu, Y. Feng, W. Zhao, and Y. Jiang, Appl.

Phys. Lett. 111, 221602 (2017).

FIG. 6. Measured retroreflection efficiency of the metasurface at different

angles of incidence.

183503-4 Shen et al. Appl. Phys. Lett. 112, 183503 (2018)


	d1
	d2
	d3
	l
	n1
	d4
	d5
	f1
	f2
	f3
	f4
	f5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	f6

