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Metasurfaces that manipulate the reflection of impinging sound have recently received significant atten-

tion, but virtually all past designs are passive structures with high temporal and spatial dispersion and thus

have narrow bandwidths and are unidirectional. In this work, we introduce a method to design omnidirec-

tional and broadband anomalous acoustic reflectors composed of nonresonant active scatterers arranged in

a periodic lattice of subwavelength periodicity. The method relies on the manipulation of the wave-vector

component parallel to the reflector’s surface (i.e., transverse component) in a broadband manner and for

arbitrary impinging sound directions. To illustrate our method experimentally, we design and measure an

anomalous reflecting metasurface operating in free space for which the transverse wave-vector compo-

nents of the incident and reflected waves differ by a prescribed constant. We show that the effect does

not depend on the direction of incidence and has a bandwidth an order of magnitude larger than passive

anomalous reflectors. This work shows that the active scatterers behave similarly to the atoms of a natural

material rather than the unit cells of gratings or phononic crystals in that rearranging the active scatterers

changes the metasurface geometry while preserving the device’s desired functionality.

DOI: 10.1103/PhysRevApplied.16.034023

I. INTRODUCTION

Acoustic anomalous reflectors are structured surfaces

that reflect impinging acoustic waves in tailored directions

that do not obey Snell’s law [1]. Research on control-

ling the acoustic reflection has received increasing interests

in recent years due to its potential to improve acoustic

wave control, such as achieving acoustic cloaking [2–5],

acoustic nonreciprocity [6], and nontraditional acoustic

lenses [7,8]. Traditionally, controlling the direction of the

reflected waves is achieved through phase-gradient manip-

ulation in metasurfaces [9–19], but this class of gradient

metasurfaces are all passive, nontunable, and rely on res-

onators or long, coiled channels that impose a significant

phase-shift dependency with frequency and thus reduce the

operation bandwidth significantly. Furthermore, an acous-

tic anomalous reflector based on diffraction gratings was

recently proposed [4,20–25] but these devices have high

spatial dispersion and thus they manipulate the reflection

in prescribed ways for very limited angles of incidence.

In this paper, we show that active acoustic metasurfaces

address the limitations of previous passive solutions and

enable broadband and omnidirectional anomalous reflec-

tors. The work brings three major contributions. First,

the proposed active metasurfaces control the direction of
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the incoming wave by injecting energy into the system

using active scatterers and does not rely on high spatial

and temporal dispersion structures. As a result, the use-

ful effect does not depend on the direction of incidence

and is maintained in a significantly higher bandwidth than

possible with passive devices. Second, we show through

measurements done in a three-dimensional space that our

metasurfaces behave like continuous materials in which

the reflector shape can be changed by modifying the unit-

cell arrangements to fill the desired shape. This effect is

a consequence of the subwavelength lattice periodicity,

which means that the unit cells composing the metasur-

face behave like the atoms in a natural material rather than

the unit cells of a grating or phononic crystal. Third, the

reflectors’ behavior is fully tunable their acoustic response

being produced by active scatterers (meta-atoms) using the

local sensor-driver architecture [26–31].

II. ACTIVE METASURFACE DESIGN

Figure 1(a) shows the basic behavior of a flat reflecting

surface interacting with a plane wave of wave vector k̄i.

If the reflector is large enough, the reflected field is typi-

cally dominated by a specular plane wave of wave vector

k̄s so that the components of these wave vectors parallel

to the surface (called transverse wave-vector components

throughout the paper) are the same. Anomalous reflectors

are able to break this fundamental boundary condition and

modify the transverse wave-vector component and thus the
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FIG. 1. Anomalous reflection. (a) A conventional smooth sur-

face reflects an incident plane wave of wave vector k̄i in the

specular direction k̄s. The aim is to redirect the reflected wave so

that it has the nonspecular wave vector k̄r. (b) A metasurface is

obtained by embedding active scatterers inside the smooth reflec-

tor. Each meta-atom contains a monopole sensor, a dipole-driven

transducer and electronics to prescribe the impulse response

between the sensor and the driver. The realized metasurface is

calibrated by performing measurements on a plane situated at

distance zδ from the metasurface.

direction of the reflected wave (see k̄r in the figure). Here

we obtain this behavior by leveraging on a matter model

that describes any medium in terms of periodic arrange-

ments of polarized scattering inclusions [27,28,32]. We

implement an anomalous reflector by embedding active

scatterers in a passive reflecting surface of reflection coef-

ficient Q and we use the following approach to design the

scatterers’ polarizabilities so that they modify the trans-

verse component of k̄r as desired. The polarized scatterer

model defines four types of scattering inclusions differenti-

ated based on whether they react to the monopole or dipole

moment of the local acoustic field and whether the scatter-

ers’ local acoustic responses have nonzero monopole or

dipole moments. The choice of inclusion type is impor-

tant to minimize temporal dispersion and thus maximize

bandwidth. Inclusions that respond to one type of mul-

tipole moment and generate the same type of moment

(monopole-monopole or dipole-dipole) have the disadvan-

tage of a feedbacklike response that depends strongly on

frequency. This occurs because the inclusions respond not

only to the external impinging field but also to the field

scattered by itself [26]. From a practical point of view it

is more advantageous to employ inclusions that respond to

one multipole moment by producing the other. This assures

that the scatterer does not react to its own scattered fields

and therefore they are not as dispersive. The latter types of

scatterers have recently been associated with Willis media

[27,28,30,32].

In particular, in this work we employ inclusions that

sense the monopole moment and respond by creating

a dipole moment [27,28]. Consequently, each scattering

inclusion senses the local pressure field pl and produces

a scattered field whose acoustic pressure is given by

p(r̄) = αpl

e−jk0|r̄|

|r̄| cos(β), (1)

where the position vector r̄ defines the point where the

scattered field is evaluated relative to the inclusion’s posi-

tion, α is the scatterer polarizability, k0 = ω/c0 is the

wave number, c0 is the speed of sound, and β is the

angle between r̄ and the normal to the reflector sur-

face. In the above equation and throughout the paper, we

assume harmonic fields of angular frequency ω and time

dependency ej ωt.

The scattered field p(r̄) vanishes on the reflector’s sur-

face because the angle β = 90◦ for all points on this sur-

face. Consequently, all inclusions are completely decou-

pled from each other, i.e., the sound scattered by any of

them does not have any influence on its neighbors. This

allows us to analytically compute the field reflected by

the reflector. Assuming that the inclusions are placed on

a uniform grid of periodicity d, as shown in Fig. 1(b), the

reflected field can be written as the superposition between

the specular reflection due to the passive surface, ps(r̄) and

the contributions of the active scatterers given by Eq. (1).

Specifically,

pr(r̄) = ps(r̄) +
∑
n,m

αmnpi(r̄mn)
e−jk0|r̄−r̄mn|

|r̄ − r̄mn|
cos(βmn), (2)

where m and n are integer indexes identifying the inclu-

sions, r̄mn = mdx̂ + ndŷ and αmn are the position vector

and polarizability of inclusion mn, and x̂ and ŷ are unit

vectors defining the Cartesian coordinate system shown in

Fig. 1(b). Equation (2) shows that we could achieve any

value of pr by carefully choosing the values of αmn.

In the following we consider an incident plane wave of

acoustic pressure pi(r̄) = e−j k̄i×r̄ with k̄i = k0[− sin(θ)ŷ −
cos(θ)ẑ], where θ is the incident angle with respect to nor-

mal to the reflector. Applying the Rayleigh-Sommerfeld

diffraction formula used to compute (in the general case)

how fields on an aperture propagate in the far field, the

specular reflection at any point in space in the absence of

the active scattering inclusions is

ps(r̄) =
∫∫

A

Qpi(r̄
′)

e−jk0|r̄−r̄′|

|r̄ − r̄′| cos(β)dx′dy ′

=
∫∫

A

Qejk0 sin(θ)y ′ e−jk0|r̄−r̄′|

|r̄ − r̄′| cos(β)dx′dy ′, (3)

where the integral is over the surface A of the passive

reflecting surface, the position vector r̄′ = x′x̂ + y ′ŷ indi-

cates the position of any point on the surface of the reflec-

tor, and Q is the local reflection coefficient at the position

of the unit surface dx′dy ′. Per the Rayleigh-Sommerfeld
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formula, the angle β represents the angle between the

position vector r and the normal to the reflector.

When the reflector is large enough, the total reflected

field is dominated by a single specular plane-wave com-

ponent. Consequently, Eq. (3) can be approximated as

ps(r̄) ≈ Qe−j k̄s·r̄, where k̄s = k0[− sin(θ)ŷ + cos(θ)ẑ].

Our goal is to leverage the active scattering inclusions to

change the direction of ps by injecting a prescribed value

k̄a = kx x̂ + ky ŷ to the in-plane component of the reflected

wave vector. In other words, we aim to engineer a reflected

wave that has the following expression:

pr(r̄) =
∫∫

A

Qej [k0 sin(θ)y ′+k̄a×r̄′] e−jk0|r̄−r̄′|

|r̄ − r̄′| cos(β)dx′dy ′.

(4)

If the inclusion spacing d is significantly smaller than

the in-plane wavelength 2π/[ki sin(θ)] then the acoustic

pressure gradient is small on any d by d patch on the

reflector surface. Consequently, Eqs. (3) and (4) can be

approximated as discrete sums

ps(r̄) ≈ d2
∑
n,m

Qejk0 sin(θ)nd e−jk0|r̄−r̄mn|

|r̄ − r̄mn|
cos(βmn) (5)

and, respectively,

pr(r̄) ≈ d2
∑
n,m

Qej [k0 sin(θ)nd+k̄a×r̄mn] e−jk0|r̄−r̄mn|

|r̄ − r̄mn|
cos(βmn).

(6)

In this work we choose d so that it is smaller than an eighth

of the smallest in-plane incident wavelength. We show

experimentally that this limit for d produces excellent

results.

Plugging Eqs. (5) and (6) into Eq. (2), we identify the

terms corresponding to the n and m indexes to determine

the polarizabilities αmn that enforce the desired anomalous

reflected field pr and obtain

αmn = d2Qej (kxmd+ky nd) − d2Q. (7)

The above equation provides the design polarizabilities

αmn needed to inject any desired in-plane wave-vector

component k̄a. Each polarizability is written as the sum of

two terms. The first contributes to the generation of the

anomalous reflection and the second cancels the specular

reflection from the passive reflector frame. Equation (7)

also shows that the amplitude of the acoustic pressure

scattered by each inclusion is inverse proportional to the

number of inclusions, which implies that for less dense

inclusion arrangements, the locally produced responses

could be significantly larger than the local pi. Hence,

the scatterers necessarily need to be active for broadband

operation.

We illustrate this design procedure in experiments in

which we aim to inject a wave-vector component parallel

to the reflector surface of k̄a = ky ŷ. As a result, the rela-

tionship between the incident (θ ) and reflected (φ) angles

becomes

sin(φ) = sin(θ) + ky

k0

. (8)

We consider here the interesting case in which we choose

ky so that a normally incident wave (θ = 0◦) is reflected

at a significantly different angle φ = −60◦. The above

equation gives

ky = −k0

√
3/2. (9)

We realize the active scattering inclusions for anomalous

reflectors with Willis active meta-atoms. The meta-atoms

are designed following the sensor-driver architecture [26]

and used to obtain broadband unidirectional metasurfaces

[27,28]. In this architecture each unit cell has an omni-

directional sensor implemented using two microphones

attached to each side of the reflector. The electrical sig-

nals produced by the microphones are added in phase

so that they measure the monopole moment of the local

acoustic field. Similarly, unit cell has a dipole source cre-

ated with two back-to-back speakers driven 180◦ out of

phase and attached on the two sides of the reflector. The

active dipole creates the field scattered by the active meta-

atom. The advantage of this approach lies in its acoustic

properties being set entirely in the electronics connect-

ing the sensing and driven transducers. This means that

meta-atoms previously employed for different applications

[27,28] could be repurposed by simply reprogramming the

impulse responses of their microntroller-based electronic

circuits. Each meta-atom’s polarizability is controlled by

judiciously choosing the amplitude and phase of the elec-

tronics impulse response g (see Fig. 1) to achieve the

desired polarizabilities αmn prescribed by Eq. (7). Since

the design of the realized active meta-atom has been pre-

sented in detail elsewhere [27,28] we show the meta-atom

design for this paper within the Supplemental Material [33]

and we demonstrate how to select the electronics transfer

function to realize omnidirectional anomalous reflectors.

The main factor that limits the working bandwidth of

the metasurface is the processing speed of the electronic

components such as digital filters and analog amplifiers.

Ideally, the phase of the transfer function of the electronic

circuit between the sensor and driver should be constant.

However, the delay caused by these electronic circuits

introduce a phase that decreases with frequency and the

slope of this phase versus frequency is dictated by the delay

through the electronics. If the electronics are fast enough,
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the slope will decrease and the working bandwidth will

thus become larger.

III. EXPERIMENTAL VALIDATION

The photograph of the fabricated active Willis meta-

atom is shown in Fig. 2. The term “meta-atom” is justified

here because the active unit cells behave like the building

blocks of an effective artificial material that reflects sound

in nonspecular directions. To prove this, we arrange the

meta-atoms in two configurations that implement metasur-

face reflectors of the same acoustic properties but differ-

ent geometrical shapes. The first metasurface is a square

reflector made of 3 × 3 meta-atoms [see Fig. 2(a)] and the

second is a rectangular reflector made of 6 × 1 meta-atoms

[see Fig. 2(b)]. This behavior is fundamentally different

from traditional active sound-control approaches in which

replicating an active sound-control system does not yield

a better system capable of manipulating sound in a larger

space.

The calibration procedure that sets the meta-atom polar-

izabilities αmn according to Eq. (7) and the metasurface

performance are based on free-space measurements per-

formed with the experimental setup shown in Fig. 2(c). A

speaker placed 50-cm away ensonifies the reflector with

short Gaussian pulses five periods long at the center fre-

quency of 2400 Hz. The acoustic fields are measured on a

plane in front of the reflector under test by raster scanning

the surface of the plane with a microphone. Figure 2(d)

shows the measured incident fields pi(r̄) produced by the

source speaker for two speaker positions, namely for nor-

mal and 30◦ angle of incidence. In the following, all angles
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FIG. 2. Experimental setup. Two metasurface configurations

having (a) 3 × 3 meta-atoms and (b) 6 × 1 meta-atoms are

measured. (c) The metasurface behavior is quantified through

measurements along the y-z plane perpendicular to the metasur-

face. (d) The acoustic incident fields are measured for normal

(left) and 30◦ (right) incidence at 2400 Hz.

are measured relative to the z axis perpendicular to the

reflector.

Even though Eq. (7) defines the meta-atom polariz-

abilities αmn unambiguously, using this equation directly

is difficult because Q depends on the impulse response

between the meta-atom sensing and driven transducers and

thus depends on the impulse responses of these transduc-

ers, which are more difficult to measure accurately. Instead,

we use the following approach based on Eq. (2). For cal-

ibration purposes we use the 3 × 3 meta-atom reflector of

Fig. 2. For this reflector we measure the specular reflection

for normal incidence by inactivating all inclusions, i.e., by

turning off the active response of the metasurface and thus

setting αmn = 0. The specular reflection is ps(r̄) = pr(r̄) −
pi(r̄), where pr and pi are the total acoustic pressure fields

measured with and without the inactivated metasurface.

Then we optimize each meta-atom individually by turn-

ing on the meta-atoms one at a time while keeping the rest

inactivated and modify the electronics impulse response

g [see Fig. 1(b)] of the selected meta-atom to minimize

the total acoustic pressure at an acoustically small dis-

tance zδ = 5 mm in front of the activated meta-atoms. The

points where we minimize the total acoustic pressure will

thus lie in a plane situated zδ away from the metasurface

and labeled “calibration plane” in Fig. 1(b). By minimiz-

ing pr in front of the activated meta-atom we essentially

find the impulse response g0 providing the −Qd term of

Eq. (7), which cancels the reflected wave altogether. This

procedure works as long as zδ is small enough so that

pr(r̄mn + zδ ẑ) is dominated by the active field produced by

the meta-atom positioned at r̄mn.

Once we have the experimentally derived g0, we realize

αmn of Eq. (7) by using the following impulse response gmn

for the meta-atom identified by the pair (m, n)

gmn = −g0ejky nd + g0. (10)

It is important to note that the value of Q, the local reflec-

tion coefficient of the passive reflector, does not depend

on the direction of incidence or the details of the imping-

ing external field. This is in stark contrast with traditional

active sound control, which requires sampling the incident

field and dynamically modifying the impulse responses

between sensing and driven transducers. There are two

remarkable consequences of this.

First, even though the value of Q has been found for

normal incidence, the metasurfaces implementing these

values of Q will work for any impinging wave. This is

demonstrated in the measurements shown within the Sup-

plemental Material [33]. Second, the value of Q is set in

a predetermined way for a given application and there-

fore can be realized with very simple electronics that need

only to impose a fixed phase and amplitude values for αmn

that do not depend on the incoming sound. Therefore, the
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bandwidth of the metasurface can be significantly larger

than possible in traditional active sound-control systems.

IV. EXPERIMENTAL RESULTS

Figures 3(a) and 3(b) show the performance of the meta-

surface composed of 3 × 3 meta-atoms compared against

numerical simulation of an ideal anomalous reflector that

modifies the transverse wave-vector component by a fac-

tor ky given by Eq. (9). Figure 3(a) shows side by side

the specular reflection to a normally incident acoustic

field obtained with the meta-atoms turned off. As expected

the plane-wave decomposition of the reflected acoustic

wave is dominated by a component whose associated wave

vector is perpendicular to the metasurface.

Upon activating the meta-atoms, the reflected wave

changes its direction by 60◦ as predicted by Eq. (8) (see

the middle panel) and, remarkably, the specular compo-

nent completely disappears. The excellent performance

of the metasurface is further confirmed by comparing

the measured reflection with the reflection from an ideal

anomalous reflector that injects a transverse wave-vector

component k̄a = ky ŷ, where ky is given by Eq. (9). The

numerical simulation that produces the fields scattered

by the ideal anomalous reflector is carried out in MAT-

LAB using the following approach. The specular reflections

measured in the experiment with the inactivated metasur-

face are decomposed into plane waves and their wave-

vector components parallel to the metasurafce are modified

by the constant value k̄a. The resulting reflected wave

fronts are propagated using Green’s function method.

A remarkable property of the active anomalous reflec-

tor that sets it apart from its passive counterparts reported

previously [4,20,21,23,24] is its omnidirectionality, i.e., its

ability to function as designed for a large range of angles

of incidence. To illustrate this property, we changed the

angle of incidence to θ = 30◦. Equation (8), predicts an

nonspecular reflection angle φ = −21◦, which corrsponds

to a negatively reflected wave propagating back towards

the source. Figure 3(b) shows the excellent match between

the ideal and measured field in this case as well, which

demonstrates the metasurface omnidirectional nature.

More importantly, there is nothing special about the

shape of the metasurface used to obtain the experimen-

tal results shown in Figs. 3(a) and 3(b). The meta-atoms

composing the metasurface can be rearranged in other

configurations to realize different metasurface geometries

that maintain the initially prescribed anomalous reflec-

tion behavior. We demonstrate this remarkable property

in an experiment involving a metasurface composed of a

linear array of 6 × 1 meta-atoms. The acoustic strength

of the meta-atom acoustic response is kept unchanged

because the constant g0 in Eq. (10) does not depend on the

meta-surface configuration, but the phase delay between

adjacent meta-atoms dictated by the ejky nd term is modi-

fied to realize the impulse responses required by Eq. (10).

The experimental results involving the reshaped metasur-

face shown in Fig. 2(b) are presented in Figs. 3(c) and 3(d).

The measured reflections match very well the expected

ideal behavior for multiple angles of incidence (θ = 0◦ and

θ = 30◦ are shown in the figure) and demonstrate that the

anomalous reflection behavior of the metasurfaces, includ-

ing their negative reflection ability, is preserved upon

rearranging the meta-atoms.

To demonstrate the bandwidth capability of our meta-

surfaces we show in Fig. 4 the reflected far field for the θ =
0◦ and θ = 30◦ angles of incidence for various frequencies.

In all situations the measurements (solid lines) matched

very well the simulated, ideal behavior (dashed lines),

which demonstrates the broadband behavior of the meta-

surfaces. The specular directions are shown in the figure

and highlight the flexibility afforded by anomalous reflec-

tors realized with active metasurfaces. The results show

that the desired functionality occurs in a large bandwidth

of at least 8% around the central frequency of 2400 Hz and

for angles of incidence covering a large solid angle. This
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FIG. 3. Experimental results at 2400 Hz. (a) The acoustic response of the first metasurface made of 3 × 3 meta-atoms to a normally

incident spherical wave. The specular reflection obtained with the deactivated meta-atoms (left) is compared against the anomalous

reflection obtained with the activated meta-atoms (center) and the expected, prescribed nonspecular reflection obtained in numerical

simulations. (b) The same measurements as in (a) performed for 30◦ incidence. (c),(d) Same measurements as in (a),(b) for the second

metasurface composed of 6 × 1 meta-atoms.
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FIG. 4. Far-field acoustic pressure amplitude of the reflected

wave. The reflections [(a),(b)] and [(c),(d)] are from the metasur-

faces composed of 3 × 3 meta-atoms (e) and 6 × 1 meta-atoms

(f), respectively. The reflections are shown when the incident

angles are [(a),(c)] 0◦ and [(b),(d)] 30◦. For each case, the

measured (solid line) and simulated (dashed line) reflection are

shown for at 2300, 2400, and 2500 Hz.

is in contrast with passive anomalous reflectors reported

so far, which were either unidirectional or had bandwidths

significantly below 1%.

V. CONCLUSION

To conclude, we show that active metasurfaces address

two fundamental limitations of passive anomalous reflec-

tors. Passive structures that do not obey Snell’s law must

have strong spatial and temporal dispersion and therefore

operate in prescribed ways for one direction of incidence

and have a very narrow bandwidth. We show theoret-

ically and experimentally that active metasurfaces real-

ized with meta-atoms based on the sensor-driver architec-

ture address these limitations. The meta-atoms are self-

contained, individual material building blocks that can

be arranged like Lego pieces to implement any meta-

surface geometry desired. The design equations derived

in the paper are demonstrated experimentally in three-

dimensional experiments for two metasurface configura-

tions. Even though we present one example of anomalous

reflector, which rotates the reflection direction by approx-

imately 60◦ from its specular direction, the metasurface

could be programmed to realize a wide range of func-

tionalities by changes in the meta-atom impulse response

between its sensor and driver. We thus believe that the

approach presented here will broaden the avenues for

sound propagation control.
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