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Wave-based computing has attracted extensive attention recently due to the benefits of parallel pro-
cessing. In particular, several acoustic wave computing devices have been demonstrated to carry out
classical algorithms and mathematical operations. Here, we extend acoustic wave computing to simu-
late a quantum algorithm, by proposing an integrated acoustic gradient metasurface system supporting
spoof surface acoustic waves to implement the Grover quantum search algorithm. We show that this inte-
grated metadevice can achieve a designed subdiffraction and transmission phase, which can be used to
simulate operations used in a quantum algorithm, such as the Hadamard transformation and the inverse
about the average. Numerical simulations demonstrate promising searching abilities of this device, includ-
ing a quadratic speedup over classical algorithms and subwavelength searching accuracy. We anticipate
that our results will inspire alternative design schemes for on-chip integrated metadevices for more
quantum-inspired acoustic analog computations.
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I. INTRODUCTION

Wave computing, which uses continuously tunable
wave quantities to solve calculation problems, has
emerged as an alternative computational scheme for signal
processing and machine learning [1–3]. Yet, most wave-
based computing systems suffer from geometric com-
plexity and diffraction-limited resolution due to the finite
wavelength. Recently, a breakthrough in performing math-
ematical operations with metamaterials [4] has provided
wave computing with the opportunity to break these
limitations. Metamaterials, composed of artificial units
(so-called meta-atoms or metamolecules) arranged in a
particular spatiotemporal order, are designed to exhibit
exotic properties beyond natural materials.

Along with the use of photonic electromagnetic meta-
materials to implement optical wave computing [4], the
rapidly expanding research in phononic and acoustic meta-
materials [5–12] is enabling people to demonstrate wave
analog computing in acoustic subwavelength structures
with flexibly tunable effective parameters. For example,
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it has been shown that by alternating the transmission
amplitude and phase of acoustic metamaterials, one can
achieve complex mathematical functionalities [13]. These
acoustic metastructural systems offer a feasible solution for
selective acoustic routing [14,15], acoustic wave analog
computing, and signal processing [16–19].

So far, these acoustic wave analog computing sys-
tems have carried out only classical algorithms. Quantum
algorithms offer an opportunity for us to overcome the
limitations of classical algorithms. In order to exploit
the efficiency of acoustic metadevice-based wave ana-
log computing, it is interesting to explore a scheme for
implementing quantum algorithms with flexible acoustic
metamaterials. The Grover search algorithm is among the
most significant quantum algorithms [20–22], and provides
a powerful method to search a database with quadratic
speedup over classical search algorithms. Implementation
of the Grover search algorithm has been demonstrated on
various quantum systems [23–26]. However, some essen-
tial operations of a quantum algorithm, as well as the
parallel speedup, may depend solely on the superposition
of wave functions, without entanglement [27,28]. Hence,
quantum search algorithms can be accomplished by using
classical waves, such as in experiments with an optical lens
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system [29] and a microwave system [30], with different
polarizations or spatial modes representing the individual
quantum states [31].

Unlike bulk metamaterials with unconventional con-
stitutive parameters, metasurfaces are a type of highly
engineered flat surface, specifically designed to allow
more dynamic and tunable control of waves through
sophisticated boundary conditions. Among them, metasur-
faces supporting airborne surface acoustic waves (SAWs)
[32,33] are capable of serving as a practical, efficient, and
flexible way to manipulate acoustic wave propagation at
subwavelength scales. The metasurface system that we use
in this work uses neatly arranged rectangular resonant cav-
ities with the same cross section [34]. The low geometrical
complexity and neat arrangement of these rectangular res-
onant cavities implies their potential to be integrated on a
chip.

In this paper, we show that an acoustic metasurface
can be an alternative platform for implementing analog
computing of a quantum algorithm with airborne SAWs.
We confirm that a gradient-index acoustic system can
carry out a Grover search with a quadratic speedup over
classical search algorithms. Specifically, we construct an
analog-computing metasurface system, composed of dif-
ferent predesigned metasurface boards. We examine the
different functions of each of the metasurface boards that
perform different operations in the quantum algorithm.
When they are put together, we show that the whole meta-
surface system indeed can carry out the Grover quantum
search algorithm. In the foreseeable future, such a SAW-
based computing system could offer a flexible platform
for wave analog simulation of quantum algorithms, which
may potentially find applications in on-chip integrated
acoustic and phononic devices.

The paper is organized as follows: In Sec. II, we outline
the classical wave-computing scheme for the Grover quan-
tum search algorithm. In Sec. III, we prove that the pro-
posed acoustic system indeed simulates the Grover search
algorithm precisely, with a quadratic speedup. Then, in
Sec. IV, we construct an airborne-SAW-based Grover-
search device utilizing suitably designed acoustic metasur-
face boards. The simulation results match well with the
theory of searching. In Sec. V, finally, we conclude the
paper with an extended discussion.

II. GROVER QUANTUM SEARCH ALGORITHM

A binary bit has two basis states, 0 and 1. A classi-
cal bit can be completely described by confirming which
basis state it is in, namely whether it is 0 or 1. A quan-
tum bit (qubit), however, is not simply 0 or 1, but a super-
position of these basis states. In a quantum algorithm, we
need a vector to describe a single qubit. Usually, two-
element column vectors 0 = [

1
0

]
, 1 = [

0
1

]
represent the

basis states 0 and 1, and a qubit’s state ψ can be repre-
sented as ψ = α

[
1
0

] + β
[

0
1

] = [
α
β

]
. α and β are complex

numbers representing the amplitudes of the basis states,
and must satisfy the requirement |α|2 + |β|2 = 1. Now
consider n qubits, each with two basis states. Obviously,
the description of an n-qubit system requires us to spec-
ify the amplitudes of N = 2n states. Thus, we need an
N -element column vector to describe an n-qubit system.

The Grover quantum search algorithm is made up of
three steps before the output [Fig. 1(a)]: an initialize opera-
tion, an oracle operation, and an inverse about the average
(IAA) [21]:

1. The initialize operation creates a superposition of all
N states as the input signal. In order to initialize an equal-
superposition state for N computational basis states, the
system insert n qubits of 0 state into a Hadamard gate.

2. The oracle operation O contains the information
about the position of the target state and marks the target
state by reversing the sign of the amplitude. This opera-
tion shows a remarkable property of quantum algorithms,
known as “quantum parallelism.” This means that an oper-
ation in a quantum algorithm can operate on all qubits in
parallel. Here, O identifies the target state from among N
states in a single operation, while a classical sequential
algorithm needs N operations to examine all N states one
by one. It should be noted that the oracle is a black box that
contains the information about the target state. We cannot
get information about target states from O directly.

3. The IAA operation is denoted by A, and is applied to
invert all probability amplitudes about the axis of the aver-
age value [20]. The matrix elements of A are defined as

Aij =

⎧
⎪⎨

⎪⎩

2
N

, i �= j ,

−1 + 2
N

, i = j ,
(1)

which can be rewritten as A = −I + 2P. I is the identity
matrix, and P is a matrix with elements Pij = 1/N for all
i, j . When A acts on an arbitrary vector V, it follows that

AV = −V + 2PV = −V + 2M, (2)

where M is a mean vector, and Mi = ∑N
j =1 Pij Vj =

∑N
j =1 Vj /N = M ; Mi is the average of all elements

of V. Thus, the ith element of AV is −Vi + 2M =
[M + (M − Vi)]. Obviously, AV is the IAA of the
vector V.

In a quantum computing system, the IAA operation
is usually implemented as A = HRH [21], where H is
a Hadamard transform and R is a phase-inversion trans-
form. The IAA is the core operation in the Grover search,
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FIG. 1. Diagram of Grover search algorithm in quantum and classical wave systems. (a) Evolution of relative amplitude of quantum
states. O, H, and R represent an oracle operation, a Hadamard transform, and a phase-inversion transform, respectively. The input
signal is an equal superposition of all states. The amplitudes of these states are α = 1/N . O marks the target state |t〉 and inverts the
target amplitude from αt to −αt. The IAA performs an inversion of all state amplitudes about the mean, M . Hence, the amplitude of
the target state is amplified to 2M + αt. (b) Illustration of Grover quantum searching in a classical wave system. The colored areas
represent boards that transmit the wave with a designed refractive index. The structures between hard boundaries (thick black lines)
represent half an iteration of a full-step search operation. In order to demonstrate the propagation of the reflected wave, we extend
the half-iteration system into an array with the hard boundaries as axes of symmetry. The solid arrows below the boards represent the
direction of wave propagation, while the dotted arrows below the boards represent the direction of propagation of the wave reflected
by the mirrors. O is implemented by a double O

1/2
board. The IAA is implemented by the sequence FR

1/2
FFR

1/2
F. The inverse target

is achieved by O
1/2

O
1/2

. The position of the maximum peak of the output wave is located at −yt. The extra negative sign comes from
the spatial-inverse functionality of F

2
.

after which the amplitude of the target state increases
significantly [Fig. 1(a)]. When this IAA operation is imple-
mented repeatedly, the amplitude of the target state period-
ically achieves the maximum, “1.”

A series of searching iterations is performed by repeat-
ing O and the IAA. The probability amplitude of the
target state is amplified after each round trip. In this search
algorithm, the number of round trips is called the iteration
order. The relationship between the target-state amplitude
αt and the iteration order r is [35]

αt = sin[(2r + 1)θ ]. (3)

Here, θ = arcsin(1/
√

N ). The maximum probability of
finding the target state is α2

t = 1. When N is much larger
than 1, θ ≈ sin θ ≈ 1/

√
N , and the minimum r required to

finish a searching process can be expressed as

rf = π

4

√
N − 1

2
. (4)

Considering that the classic sequential search algorithm
requires approximately N iterations to find the target, the

Grover quantum search algorithm has a quadratic speedup
over the classic algorithm (rf ∼ √

N ).

III. IMPLEMENTATION OF GROVER QUANTUM
SEARCH IN WAVE SYSTEM

In a quantum algorithm, n quantum bits represent N =
2n states, which is known as quantum superposition. This
combination of N states can be represented by an N -
element column vector, which contains the information
about the amplitudes and phases of these states. In a clas-
sical wave system, the state of a wave element can also be
described in terms of amplitude and phase. Because of the
benefits of the low-cross-talk nature of the wave system,
N independent wave elements construct a superposition
state represented by an N -element vector. Similarly to a
quantum transformation system, a classical wave transfor-
mation system can also process all wave elements using a
single operation. Thus, we can use a classical wave system
to implement a quantum algorithm [27,28].

To perform the Grover algorithm in a metasurface, we
closely follow the three steps listed above, adapted for
SAW manipulations:
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1. The initialize operation is directly replaced by an
incident Gaussian wave. The full width at half maximum
(FWHM) of the input Gaussian wave is D, which indi-
cates the length of the entire database [29,30]. We use the
normalized pressure amplitude P(y) of the acoustic wave
to represent the probability amplitude. The coordinate y
marks the positions of items in the database, correspond-
ing to all possible states, and y = 0 denotes the horizontal
center of all boards.

2. The oracle operation O is performed by a double
O

1/2
board, which is realized by a mirror reflection of a

single O
1/2

board. The index no(y) in the oracle board
O

1/2
is nt at the target position yt and nu in other places.

In a real searching process, O
1/2

is a black box; we do not
know yt unless we accomplish the search. All boards in this
integrated acoustic metasurface manipulate acoustic waves
by means of an adjustment of the acoustic refractive index
n = c0/c, where c is the sound speed in the gradient-index
(GRIN) material, and c0 is the sound speed in air. We set
nt and nu so that ωr0(nt − nu)/c0 = π/2, where r0 is the
length of the O

1/2
board, and ω is the frequency of the

incident wave. Then, after the incident wave is transmit-
ted through the O

1/2
board, the wave phase at yt is delayed

by π/2 compared with the phases at other places. In other
words, the target state is reversed by a double O

1/2
board

(eiπ = −1). The width of the nt area, d, is the length of
the target data, while the equivalent width of the incident
wave is D. Hence, we can obtain the size of the database
as N = D/d.

3. The IAA operation is realized by the operation
FR

1/2
FFR

1/2
F, which is achieved by a mirror reflection

through the boards FR
1/2

F, as shown in Fig. 1(a). Here, the
Fourier-transform board F replaces the H operation used
in conventional treatments [20,29,30]. It should be noted
that two Fourier transforms perform a spatial inversion
according to the relation F

{
F[ f (y)]

} ∝ f (−y), where
f (y) is an arbitrary input function. Because R is sym-
metric about y = 0, R(v) = R(−v) for an arbitrary vector
v. Thus, the sequence for the IAA operation is equal to
FR

1/2
FFR

1/2
F = FRF. The F board is constructed with

a gradient-index material with refractive index nF(y) =
n0sech (βy), where β is constant. The R

1/2
board is a

phase plane similar to the O
1/2

board, except that the center
position of the nt area is fixed at the center, y = 0.

If we use two hard boundaries as acoustic mirrors to
define a half round trip between them [Fig. 1(b)], the
acoustic wave is periodically operated on by the sequence
O

1/2
FR

1/2
FFR

1/2
FO

1/2
. In a process of multiple itera-

tions, the sequence can also represented as OFRF, i.e.,
the inverse target followed by the IAA. If this search
operation is implemented repeatedly, the wave pressure

amplitude at the target position periodically achieves its
maximum, as described by Eq. (3). To directly illus-
trate the entire process, we define all half round trips by
using a sequence of structures of the same type along
the x axis. Adjacent structures are all mirror-reflection
symmetrical about the hard boundaries, as shown in
Fig. 1(b).

We simulate the acoustic metasurface with ideal GRIN
plates to verify the feasibility of implementing the Grover
algorithm with airborne SAWs (Fig. 2). The frequency
of the incident wave is 4000 Hz, and the wavelength of
airborne sound at this frequency is λ = 85.75 mm. The
measurement operations are carried out at the second hard
boundary, which at a different position from that of the
input signal. Thus, we get our simulation results at half-
integer iteration orders. The input Gaussian wave activates
an area of width D in the O

1/2
board. But, still, reflection at

the side boundaries may influence the size of the activated
area. We use an absorbing boundary condition to eliminate
the resulting extra signal.

The simulated pressure-field distribution during search-
ing of an N -item database is shown in Fig. 2(a). As the
ratio D/d can be interpreted as the size of the database,
we adjust d to obtain different sizes N of the database. The
refractive indices of the O

1/2
and R

1/2
boards are set to

nt = 2.57 and nu = 1.5, and the refractive indices of the
F boards are nF(y) = n0sech (βy), where β = 8. In order
to minimize reflection across different boards, the acoustic
impedances of all boards are equal to each other. Since two
Fourier transforms perform a spatial inversion, the coor-
dinates of the measurement result differ from the actual
coordinates by a negative sign. The results of three simula-
tions with different sizes of the database are demonstrated
in Fig. 2. Because we measure the amplitude at half-integer
iteration orders only, the maximum value is observed at
a half-integer iteration order. According to Eq. (4), when
the size of the database is N , the maximum acoustic pres-
sure amplitude at the target position should be measured
at a half-integer r′

f close to rf . Figures 2(b)–2(d) show
that the simulated results are in good agreement with the
theoretical analysis.

The size of the database, N = D/d, needs a double
check, as the difference between rf and r′

f cannot be
ignored. According to Eq. (3), the amplitude of the target
state changes as a sine function; this is one of the main
properties of the Grover search. This means that the max-
imum value of the target amplitude appears periodically
around the maximum value of the sine function. All of the
simulations in Fig. 2 have a clear periodic profile. The sec-
ond maximum value is obtained in Figs. 2(b) and 2(c) at
iteration orders of 5.5 and 6.5, respectively, approximated
as (2m + 1)rf with m = 1. This reaffirms that the acoustic
metasurface system indeed simulates the Grover quantum
search algorithm.
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FIG. 2. Simulations with ideal acoustic GRIN distribution. The sound speed in and mass density of the background material are
c0 = 343 m/s and ρ0 = 1.293 kg/m3, respectively. The parameters of the structures are D = 240 mm ≈ 2.80λ, r0 = 20 mm ≈ 0.23λ,
W = 310 mm ≈ 3.61λ, and yt = −50 mm ≈ −0.58λ. We change d to obtain different database sizes N . Here, nt = 2.57 and nu = 1.5.
(a) Sound pressure distribution at 1.5 iterations; d = 30 mm ≈ 0.35λ. Here, in order to show the details in the y direction more clearly,
we increase the y-direction ratio of the image. The ideal target position (blue circle) is marked by y = 50 mm ≈ 0.58λ. The right
inset shows the refractive index of F. (b)–(d) Sound pressure distribution in the direction perpendicular to the propagation direction.
The red numbers on the iteration-order axis highlight the maximum-probability iteration order. r′

f denotes the iteration order with the
maximum target amplitude in the simulation. We give the theoretical rf calculated from Eq. (4) in the top left inset.

It should be noted that as d decreases, the FWHM of the
main peak at r

′
f does not decrease significantly. It is fore-

seeable that when d is smaller than the FWHM of the main
peak, the precise position of the target cannot be obtained
from the position of the main peak. This comes from the
limitations of the GRIN plate lens. The minimum FWHM
at the focal point of the GRIN plate lens is around 0.4λmin,
where λmin is the minimum wavelength inside the GRIN
plate lens [36]. Furthermore, the Grover algorithm requires
that all wave elements are focused on the center area of the
R

1/2
board, whose width is d. If d is smaller than 0.4λmin,

the center area of the R
1/2

board will lose some informa-
tion about the wave elements. Thus, d must be larger than
0.4λmin.

IV. REALIZATION OF GROVER QUANTUM
SEARCH WITH SURFACE ACOUSTIC WAVES

In order to implement the Grover search algorithm with
an actual acoustic system rather than an ideal system, we
use a gradient metasurface to construct the desired comput-
ing device. The effective parameters of metamaterials can
be changed precisely by simply adjusting the geometric
parameters. In this section, we show that with a metasur-
face system [34], one can construct an acoustic computing

system with a predefined equation for the refractive index
and implement the Grover search algorithm precisely.

The acoustic metasurfaces are constructed from a series
of neatly arranged square resonators [Fig. 3(a)]. The
width, center spacing, and depth of these resonators are
denoted by w, a, and h, respectively. The entire structure
is immersed in air. A sound wave propagates along the
surface with resonators embedded (the x-y plane). Since
the impedance of solids is much larger than that of air,
we represent the boundary between the air and the frame
of the metasurface material as a hard boundary in the
simulation.

To achieve a certain effective refractive index, the
related h of the square resonators can be calculated
from [37]

h = 1
k0

arctan

×

⎡

⎢
⎣

1
k0

a2

w2

⎛

⎝
+∞∑

m,n=−∞

sinc2(Km/2)sinc2(Kn/2)√
q2

mn − k2
0

⎞

⎠

−1
⎤

⎥
⎦ ,

(5)

where k0 = ω/c0 denotes the wave number in air for
a frequency f = ω/2π , and qmn =

√
Km

2 + Kn
2 is the
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FIG. 3. Illustration of acoustic metasurfaces for the Grover quantum algorithm and its operations. (a) Structure of acoustic metasur-
face system for emulating Grover search. The left inset is a longitudinal section of a single unit cell; w, a, and h denote the width, center
spacing, and depth, respectively, of the resonators. W = 31a ≈ 3.62λ is the width of the entire structure. The length of the F board is
L = 19a ≈ 2.22λ, and the lengths of the O

1/2
and R

1/2
boards are both r0 = 2a ≈ 0.23λ, with a = 10 mm ≈ 0.12λ. (b) Illustration of

the O
1/2

board. The top part shows a cross section of the O
1/2

board between −100 and 100 mm. Here, hu = 14.4 mm ≈ 0.17λ, and
ht = 17.7 mm ≈ 0.21λ. The middle part shows the wave propagation in the O

1/2
board. The dotted black lines highlight the position

of the O
1/2

board. When the acoustic wave propagates above the area where the depth of the target resonator is ht, the wavelength is
shorter than in other areas, so that the wave at the target state has a phase delay compared with those at other places. The bottom part
shows the phase of the output wave. (c) Illustration of the F board. The top shows a cross section of the F board. The middle shows
the wave pressure distribution in the F board when the board acts on a incident plane wave. The bottom depicts the resonator’s depth
h and the associated refractive index in the F board.

wave vector of the (m, n)th-order diffracted wave in the
plane, where Km = (

√
2/2)neffk0 + (2πm/d) and Kn =

(
√

2/2)neffk0 + (2πn/d). Thus, by controlling the value of
h for the square lattice, we can adjust neff precisely.

Based on Eq. (5), we design a metasurface with an effec-
tive refractive-index distribution that is the same as that
of the ideal GRIN material presented in Sec. II. In the

simulation, we put a line source 10 mm above the meta-
surface next to the O

1/2
board to generate the incident

airborne SAWs. We set the side length and lattice constant
to w = 8 mm ≈ 0.94λ and a = 10 mm ≈ 0.12λ, respec-
tively. W = 31a is the width of the entire structure. The
length of the F board is L = 19a, and the lengths of the
O

1/2
and R

1/2
boards are r0 = 2a, as shown in Fig. 3(b).
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In order to show the properties of the functional boards,
we take the O

1/2
board and F board as examples in

Figs. 3(b) and 3(c). In the O
1/2

board, the surface acous-
tic wave is delayed at the position of the target data, and
the phase difference between the target position and the
adjacent position is π/2. The impedance mismatch and
the corresponding interaction between the unit cells may
result in unwanted scattering, which consequently leads
to an irregular phase variation, as shown in Fig. 3(b).
In the Grover algorithm, the “phase-matching” condition
requires that the phase delays in the O

1/2
and R

1/2
boards

must be approximately equal [38], and that the irregu-
lar phase delays are much smaller than the phase delay
caused by the central area of the R boards. Thus, as long
as the measurement is carried out near rf , we can still get
the right position of the target data despite the presence of
the unwanted phase variation, as we later verify in simula-
tions of realistic metasurfaces, as shown in Fig. 4. In the F
board, the surface acoustic wave converges to the middle
at the end of the board. The Fourier transform acts like a
focusing lens in a wave system with a predesigned index
distribution neff(y) [Fig. 3(c)].

The frequency range suitable for the metasurfaces is
limited because of the dispersion properties of SAWs

[34,37]. When the resonance frequency is approached,
anisotropy of the SAWs can be observed, as well as a nar-
row partial band gap, which leads to direction-dependent
wave propagation not applicable to the design of the
proposed GRIN metasurfaces. To avoid this, we set the
working frequency to 4000 Hz.

According to Fig. 4(a), the maximum peak appears at the
position of the target data. Here, the incident wavelength is
85.75 mm, which is much larger than the width of each
data point, 3a = 30 mm. This result clearly shows that
the metasurface system can implement the Grover search
algorithm with subwavelength accuracy. Conditions with
thermal loss are also considered in the simulations, and the
positions of the maximum peaks are the same as those with
lossless conditions. We also try multiple targets in a sin-
gle search [Fig. 4(b)]. We set the target positions to −45
and 55 mm, and thus the positions of the target data after
searching appear at 45 and −55 mm. We set the size of
the targets to d = 20 mm ≈ 0.23λ in the O

1/2
board, and

each target is constructed from two square resonators. The
calculation of rf for multiple targets is the same as in the
single-target case, but the size of the database becomes
N = D/(id), with i denoting the number of targets. In the
original Grover search algorithm for a quantum system,

0 max

(a)

(b)

0 1Probability

Normalized 0 12

Loss
Lossless

0.00 0.35Probability

0.00 6.65

Loss
Lossless

Normalized 

FIG. 4. SAW simulation of Grover search with acoustic metasurfaces. (a) Distribution of wave amplitude (pressure) from position
y = −150 mm to y = 150 mm for an N = 7 database. Here, rf = 1.52. The width of each data point is 30 mm. The acoustic wave is
fixed precisely at the ideal target position at an iteration order of 1.5. The colored squares at the left show the activated data positions
in the O

1/2
board. The orange square highlights the position of the target data. The white squares denote the inactivated positions. The

graph on the right shows the measured results at an iteration order of 1.5. The distribution of the normalized pressure squared (power) is
represented by a line graph. The solid line shows the result with thermal loss, and the dotted line shows the result without thermal loss.
The maximum acoustic wave amplitude for both loss and lossless conditions appears near the target position. The bar chart describes
the probabilities of each data point as targets are searched for with the Grover algorithm. These probabilities are calculated from the
distribution of the normalized acoustic pressure squared without thermal loss. (b) Simulation of multiple targets. The width of each
data point is 20 mm, while the limit of the GRIN plane is around 0.4λmin = 17.2 mm.
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the probability amplitude of each target state is reduced
to 1/i. After the measurement of the quantum system, we
can observe only one of the target states because of the
collapse of the wave functions. This influences the effi-
ciency of multiple-target searches. But, there is no collapse
of a wave function in classical wave systems. The ampli-
tudes of all wave elements can be measured in a single
measurement. All we need is to observe the positions of
the maximum peaks. Thus, in a classical wave system, the
number of target states does not significantly reduce the
success rate of searching.

V. SUMMARY AND DISCUSSION

In summary, we show that an acoustic metasurface sys-
tem can carry out the Grover search algorithm precisely,
based on SAWs. By manipulating wave elements, the
acoustic metasurface search system achieves a quadratic
speedup over a classical search system. Because of the
advantage of the gradient metasurfaces that we use here,
subwavelength searching accuracy is obtained in our wave
simulation.

One may notice that the amplitude in Fig. 4 has multi-
ple side peaks beside the main peaks. In the Grover search
algorithm, the maximum peak of the acoustic wave should
appear only at the target position. Actually, the simulations
for an ideal material also have multiple side peaks, but they
are much smaller than the peaks that we observe for real-
istic metasurfaces. This is caused by the irregular phase
profile in Fig. 3(b) that we mentioned. Also, the metasur-
faces are not strictly isotropic and cause an unexpected
refractive-index shift. In a quantum system, the wave func-
tion can collapse to any possible state, and then one can
observe the final state after the collapse. A search process
might fail completely because of an impure state. How-
ever, in a classical wave system, all we need is to observe
the position of the maximum peak. Hence, we can still get
the right answer, with the advantage of robustness.

In the work presented in this paper, in order to bet-
ter present the concept that “quantum algorithms can be
implemented with acoustic systems,” we choose simple
yet reliable square cavities as the building blocks for con-
structing the GRIN acoustic metasurface. However, due to
the limitations of the GRIN system and unwanted scatter-
ing, it is difficult to expand the size of the database further.
In order to study further the ability of acoustic systems to
run quantum algorithms, we need to explore these prob-
lems and integrate more design solutions in future. For
instance, we may add a scattering-free metasurface [10]
to the design of the system in further research to elim-
inate the influence of unwanted scattering. Or, we could
use an elastic GRIN lens [36] to increase further the work-
ing frequency and equivalent refractive index of the GRIN
plate.

It should be noticed that this searching process is not
contrast imaging. The Grover search algorithm can give
a periodic amplification profile of the output signal [35],
but contrast imaging can not. The periodic behavior of
the probability density is a key principle of the Grover
algorithm, and we can observe this periodic profile clearly
in Fig. 2. In contrast imaging, a clear imaging picture needs
a strong source, while the Grover search needs only enough
iteration times. The present scheme is fundamentally dif-
ferent from contrast imaging in principle.

We would also like to remark that this acoustic system
utilizes mainly the parallel-computing ability of the quan-
tum algorithm rather than quantum entanglement. Con-
sidering the flexible nature of acoustic metasurfaces, the
Grover algorithm is not the only parallel algorithm that
we can implement without real qubits. Given the simple
structure, the easy fabrication, and the ability to manipu-
late waves at subwavelength scales, this flexible structure
makes it possible to design various wave analog computing
devices. Other extensions of the surface-wave metasystem
include the potential for on-chip integration of SAWs in
acoustic and phononic devices.

ACKNOWLEDGMENTS

We acknowledge support from the National Natural Sci-
ence Foundation of China (Grants No. 11935010, No.
11775159, and No. 11774297), the Shanghai Science and
Technology Committee (Grants No. 18ZR1442800 and
No. 18JC1410900), the Research Grants Council of Hong
Kong (Grant No. PolyU 152119/18E), and the Open-
ing Project of the Shanghai Key Laboratory of Special
Artificial Microstructure Materials and Technology.

[1] Tyler W. Hughes, Ian A. D. Williamson, Momchil Minkov,
and Shanhui Fan, Wave physics as an analog recurrent
neural network, Sci. Adv. 5, eaay6946 (2019).

[2] Farzad Zangeneh-Nejad, Dimitrios L. Sounas, Andrea Alù,
and Romain Fleury, Analogue computing with metamateri-
als, Nat. Rev. Mater. 6, 207 (2021).

[3] Giulia Marcucci, Davide Pierangeli, and Claudio Conti,
Theory of Neuromorphic Computing by Waves: Machine
Learning by Rogue Waves, Dispersive Shocks, and Soli-
tons, Phys. Rev. Lett. 125, 093901 (2020).

[4] Alexandre Silva, Francesco Monticone, Giuseooe Castaldi,
Vincenzo Galdi, Andrea Alu, and Nader Engheta, Perform-
ing mathematical operations with metamaterials, Science
343, 160 (2014).

[5] Martin Maldovan, Sound and heat revolutions in phonon-
ics, Nature 503, 209 (2013).

[6] Ming-Hui Lu, Liang Feng, and Yan-Feng Chen, Phononic
crystals and acoustic metamaterials, Mater. Today 12, 34
(2009).

[7] Nianbei Li, Jie Ren, Lei Wang, Gang Zhang, Peter Hänggi,
and Baowen Li, Colloquium: Phononics: Manipulating heat

044040-8

https://doi.org/10.1126/sciadv.aay6946
https://doi.org/10.1038/s41578-020-00243-2
https://doi.org/10.1103/PhysRevLett.125.093901
https://doi.org/10.1126/science.1242818
https://doi.org/10.1038/nature12608
https://doi.org/10.1016/S1369-7021(09)70315-3


SURFACE-ACOUSTIC-WAVE COMPUTING... PHYS. REV. APPLIED 15, 044040 (2021)

flow with electronic analogs and beyond, Rev. Mod. Phys.
84, 1045 (2012).

[8] Jensen Li and C. T. Chan, Double-negative acoustic meta-
material, Phys. Rev. E 70, 055602 (2004).

[9] Steven A. Cummer, Johan Christensen, and Andrea Alù,
Controlling sound with acoustic metamaterials, Nat. Rev.
Mater. 1, 16001 (2016).

[10] Junfei Li, Chen Shen, Ana Díaz-Rubio, Sergei A.
Tretyakov, and Steven A. Cummer, Systematic design and
experimental demonstration of bianisotropic metasurfaces
for scattering-free manipulation of acoustic wavefronts,
Nat. Commun. 9, 1342 (2018).

[11] Badreddine Assouar, Bin Liang, Ying Wu, Yong Li,
Jian-Chun Cheng, and Yun Jing, Acoustic metasurface,
Nat. Rev. Mater. 3, 460 (2018).

[12] Y. Xie, W. Wang, H. Chen, A. Konneker, B. I. Popa,
and S. A. Cummer, Wavefront modulation and subwave-
length diffractive acoustics with an acoustic metasurface,
Nat. Commun. 5, 5553 (2014).

[13] Shuyu Zuo, Qi Wei, Ye Tian, Ying Cheng, and Xiaojun Liu,
Acoustic analog computing system based on labyrinthine
metasurfaces, Sci. Rep. 8, 10103 (2018).

[14] Yang Long, Danmei Zhang, Chenwen Yang, Jianmin Ge,
Hong Chen, and Jie Ren, Realization of acoustic spin trans-
port in metasurface waveguides, Nat. Commum. 11, 4176
(2020).

[15] Yang Long, Hao Ge, Danmei Zhang, Xiangyuan Xu,
Jie Ren, Ming-Hui Lu, Ming Bao, Hong Chen, and
Yan-Feng Chen, Symmetry selective directionality in
near-field acoustics, Natl. Sci. Rev. 7, 1024
(2020).

[16] Shuyu Zuo, Qi Wei, Ying Cheng, and Xiaojun Liu, Math-
ematical operations for acoustic signals based on layered
labyrinthine metasurfaces, Appl. Phys. Lett. 110, 011904
(2017).

[17] ShuYu Zuo, Ye Tian, Qi Wei, Ying Cheng, and Xiaojun
Liu, Acoustic analog computing based on a reflective meta-
surface with decoupled modulation of phase and amplitude,
J. Appl. Phys. 123, 091704 (2018).

[18] Anders Pors, Michael G. Nielsen, and Sergey I. Bozhevol-
nyi, Analog computing using reflective plasmonic metasur-
faces, Nano Lett. 15, 791 (2015).

[19] Farzad Zangeneh-Nejad and Romain Fleury, Performing
mathematical operations using high index acoustic meta-
materials, New J. Phys. 20, 073001 (2018).

[20] Lov K. Grover, in Proceedings of the Twenty-Eighth
Annual ACM Symposium on Theory of Computing (ACM
Press, New York, 1996) p. 212.

[21] Lov K. Grover, Quantum Mechanics Helps in Searching
for a Needle in a Haystack, Phys. Rev. Lett. 79, 325
(1997).

[22] Lov K. Grover, Quantum Computers Can Search Rapidly
by Using Almost any Trasformation, Phys. Rev. Lett. 80,
4329 (1998).

[23] Issac L. Chuang, Neil Gershenfeld, and M. Kubinec,
Experimental Implementation of Fast Quantum Searching,
Phys. Rev. Lett. 80, 3408 (1998).

[24] K. A. Brickman, P. C. Haljan, P. J. Lee, M. Acton, L.
Deslauriers, and C. Monroe, Implementation of grover’s
quantum search algorithm in a scalable system, Phys. Rev.
A 72, 050306 (2005).

[25] Klaus Mølmer, Larry Isenhower, and Mark Saffman, Effi-
cient grover search with rydberg blockade, J. Phys. B 44,
184016 (2011).

[26] Stefanie Barz, Elham Kashefi, Anne Broadbent, Joseph F.
Fitzsimons, Anton Zeilinger, and Philip Walther, Demon-
stration of blind quantum computing, Science 335, 303
(2012).

[27] Seth Lloyd, Quantum search without entanglement, Phys.
Rev. A 61, 010301(R) (1999).

[28] David A. Meyer, Sophisticated Quantum Search Without
Entanglement, Phys. Rev. Lett. 85, 2014 (2000).

[29] N. Bhattacharya, H. B. van Linden van den Heuvell, and
R. J. C. Spreeuw, Implementation of Quantum Search
Algorithm Using Classical Fourier Optics, Phys. Rev. Lett.
88, 137901 (2002).

[30] W. Zhang, K. Cheng, C. Wu, Y. Wang, H. Li, and X. Zhang,
Implementing quantum search algorithm with metamateri-
als, Adv. Mater. 30, 1703986 (2018).

[31] P. G. Kwiat, J. R. Mitchell, P. D. D. Schwindt, and A.
G. White, Grover’s search algorithm: An optical approach,
J. Mod. Opt. 47, 257 (2000).

[32] Luc Kelders, Jean F. Allard, and Walter Lauriks, Ultra-
sonic surface waves above rectangular-groove gratings,
J. Acoust. Soc. Am. 103, 2730 (1998).

[33] Zhaojian He, Han Jia, Chunyin Qiu, Yangtao Ye, Rui Hao,
Manzhu Ke, and Zhengyou Liu, Nonleaky surface acoustic
waves on a textured rigid surface, Phys. Rev. B 83, 132101
(2011).

[34] Tuo Liu, Fei Chen, Shanjun Liang, He Gao, and Jie Zhu,
Subwavelength Sound Focusing and Imaging Via Gradi-
ent Metasurface-Enabled Spoof Surface Acoustic Wave
Modulation, Phys. Rev. Appl. 11, 034061 (2019).

[35] M. Boyer, G. Brassard, P. Hoyer, A. Tapp, M. Boyer, and
G. Brassard, Tight bounds on quantum searching, Fortschr.
Phys. 46, 493 (1996).

[36] Jinfeng Zhao, Xiaodong Cui, Bernard Bonello, Bahram
Djafari-Rouhani, Weitao Yuan, Yongdong Pan, Jie Ren,
Xiaoqing Zhang, and Zheng Zhong, Broadband sub-
diffraction and ultra-high energy density focusing of elas-
tic waves in planar gradient-index lenses, J. Mech. Phys.
Solids 150, 104357 (2021).

[37] Tuo Liu, Shanjun Liang, Fei Chen, and Jie Zhu, Inherent
losses induced absorptive acoustic rainbow trapping with a
gradient metasurface, J. Appl. Phys. 123, 091702 (2018).

[38] Gui Lu Long, Yan Song Li, Wei Lin Zhang, and Li Niu,
Phase matching in quantum searching, Phys. Lett. A 262,
27 (1999).

044040-9

https://doi.org/10.1103/RevModPhys.84.1045
https://doi.org/10.1103/PhysRevE.70.055602
https://doi.org/10.1038/natrevmats.2016.1
https://doi.org/10.1038/s41467-018-03778-9
https://doi.org/10.1038/s41578-018-0061-4
https://doi.org/10.1038/ncomms6553
https://doi.org/10.1038/s41598-018-27741-2
https://doi.org/10.1038/s41467-020-17912-z
https://doi.org/10.1093/nsr/nwaa040
https://doi.org/10.1063/1.4973705
https://doi.org/10.1063/1.5004617
https://doi.org/10.1021/nl5047297
https://doi.org/10.1088/1367-2630/aacba1
https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1103/PhysRevLett.80.4329
https://doi.org/10.1103/PhysRevLett.80.3408
https://doi.org/10.1103/PhysRevA.72.050306
https://doi.org/10.1088/0953-4075/44/18/184016
https://doi.org/10.1126/science.1214707
https://doi.org/10.1103/PhysRevA.61.010301
https://doi.org/10.1103/PhysRevLett.85.2014
https://doi.org/10.1103/PhysRevLett.88.137901
https://doi.org/10.1002/adma.201703986
https://doi.org/10.1080/09500340008244040
https://doi.org/10.1121/1.422793
https://doi.org/10.1103/PhysRevB.83.132101
https://doi.org/10.1103/PhysRevApplied.11.034061
https://doi.org/10.1002/(SICI)1521-3978(199806)46:4/5{\T1\textexclamdown }493::AID-PROP493{\T1\textquestiondown }3.0.CO;2-P
https://doi.org/10.1016/j.jmps.2021.104357
https://doi.org/10.1063/1.4997631
https://doi.org/10.1016/S0375-9601(99)00631-3

	I. INTRODUCTION
	II. GROVER QUANTUM SEARCH ALGORITHM
	III. IMPLEMENTATION OF GROVER QUANTUM SEARCH IN WAVE SYSTEM
	IV. REALIZATION OF GROVER QUANTUM SEARCH WITH SURFACE ACOUSTIC WAVES
	V. SUMMARY AND DISCUSSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


