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ABSTRACT

Controllable wave propagation is impossible when the properties of a material or
structure are fixed by fabrication. External actions are inevitable for adjusting ma-
terial properties to change wave field characteristics in a desirable way. Another
way to manage the wave field is to reconfigure the inner structure. This approach
is exemplified in the paper by analyzing wave propagation through a space-time
reconfigurable diffraction grating in air. The diffraction grating can be dynamically
adjusted by moving it back and forth, creating a time-periodic change in its config-
uration. Instantaneous space-time reconfiguration represents the limit case for wave
propagation control. It is demonstrated that in this limit scenario, complete sound
isolation is achievable.
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1. Introduction

The objective of the paper is to examine sound wave propagation through a rigid
diffraction grating with time-dependent reconfiguration. A reconfigurable diffraction
grating that alters the location of an internal composition in space and time is an ex-
ample of an active metamaterial. Active metamaterials are structures that incorporate
both inhomogeneous material and means of varying its properties or/and configura-
tions [1—1]. Material cannot change its properties on its own within a short period of
time. External stimuli are required for their characteristics to be time-varying [5-7].
The use of materials that vary in space and time is the focus of contemporary wave
control studies [1, 8, 9].

Analytical study of the electromagnetic wave diffraction from space-time-periodic
gratings and shows ”that such gratings provide an infinite number of spatial diffraction
orders, each of which is composed of an infinite number of temporal diffraction orders”
[10]. Tt is essential that space-time-periodic gratings represent the periodic change of
material properties without changing the grating’s geometry [10]. In contrast, a spa-
tiotemporally reconfigurable grating changes the positions of grating elements without
modifying their material properties. The reconfigurability of the diffraction grating
does not reduce to the modulation in time as presented in [ 1] because there is no sin-
gle moving frame. It seems that direct numerical simulation of the wave propagation
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problem is the most practical method for evaluating the integrated effect of recon-
figurability on sound wave attenuation by spatiotemporally reconfigurable gratings.

Wave propagation through diffraction gratings has been studied for a long time.
In 1836, Henry Fox Talbot observed the self-imaging effect caused by the interference
of incident plane light waves propagating through a periodic structure. Later on, this
effect was named after him. The Talbot effect was explained theoretically by Lord
Rayleigh in 1881. The Talbot effect has been observed not only in optics [12-14], but
also in acoustics [15], ultrasonics [16], and elasticity [17]. Wave propagation through
diffraction gratings is closely related to a more general problem of wave propaga-
tion across a rigid microstructure. The corresponding initial value problem appears
to be unsolvable directly [18]. Numerical simulations of such problems use homoge-
nized models of gratings [19-22]. However, the self-imaging Talbot effect cannot be
reproduced using the homogenization approach | .

This is another reason to conduct a direct numerical simulation (without homoge-
nization) of wave propagation through a reconfigurable diffraction grating to observe
how spatial and temporal variability affects the sound wave behavior.

The structure of the paper is as follows. First, sound wave diffraction by a conven-
tional stationary rigid grating is investigated. Calculations reveal the grating’s self-
imaging effect as well as the frequency dependence of sound transmission. Next, the
reconfiguration of the grating caused by its back and forth motion with finite velocity
is examined. As a result, the wave field becomes distorted, and the sound attenuation
increases. Finally, we look at the limit case in which the grating location changes in-
stantly. Numerical simulations show that instant periodic changing the location of the
grating can result in complete sound reflection if the period of change is sufficiently
short.

2. Wave propagation through diffraction grating

A diffraction grating is a structure made up of a periodic row of embedded inclusions in
a material. The properties of inclusions differ from those of the surrounding material.
A two-dimensional illustration of a diffraction grating is shown in Fig. 1.

We are dealing with a grating composed of rigid inclusions in air. To visualize the
sound wave field behind the grating, the numerical solution to linearized acoustic
equations
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is performed. These equations can be reduced to the wave equation of sound pressure
p
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Here p is the matter density, ¢ is the speed of sound, and v is the particle velocity



Figure 1. Diffraction grating sketch.

vector.

2.1. Time-harmonic wave

For a time-harmonic wave in two space dimensions

p=p(z, y)eim7 (4)
we can rewrite Eq. (3) as
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Performing a dimensional analysis will reveal the governing parameters of the problem.
Let each inclusion have a horizontal size a equal to the distance between them. The
vertical inclusion length is denoted as [, while the characteristic frequency of the
process is wp. Introducing dimensionless variables

X== v=1 w==, (6)
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we can represent Eq. (5) in terms of dimensionless variables
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The characteristic frequency is chosen as

wo = ¢/ A, (8)



where A is the length of the incoming harmonic wave. Then the dimensionless wave
equation (7) is represented as follows:
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It is worth noting that if [ > a, the second term in parenthesis can be neglected.
This means that sound pressure will be independent of the vertical coordinate y.
Accordingly, if, vice versa, a > [, then sound pressure will be independent of the
horizontal coordinate x. It is not feasible to use either limit case. As a result, we
restrict ourselves to inclusions with comparable vertical and horizontal sizes.

The geometry of grating elements and their arrangement offer limitless opportuni-
ties for creating diverse situations. To see how the reconfigurability affects the sound
wave attenuation, it is therefore helpful to select a simple configuration. In the ref-
erence scenario of square grating elements (with the choice a = [) we arrive at the
dimensionless equation
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Thus, the governing parameter of the reference scenario is the ratio of the incoming
wavelength A and the size of inclusions a (with the characteristic frequency wy = ¢/\).

2.2. Stationary grating

First, we consider wave propagation across the conventional stationary grating. With-
out loss of generality, we choose grating elements that are 20 space steps in size. The
wave equation (10) is solved in a two-dimensional computational domain with size
220 x 500 space steps. The square rigid grating is placed at the distance between 140
and 160 space steps from the bottom. A time-harmonic sound wave generated at the
bottom boundary has the amplitude normalized to 100 units. The upper boundary
is pressure-free. Periodicity conditions at the lateral boundaries are used to maintain
plane wave propagation. The numerical solution to wave equation (10) was performed
with the thermodynamically consistent version of the finite-volume wave propaga-
tion algorithm [23]. In this version, each computational cell is handled as a discrete
thermodynamic system according to [24]. Averaged field quantities describe the local
equilibrium state of each cell. Jump relations at computational cell boundaries repre-
sent the continuity of actual values and are used to exactly determine numerical fluxes
[23]. After that, transversal fluxes are calculated [25]. As a result, an explicit conserva-
tive, high-order accurate wave propagation algorithm is created. Standard boundary
conditions are applied using ghost cells [25]. At every interface, wave transmission and
reflection are managed automatically, accounting for any discontinuities in the param-
eters. This is the primary advantage of the finite volume wave propagation algorithm
[25]. The selection of space and time steps provides the Courant number of one. This is
upper limit of stability of the applied numerical scheme which provides exact solution
to the problem in one dimension [25].

Calculations of the wave propagation across the diffraction grating were carried
out over 1000 time steps. The computed distribution of the sound pressure exhibits
the Talbot effect. The Talbot effect manifests itself in the appearance of the so-called
Talbot carpet as a result of the interference of transmitted waves, as illustrated in
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Figure 2. Contour plot of the sound pressure at 1000 time steps in the case of stationary grating.

Fig. 2. The Talbot carpet in this figure corresponds to the incident sound wavelength,
which is equal to the size of the grating elements as in the reference scenario. The
Talbot carpet exhibits a consistent self-imaging pattern of the wave field behind the
stationary grating [12].

In turn, the surface plot of the sound pressure (Fig. 3) demonstrates that the diffrac-
tion of the sound wave by the grating causes sound attenuation. The measure of the
attenuation is the transmission loss (in decibels (dB)) determined by the ratio of the
incident sound intensity I;,. and the transmitted sound intensity Ijyqns [20, 27]

STL = 101gﬁ. (11)

trans

The sound intensity is proportional to the square of the sound pressure [26, 27]. The
sound pressure behind the diffraction grating was computed for a variety of incoming
wavelengths. Then the values of sound transmission loss were determined. The cal-
culated spectrum of the sound transmission loss for the stationary diffraction grating
is represented in Fig. 4 by red curve. It illustrates the frequency-dependent nature of
sound transmission through the stationary grating. As can be seen, maximum sound
transmission occurs at small wavelengths that are comparable in size to the grating
elements. This correlates with experimental observations [28, 29].

Numerical simulations of sound wave propagation across rigid stationary gratings
reveal the well-known Talbot effect. This indicates that the finite volume numerical
technique is an appropriate choice for solving the wave propagation problem as it has
been formulated.
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Figure 3. Surface plot of the sound pressure at 1000 time steps in the case of stationary grating.
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Figure 4. Sound transmission loss vs dimensionless wavelength. Red curve corresponds to the stationary
grating. Blue curve represents the transmission spectrum of the reconfigurable grating.
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Figure 5. Sound pressure distribution at 1000 time steps in the case of reconfigurable grating moving back
and forth with velocity v = 0.25¢. Left panel - contour plot; right panel - surface plot.

3. Space-time grating reconfiguration

Now we examine what happens if the grating is reconfigurable in space and time.
The considered reconfiguration suggests that the grating moves along its axis with a
velocity v for a set amount of time and then returns to its original position with the
same velocity. This indicates that the grating’s spatial periodicity is supplemented by
its temporal periodicity. We employ the same numerical algorithm as before because
of its robustness.

The grating may be reconfigured at a variety of its speeds. A number of simulations
were carried out in order to investigate how the reconfiguration velocity affected the
propagation of plane harmonic sound waves through reconfigurating gratings. A few
examples of calculation results are presented in the form of sound pressure distributions
at the specified time instant below. The sound pressure distribution corresponding to
the velocity of the grating reconfiguration v = 0.25¢ is presented in Fig. 5. The contour
plot of the sound pressure (Fig. 5a) shows that the sound wave field is distorted as
the grating moves back and forth. The surface plot (Fig. 5b) demonstrates that sound
attenuation is increased compared to a stationary grating case.

Similar calculations were performed for the grating reconfiguration velocity v = 0.5¢.
Results for the sound pressure distribution in this case are given in Fig. 6. The faster
grating reconfiguration increases both sound attenuation (Fig. 6b) and sound field
distortion (Fig. 6a).

Calculations of the sound wave propagation through reconfigurable grating with
velocity v = 0.75¢ were also conducted for the comparison (see Fig. 7). Results of
numerical calculations presented in Fig. 7 confirm that the wave field becomes more
distorted as the grating reconfiguration velocity increases. Additionally, reconfigura-
tion of the grating reduces sound transmission when compared to the stationary grat-
ing case. This is illustrated in Fig. 4, where the blue line represents the transmission
spectrum of the reconfigurable grating. In the given case, the velocity of the grating
motion is the same as the sound speed in air.

According to numerical simulations, sound transmission through the reconfigurable
grating tends to decrease as the reconfiguration velocity increases. The dependence
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Figure 6. Sound pressure distribution at 1000 time steps in the case of reconfigurable grating moving back
and forth with velocity v = 0.5¢. Left panel - contour plot; right panel - surface plot.
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Figure 7. Sound pressure distribution at 1000 time steps in the case of reconfigurable grating moving back
and forth with velocity v = 0.75¢c. Left panel - contour plot; right panel - surface plot.
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Figure 8. Sound transmission dependence on the reconfiguration velocity.

of sound transmission on the reconfiguration velocity is illustrated in Fig. 8. The red
curve corresponds to the incoming wavelength equal to the size of the grating cell a,
while the blue curve represents the results for the wavelength of 0.6a which corresponds
to the minimal sound transmission loss for stationary grating (Fig. 4).

Although the tendency of sound transmission to decrease with increasing grating
reconfiguration velocity is not entirely straight, it does suggest that further velocity
increase may produce unexpected results. The limit case in which the grating motion’s
velocity is infinite corresponds to instantaneous reconfiguration.

4. Instantaneous reconfiguration

The instantaneous altering of configuration of inclusions in space and time is idealized
in the theory of so-called dynamic materials [30, 31]. Introduced in the late 1990s, the
notion of dynamic materials was further refined in [32-34]. Such an idealization results
in unusual wave patterns even in a one-dimensional setting [35-37].

In the idealized scenario, the grating switches to an alternate position (shifted by
20 space steps) every 20 time steps instantaneously. We refer to this type of recon-
figuration as dynamic reconfiguration. The time variation of the grating location in
the case of dynamic reconfiguration is shown in Fig. 9. Discontinuous boundary con-
ditions emerge at the grating elements when the grating’s position changes instantly.

Nevertheless, numerical simulations of the harmonic plane sound wave propagation
can be performed as before due to the robustness of the finite volume algorithm.

The obtained sound pressure distribution at 1000 time steps is presented in Fig.
10. The wavelength of the incoming wave in this case is equal to the size of grating
elements. It is fascinating that no sound can penetrate through the rigid, dynamically
space-time-reconfiguring grating. This is achievable if the frequency of the incoming
wave used falls within a stop band. Examining different frequency values is necessary to
establish the stop band’s limits. Number of calculations for certain arbitrarily selected
frequencies consistently lead to the complete absence of sound behind the dynamically
spatiotemporally reconfigurable grating.
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Figure 9. Dynamic space-time variation of the grating.
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Figure 10. Surface plot of the sound pressure distribution at 1000 time steps in the case of dynamically
reconfigurable diffraction grating.

10



Figure 11. Surface plot of the sound pressure distribution at 1000 time steps in the case of pulse propagation.
Width of the incoming pulse is equal to 100 space steps.

4.1. Pulse propagation

To ensure that the rigid grating dynamically reconfigurable in space and time provides
sound insulation, we examine the pulse propagation scenario, because pulse contains
an infinite number of frequencies. A finite-duration smooth pulse is generated at the
bottom boundary. The pulse amplitude changes according to the expression

p = sin®(wt/d), for t< dAt, (12)

where d is the width of the pulse measured in space steps. Once the generation is
complete, the bottom boundary is pressure-free.

Figure 11 shows the example of sound pulse propagation calculations. The pulse
duration there corresponds to 100 time steps. The amplitude of the finite pulse is
determined by the total energy it contains. As can be seen, the sound pressure is zero
behind the dynamically reconfigurable rigid grating embedded in air. Repeated sound
field calculations for pulses of various shapes and durations yield the same results.
This verifies that, for the selected geometry and time period of alteration, no sound
is transmitted through the dynamically changing rigid grating for all frequencies. The
dynamically reconfigurable rigid grating is therefore a perfect candidate for a sound
isolation device, at least theoretically.

4.2. Variation in the alteration period

Let’s examine what happens when we change the interval between grating alterations
over time. Fixing the dimensionless frequency of the incoming harmonic sound wave at
w = 2, we calculated the sound wave field for different alteration intervals. The results
of our calculations for alteration periods of 10, 20, 40, and 80 time steps, showing
the sound pressure distribution along the centerline of the computational domain, are

11
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Figure 12. Sound pressure distribution along centerline at 1000 time steps for different alteration periods.

presented in Fig. 12.

It is readily apparent that sound isolation only emerges with short periods of grating
alteration (red and blue curves in Fig. 12). If the grating alteration is prolonged,
the sound isolation fails. This is expected because the gradual change of the grating
approaches its stationary state.

5. Discussion

Transmissive diffraction gratings can be considered as components of periodic scatterer
arrays, which are widely used for sound reduction and noise barriers [38-43]. Station-
ary diffraction gratings offer the simplest geometry available for theoretical analysis
[28, 44-46]. It has been shown that the transmission of sound across an stationary
diffraction grating can be adjusted by varying geometry and periodicity of the grat-
ing elements [46]. Limitless situations can be created based on geometry and material
variation rules. Once manufactured, stationary diffraction gratings have a fixed and
narrow working band [47].

New and promising opportunities for noise reduction and sound attenuation are
provided by active metamaterials [7]. These materials have the ability to change their
properties in both space and time under external stimuli [1, 8, 48]. However, as it was
noted, ”little progress has been made in the implementation of acoustic metamaterial-
based noise barriers for real applications in the past few years” [49].

Reconfigurable diffraction gratings that change the position of their elements in
space and over time while preserving their material properties can offer novel possi-
bilities to control sound waves. A diffraction grating can be reconfigured by moving
it back and forth. Rotation of rigid square rod scatterers may also allow space-time
variation of a grating [50, 51].

6. Conclusion
The paper presents a numerical investigation of sound wave propagation and atten-

uation through diffraction gratings under various diffraction grating reconfiguration
scenarios. Numerical simulations of sound wave propagation are performed in two-
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dimensional setting. The linear acoustics equations are solved using a thermodynam-
ically consistent and second-order accurate finite-volume numerical technique. The
acoustical Talbot effect is shown in the case of a rigid stationary diffraction grating,
confirming the suitability of the numerical algorithm.

The reconfiguration suggests that the grating moves back and forth along its axis
providing temporal periodicity of the problem. A number of simulations were carried
out in order to study how the reconfiguration velocity affected the propagation of plane
harmonic sound waves through gratings. It is shown that the back and forth motion
of the grating reduces sound transmission across it when compared to a stationary
grating.

It is demonstrated that total sound isolation can be accomplished in the idealized
scenario by instantaneously altering the location of the grating elements. The sound
isolation in this case is independent of frequency. However, the sound isolation only
emerges with short periods of grating alteration.
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