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Abstract: This paper proposes a new design of an acoustic diffuser based on the
construction rules of the Sierpinski triangle in order to broaden the effective diffusion
frequency range. The diffuser is made of triangular blocks of different sizes attached
to a plane surface. The effects of the number of fractal iterations, the height of
triangular blocks, and arrangements of the blocks on the normal-incidence diffusion
coefficients in the near field are examined through numerical simulations based on the
boundary element method (BEM) in the frequency range of 100 Hz — 5 kHz.
Furthermore, measurement results will be presented to validate the diffusion
performance presented by the numerical simulations. The diffusion performance of a
conventional quadratic residue diffuser (QRD) is compared to confirm the advantage
of the designed diffuser for broadening the effective frequency range. It shows that the
fractal patterns with various sizes of blocks improve diffusion performance compared
to the conventional QRD of the same size, especially in the mid-low frequency range
below 1 kHz.
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1. Introduction

Acoustic diffusers are structured surfaces to improve the diffuseness of the sound
distribution in a room. The use of acoustic diffusers is in some cases an efficient way
to achieve a desirable acoustical environment by promoting spaciousness, preventing
echoes, and improving speech intelligibility in a variety of architectural spaces [1].
The diffusers can be designed in various forms, for example, collection of hemisphere
and cube blocks [2,3], one- and two-dimensional grooves [4—6], curved surfaces
[7,8], or any other topologies [9] and vegetations [10]. Nowadays, advanced
manufacturing techniques allow the production of more complex structures, and
several examples of diffusive surfaces manufactured by 3D printers, CNC milling
machines, and industrial robots can be found in recent studies [11-13].

Among the design of diffusers presented so far, the Schroeder diffusers [14,15],
which are periodic diffusive surfaces made of quarter-wavelength resonant wells of
which depths are determined by a mathematical sequence, have been the
representative design of the acoustic diffusers for decades and have been applied in
various acoustical spaces. Moreover, the improvement of its performance has been a
subject of many studies, including optimization of the well depths [16—19] and
adoption of metamaterial design approaches [20,21]. However, the Schroeder
diffuser has limitations in the diffusion performances by its design methodology.
Firstly, the bandwidth of a Schroeder diffuser is governed by the maximum depth of
the well. Thus, to target the low-frequency range, the thickness of the diffuser should
be larger. In addition, as pointed out in Ref. [19], the periodicity of the Schroeder
diffuser produces the concentration of scattered energy in certain directions. With the
change of architectural tastes over centuries, the design of the Schroeder diffuser is
being questioned as well: the monotonous form of the Schroeder diffuser no longer
meets the aesthetic demands of modern interface design [22].

Adapting to the parametric demands of interface design, fractals are widely applied
as a fusion of mathematical calculation and artistic design. It is generally accepted
that theoretical fractals are infinitely self-similar, fractal dimensions are included in the
mathematical constructions, and fractal models with varying self-similarity degrees
can be achieved by iterations[23]. Cox [24] presented fractal theory into the
Schroeder diffuser to make a fractal vertical shape to extend the bandwidth of the
guadratic residue diffusers (QRDs). Lee et al.[25] showed that organizing modules in
a fractal manner can improve the diffusion capacity of diffusers across a broad
frequency range through a scale model experiment. Bradley et al. [26,27] proposed
the virtual 1-D fractal surfaces generated using the Random Midpoint Displacement
(RMD), the acoustic effect of fractal design parameters has been presented using the
numerical predictions and experimental measurement. Perry et al. [28] developed a
framework to optimize acoustic diffusers in a reasonable time without the need for
boundary element predictions, and in the process, the modular fractal forms have
been generated to extend the bandwidth.
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As one of the most famous fractal patterns, the Sierpinski triangle is a self-similar
structure discovered by Waclaw Sierpinski in the 1900s[29]. Xu et al.[30] investigated
the visual acceptance of the Sierpinski fractal multi-level modular diffuser through
eye-tracking and semantic differential technique and found a more impressing
appearance than conventional QRDs. However, the acoustic diffusion performance of
such Sierpinski fractal pattern has not been considered yet, which motivated this
study to propose the advanced shape combined with fractal expansion to meet both
acoustic and aesthetic demands. Fractal surfaces of Sierpinski-triangles bring the
possibility to avoid periodic profile, which not only improves the uneven sound field
but also satisfies aesthetic needs.

In this paper, a new design methodology of a modular diffuser is proposed. The
methodology is based on the construction rules of the Sierpinski triangle and provides
the fractal expansion to broaden the design frequency range for those types of
diffusers. The diffuser is made of triangular blocks of different sizes attached to a
plane surface. The effect of the number of iterations, the height of modules, and
arrangements of the blocks on the normal-incidence diffusion coefficients are
examined through numerical simulations based on the boundary element method
(BEM). Furthermore, measurement results will be presented to validate the diffusion
performance presented by the numerical calculation. The diffusion performance of a
two-dimensional QRD is compared to confirm the advantage of the designed diffuser
for broadening the effective frequency range. In this work, the performance of the
diffusers was evaluated in near-field conditions. This choice was made in
consideration of the distances of the sound source and receivers from a diffuser
surface in actual rooms.

2. Design of Sierpinski-triangle diffusers

The Sierpinski triangle is a self-similar structure with the overall shape of a triangle
and subdivided recursively into smaller triangles [29]. We used isosceles right
triangles as the base of the fractal pattern to make the designed diffusers easily
integrated into the surfaces of buildings (e.g., walls, facades). The construction steps
of the Sierpinski triangle are shown in Fig. 1(a). It starts with an isosceles right
triangle (iteration 0). The triangle is subdivided into four smaller right-angled triangles
by connecting the midpoints of the sides of the original one and then the triangle in the
center is removed (iteration 1). Subsequently, repeating the last step with the
remaining three smaller triangles results in nine triangles of a smaller scale (iteration
2). If the step is repeated once more, 27 triangles can be made (iteration 3). Then, we
combine two identical right-angled Sierpinski triangle units to form a rectangle, as
shown in Fig. 1(b). The black and white parts in Fig. 1 become base plane surfaces
and surfaces of triangular blocks, respectively.
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Fig. 1. Construction steps of (a) the Sierpinski triangle pattern and (b) the rectangular diffuser unit.
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Fig. 2. (a) Isometric view and (b) top view of the Sierpinski-triangle diffuser.
(c) The dimensions of the large (L), medium (M), and small (S) blocks used.

The final design of the Sierpinski-triangle diffusers we propose in this work is made
of triangular blocks of various sizes. Fig. 2(a) and 2(b) show the isometric and top
view of the proposed design, respectively. All of the triangular blocks have flat tops,
which are parallel to the bottom surfaces and to the diffusers’ overall surfaces. The
width and length of the diffusers are set to be 1.2 m x 1.2 m, considering the basic
module size of the walls in the Chinese buildings (1.2 m), which have an advantage in
the assembly and rearrangement according to the acoustic requirements of the space.
The dimensions of the triangular blocks are shown in Fig. 2(c). The lengths of the one
side of the triangle blocks are 600 mm, 300 mm, and 150 mm, and the heights of the
blocks are 120 mm, 90 mm, and 60 mm for large (L), medium (M), and small (S)
triangular blocks, respectively. Therefore, the overall size of the diffuser module
becomes 1.2 m x 1.2 m x 120 mm.

Applied Acoustics, Volume 196, 2022. 4|Page



Lingge Tan, Jieun Yang, Jian Kang, Hongpeng Xu: Applied Acoustics
https://doi.org/10.1016/j.apacoust.2022.108892

Several parameters influence the diffusion performance of the proposed
Sierpinski-triangle diffusers. To investigate these effects, case studies will be
conducted by numerical simulations. The configurations of the scattering surfaces
considered in the case studies are shown in Fig. 3. Firstly, we will investigate the
influences of the number of iterations (group A). The modules are generated by
iteration numbers 1, 2, 3, and 4, while the height of all triangle blocks is fixed as 60
mm. Smaller blocks than S-block in Fig. 2(c) are used in A4 case (iteration 4), and the
size of the blocks is 75 mm x 75 mm x 60 mm. Secondly, for a chosen iteration
number (iteration 3), the effect of the height of the blocks will be examined (group B).
The height of the blocks will gradually increase from 30 mm to 120 mm with a 30 mm
interval. Note that A3 and B2 are the same (iteration 3, height 60 mm). Based on the
observations of the results from groups A and B, a Sierpinski-triangle diffuser with
varying heights of blocks is presented (C1). Additionally, further modifications of C1
will be made by re-arranging triangular blocks and their performance will be compared
with the diffuser based on the Sierpinski triangle (group C). By following terminologies
used to represent the enclosed and semi-enclosed forms of buildings, C1-C4 are
named as ‘dispersed’, ‘semi-dispersed’, ‘semi-centralized’, and ‘centralized’. Note that
the number of blocks used in C1-C4 is equal.

Group A Al A2 A3 Ad
Iteration 1 2 3 4
Top view
Front view | —— —— [ o e s | T [rrrrrrrrrerrrm
Group B B1 B2 B3 B4
Block height 30 mm 60 mm 90 mm 120 mm
Top view
Front view
Group C c1 c2
Arrangement Dispersed Semi-dispersed
Top view
Front view e

Fig. 3. Configurations of scattering surfaces considered for case studies.
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3. Numerical simulation
3.1 Simulation setup

Three-dimensional numerical simulations are conducted by using COMSOL
Multiphysics 5.4®[31]. The BEM in Acoustic Module is used. As shown in Fig. 4, a
scattering structure is surrounded by air (density po = 1.21 kg/m?, speed of sound ¢, =
343 m/s) and all boundaries of the structures are considered to be acoustically rigid.
As mentioned in section 1, in this work, we focus on the evaluation of the diffusion
performance in a near-field condition, and the far- field condition serves as a
reference in Appendix C. The sound source is fixed 2.2 m above the center of the
bottom surface of the diffuser and the receiver arc is placed 1.5 m above the
scattering surface. According to the standardized measurement procedures
mentioned in ISO 17497-2 [32], boundary plane measurements are used in numerical
simulations. 35 receiver points are placed on the receiver arc, with an angular interval
of 5°. The simulation domain is discretized with a maximum element size less than
1/10 of the minimum wavelength in the frequency range of interest. The numerical
calculations are conducted at 4 frequencies per 1/3 octave band from 100 Hz to
5 kHz.

Acoustic source

b o Q

Receiver arc

e

Fig. 4. Numerical simulation setup (S=2.2m,R=15m, W=1.2m).

To evaluate the performance of the diffusers, acoustic diffusion coefficients are
calculated by ISO 17497-2 [32]. For a fixed source position, the diffusion coefficient
dycan be calculated as

2 2
_n 10570 _ " 104710
d 4,2( i=1 ) Z|:1( ) , (1)

(-1, (104"’

where L; is sound pressure level (SPL) in decibels at i-th receiver position and n is
the number of receivers. @ denotes incidence angle. Only normal incidence is
considered in this work, i.e., @ = 0. Then, the normalized directional diffusion
coefficient of the sample is calculated by
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d W= v ://,r’ (2)

where dy and dy,» are the directional diffusion coefficients of the sample and the
reference plane surface, respectively. The diffusion coefficients of the reference plane
surface are presented in Appendix A. Once the normalized diffusion coefficients are
calculated, the coefficients are averaged in 1/3 octave bands.

3.2 Simulation results

Fig. 5 shows the normalized diffusion coefficients do,, of the diffusers of group A:
the influence of the number of iterations. It is noticeable that all scattering surfaces in
group A present the diffusion capacity starting from 315 Hz, i.e., the diffusion
performances of the scattering surfaces are similar to or worse than that of the plane
surface below 315 Hz. At 1 kHz, all the scattering surfaces have the highest diffusion
coefficients. In the frequency bands from 315 Hz to 5 kHz, the performances of Al, A2,
and A4 in frequencies above 1 kHz are generally worse than those in lower
frequencies, especially above 2 kHz; the diffusion performances of fractal surfaces
are similar to that of the plane surface, while A3 shows better diffusion performance in
these frequency bands. The graph also shows that the overall diffusion coefficients
increase as the number of iterations became larger for Al, A2, and A3, but A4 shows
lower diffusion coefficients than A3, which suggests that there is an optimum number
of iterations in the design of diffusers to have high performance. This can be
explained by that the coverage area of the triangular blocks on the base panels
increases as the number of iterations increases, i.e., the ratio of the coverage area is
25%, 44%, 57%, and 68% for A1-A4, sequentially. When the coverage area increases
from 25% to 57%, the normalized diffusion coefficients varied from 0.24 to 0.52 at the
frequency of 1 kHz, then the coefficients decrease in higher frequencies due to the
lack of surface irregularities. In addition, the diffuser configuration has numerous wells
formed in between the triangular blocks (areas colored in white in diffuser
configurations) of which size decreases as the iteration number increases. The lateral
size of the wells becomes comparable to the wavelength in the mid-high frequency
range. This would cause the locally reacting behavior of the wells, which results in the
waves being scattered in a specular direction.
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Fig. 5. Normalized diffusion coefficients of the diffusers in group A.

Fig. 6 shows the normalized diffusion coefficients do» of group B with four different
heights 30 mm, 60 mm, 90 mm, and 120 mm. B1 features the lowest performance in
the frequency range of interest compared with B2, B3, and B4. This is because the
height of the blocks of B1 (30 mm) is much smaller compared to the wavelength of the
sound waves, i.e., the wavelength of the highest frequency is around 85 mm in air,
which is 2.57 times larger than the height of the blocks. When the wavelength is larger
than a scattering obstacle, the waves are reflected in a specular direction rather than
scattered in multiple directions and vice versa. Therefore, as the height increases, the
diffusers in group B generally show enhanced diffusion performance. A similar trend to
group A was found that all scattering surfaces in group B present better diffusion
capacity compared with the reference plane surface in the frequency bands from 315
Hz to 5 kHz. As the height of the triangular blocks increases, the diffusion coefficients
in mid-low frequency from 315 Hz to 1 kHz increase. However, it is also observable
that in the frequency range above 1 kHz, the diffusion coefficients of the test samples
of smaller heights are higher for B2-B4. In other words, the use of higher triangular
blocks might increase the diffusion capacity of the diffuser in the low-frequency range,
but the high-frequency performance is compromised. It is worth noting that the
diffusion coefficient of B2 is higher than those of other types from 1.6 kHz to 5 kHz
and has a small dip at 3.15 kHz, where the block height is a little greater than half of
the wavelength of the sound waves in air at that frequency. This dip could be due to
phase matching of the incident and reflected waves from the bottoms of blocks. In the
cases of B3 and B4, decreasing trends are observed from 1.25 kHz, where the
heights of the triangular blocks are close to half of the wavelength. Overall, the
heights at 60 mm, 90 mm, and 120 mm for the Sierpinski-triangle diffuser give high
values in the mid-high frequency range, thus combining those heights for this type of
diffuser is a reasonable way to improve the diffusion performance in the mid-high
frequency while keeping the low-frequency performance.
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In Fig. 6, the normalized diffusion coefficients do» of C1, which is the diffuser with
varying heights of blocks shown in Fig. 2, are presented along with the diffusion
coefficients of diffusers of group B. The heights of the small, medium, and large
triangle blocks are 60 mm, 90 mm, and 120 mm, respectively. C1 shows good
diffusion capacity in the frequency range spanning from 250 Hz to 5 kHz, which is
considered as being caused by the sequences generated between the structural
heights of the blocks and the iteration patterns. To be specific, the diffusion
performance of C1 in the mid-low frequencies below 500 Hz is comparable to that of
B4. In the frequency range above 500 Hz, the diffusion performance of C1 is rather
compromised compared to that of B2, B3, and B4, with a not very pronounced peak
only at 1 kHz. This can be explained as that the heights of the triangular blocks are not
consistent, the peaks related to the heights of the blocks do not appear anymore.
However, it is noticeable that when a maximum height of 120 mm is considered (B4
and C1), C1 shows better performance in high frequencies (above 2 kHz) than B3 and
B4. While the minimum height of 60 mm is compared (B2 and C1), C1 presents better
performance in the mid-low frequencies (below 500 Hz) than B2. As an overall
tendency, the effect of the combination of various heights of triangular blocks expands
the effective frequency bands for the Sierpinski-triangle diffuser.

0.8F

0.6f

0.4r

0.2r

do.n (nearfield)

-0.2F =0~ B1 (30 mm height)

B 1 == B2/A3 (60 mm height)
04t \EJ_ : - & - B3 (90 mm height) 1
1 0 B4 (120 mm height)

-0.6 Topview =O= C1 (Varying heights)

-0.8

125 250 500 1000 2000 4000
Frequency [Hz]
Fig. 6. Normalized diffusion coefficients of the diffusers in group B with four structural heights
(h =30 mm, 60 mm, 90 mm, and 120 mm). Normalized diffusion coefficients of C1 (with varying heights

of blocks) are also presented for comparison.

Fig. 7 shows the normalized diffusion coefficients do» of the diffusers of group C.
The purpose of this numerical experiment of group C is to confirm the effective
diffusion capacity of the diffuser designed based on the fractal sequences over other
structures, by changing the topology of the scattering surface. It is observable that
when the blocks are more dispersed, the overall diffusion coefficients increase, i.e.,
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type C1 (dispersed) has the highest diffusion coefficients followed by type C2
(semi-dispersed), C3 (semi-centralized), and C4 (centralized), sequentially. When C1
and C2 are compared, a decrease of normalized diffusion coefficients in the
frequencies above 500 Hz is noticeable. When C2 and C3 are compared, the
normalized diffusion coefficients in high frequencies are almost similar, however, C2
shows better diffusion performance in low frequencies than C3. On the other hand, C4
shows overall worse diffusion performance in the frequency range of interest. This is
due to the different degrees in dispersion for the triangular blocks, resulting in varying
amounts and widths of wells, and then the specular reflections formed in some area
on the surfaces, which affect the scattering uniformity.
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Fig. 7. Normalized diffusion coefficients of the diffusers in group C.
4. Experimental validation
4.1 Measurement setup

To validate the simulation results, diffusion coefficients obtained by measurements
will be compared with the ones obtained by the simulation. The diffusers in group C
are chosen for the experimental validation. Fig.8 shows photographs of the
measurement samples. The test samples are made of pinewood boards and blocks.
Triangular blocks are attached to the flat surface, which is a 15 mm-thick pinewood
board of size 1.2 m x 1.2 m.
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(c)C3 (d) C4

Fig. 8. Photographs of the measurement samples.

Fig. 9 shows the measurement setup. The measurements are conducted in the
anechoic chamber of dimensions 12.1 m x 8.3 m x 7.9 m. The samples are placed on
a test bench made of steel wire of dimension 3.0 m x 3.0 m x 0.3 m. Four corners
contacting the suspended ground of the test bench are wrapped by polyurethane
foam to suppress sound reflection by them. As same as in the simulation setting, a
sound source is fixed 2.2 m above the center point of the reference flat surface. An
impulse is generated by the sound source and the sound signals are captured by
microphones. Microphones are placed on a semicircle of a radius of 1.5 m. According
to the ISO 17497-2 [32], the test is suitably simplified compared to the simulation
using a plane boundary. There are 17 receivers are placed at a maximum angular
resolution of 10° on the receiver arc, instead of the 5°-resolution used in the
simulation due to the limitation of the measurement setup. The microphones are
moved by 10°, starting from 10° to 170°. The microphones are connected to a
recording system (HEAD acoustics SQuadriga Il). An audio analysis software (HEAD
acoustics ArtemiS SUITE) is installed on a laptop to read the measured signals. After
all data are collected, the diffusion coefficients are calculated by using Eq. (1).

Fig. 9. Measurement setup. C1 diffuser is placed on the test bench.
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4.2 Measurement results

Figs. 10 and 11 present the comparison of normalized diffusion coefficients under
the normal incidence obtained by simulation and measurements. Fig. 12 shows the
polar distribution of the scattered sound field under the normal incidence at 500 Hz, 1
kHz, 2 kHz, and 4 kHz for C1-C4, obtained by the numerical simulation and the
measurements. Figs. 10 and 11 show that the measurement results show good
agreement with the simulation results above 250 Hz, which confirms the validity of the
simulation results presented in section 3. The discrepancies between the simulation
and measurement results in the low frequencies (below 250 Hz) might be caused by
the diffraction of the acoustic waves by the test bench. The diffusion performance of
C1 is compared with that of a QRD with 2-dimensional gratings (N = 7) in Fig. 10, in
order to show the advantage of the proposed Sierpinski-triangle diffuser over a
conventional diffuser. The details of the QRD used in the comparison can be found in
Appendix B. In the frequency above 1 kHz, the diffusion coefficients of C1 show a
similar trend to that of the QRD. However, in frequency bands from 250 Hz to 1 kHz,
C1 has higher diffusion coefficients than the QRD. The structural difference between
the QRD and the proposed diffuser is that the proposed diffuser has relatively large
blocks in lateral dimension compared to the blocks used in the QRD. It shows that the
fractal patterns with various sizes of blocks have improved performance compared to
the conventional QRD, especially in the mid-low frequency range.

0.8
0.6f
0.4rf
0.2r

(nearfield)

£
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125 250 500 1000 2000 4000
Frequency [Hz]

Fig. 10. Measured and simulated diffusion coefficients of C1 diffuser. Diffusion coefficients of QRD with

2-dimensional gratings (N = 7) are also compared.
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Fig. 11. Measured and simulated diffusion coefficients of the diffusers in group C.
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Fig. 12. Comparison of the simulation and measurement results of the scattered sound field by the
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5. Conclusions

In this study, we demonstrated that the fractal acoustic diffusers showed improved
acoustic diffusion capability in terms of bandwidth and low-frequency performance
compared to the conventional QRD. The diffusers proposed in this study were
designed based on the Sierpinski-triangle fractals which consist of a collection of
various sizes of triangles. The Sierpinski-triangle diffusers were made of triangular
blocks of various cross-sectional areas and heights.

Using 3D numerical simulations based on the BEM, we investigated the effects of
the number of fractal iterations, the height of the triangular blocks, and arrangements
of the blocks on the normal-incidence diffusion coefficients. The results showed that
there is an optimum number of iterations (in this study, three) in the proposed diffusers
to ensure high diffusion performance. Furthermore, it was demonstrated that as the
height increases, the designed diffusers show enhanced diffusion performance in the
low-frequency range, but the high-frequency performance is compromised. To
improve the diffusion performance in the mid-high frequency while keeping the
low-frequency performance, the diffusers combined with various heights of triangular
blocks were presented. As a result, the combination of various heights of the
triangular blocks expanded the effective frequency bands of the Sierpinski-triangle
diffuser, and the diffusers showed the good diffusion capability in the frequency range
spanning from 250 Hz to 5 kHz. In addition, other structures by changing the topology
of the scattering surface were investigated. Consequently, when the blocks were more
dispersed, the overall diffusion coefficients showed better performance.

The results of anechoic chamber measurements were presented to validate the
numerical simulation results. The diffusive surfaces of different topologies were
chosen for the experimental validation. The calculated diffusion coefficients as well as
scattered polar responses were compared. The results obtained by the numerical
simulations and the measurements showed excellent agreement, which confirmed the
validity of the simulation results. Finally, we showed that the fractal patterns with
various sizes of blocks improved diffusion performance compared to the conventional
diffuser of the same size, especially in the mid-low frequency range.

The present work evaluated the diffuse performance of the Sierpinski-triangle
diffusers under the normal-incidence condition. This is a pilot study and some
preliminary results were obtained under limited conditions. Thus, in future works, it
would be meaningful to investigate the diffusion performance under oblique- and
random-incidence conditions. As the standards recommend, the measurement should
be conducted under at least four directions of incidence, and the diffusion coefficients
used to evaluate the diffusion properties should be averaged from the various
incidence directions. Moreover, aiming to optimize the diffusion effect of the scattering
surface, it would be meaningful to explore the influence of angled tops. Lastly, the
enhancement of room acoustics by the Sierpinski-triangle diffusers in a real-sized
room as well as the optimal combination pattern of the Sierpinski-triangle units can be
investigated.
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Appendix A. Diffusion coefficient of the plane surface

This appendix presents the diffusion coefficient of the flat reference panel in the
near-field and far-field settings, which are used to normalize diffusion coefficients of
the test samples in this work.

MNearfield (S=22m,R=1.5m)
08t = Farfield (S=100m,R=50m) |
0.6F

=
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0
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Fig. Al. Normal-incidence diffusion coefficients of the plane surface.

Appendix B. Quadratic residue diffuser (QRD)

This appendix presents the calculation method of the depths of the wells and
configurations of the QRDs used for performance comparison in section 4.2. The
QRDs consist of N wells where N is a prime number. A quadratic residue sequence is
generated by

S,m =(n*+m?)mod N, (3)

where n and m are integers and index the sequence for the n'" and m™ wells in the x
and z directions, respectively, and mod N is the least non-negative remainder. Then
the depth of n-th and m-th wells d,m of is given as

2 @
where Aq is the wavelength of the design frequency. The design frequency of 830
Hz is used. The depths of the wells for two-dimensional QRDs are determined, where
the heights of the blocks are approximately equal to the modules in the
Sierpinski-triangle diffusers. The configurations of the QRDs with two-dimensional

d,n =S

nm
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gratings are presented in Figure B1. In this design, the width of each wells are the
equal in the two directions and determined as 240 mm, 171.4 mm, and 92.3 mm for N
=5, 7, and 13, respectively.

Figure B2 shows the diffusion coefficients of QRDs presented in Figure B1,
obtained by numerical simulations. It is observable that the diffusion coefficients of
three types QRDs present similar trends, i.e., the diffusion coefficients increase as the
frequency increases until they reach the maximum value at 1 kHz. After a small drop,
the graphs have the second peaks at 2 kHz, and then generally decrease above
2 kHz. The performance of QRD (N = 13) and QRD (N = 7) is better than that of QRD
(N =5) in general, and QRD of N = 7 is presented in section 4.2 for the comparison
of the performance with the Sierpinski-triangle diffuser.

QRD (N=5) QRD (N=7) QRD (N=13)

Top view

Fotviev | N | S
Fig. B1. Configurations of the QRDs.
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Fig. B2. Diffusion coefficients of the QRDs.

Appendix C. Simulation results in a far-field configuration

This appendix presents the numerical simulation results of test samples in the
far-field using COMSOL Multiphysics 5.4® [31]. In the far-field simulations, the sound
source is located 10 m above the bottom surface of the diffuser and the receiver arc is
placed 5 m above the scattering surface, which follows the recommendation of ISO
17497-2 [32]that 80% of receivers are outside the specular zone. 35 receiver points
are placed on the receiver arc, with an angular interval of 5°. Other simulation settings
follow the description in section 3.1.
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Figure C1, Figure C2, and Figure C3 show the normalized diffusion coefficients
of the diffusers in groups A, B, and C, respectively. In general, all results in the far-field
simulation show similar trends to the results obtained from the near-field configuration.
In Fig. C3, the diffusion coefficients of the QRD (N = 7) are also presented for
comparison. Again, it shows a similar trend with the near-field results that C1 presents
better (below 2 kHz) or comparable (above 2 kHz) diffusion performance than QRD.

0.8r

0.6r

0.2r

125 250 500 1000 2000 4000

Frequency (Hz)

Fig. C1. Normalized diffusion coefficients of the diffusers in group A.
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Fig. C2. Normalized diffusion coefficients of the diffusers in group B with four structural heights
(h =30 mm, 60 mm, 90 mm, and 120 mm).
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Fig. C3. Normalized diffusion coefficients of the diffusers in group C. Normalized diffusion coefficients of

QRD with 2-dimensional gratings (N = 7, gray line) are also compared.
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