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l Directional Speaker Applications MJTﬁ L
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Directional speakers can direct sound waves only to specific areas,
which can create customized sound zones for individuals
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. Existing Solutions — Speaker Phased Array sl
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l Parametric Array - Air Nonlinearity MJTm

Air Nonlinearity

Primary High-Frequency Beam (f1,f2)

Air Nonlinearity can reproduce audible sounds from ultrasound.

\/ m Compact Size
m Better consistency

m Cannot support Multi-beam
B Mechanical steering
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l MuDiS — Multi-Directional Speaker J\f\ﬁ%ﬁ:%ﬂjﬁ L

Multi-Directional Speaker Design Goal

> Independent Beams:

Diverse content must be concurrently delivered in

distinct directions.

> Wide-angle Steering:

® o The beam must be dynamically adjustable to
t ® a encompass a broad coverage
Target 1 a Target 2 > Leakage suppression:
Other directions The sound should exclusively appear in the
. . desired direction, preventing sound leakage in
Multi-Beamforming P © ©

unintended directions.
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. Challenges VANV Jﬁ .

1) Physical Limitation of Transducer

2) Additional Leakage due to Nonlinear Effect
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l Challenge 1: Physical Limitations of Transducer
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l Key idea — Design a 3D-printed Structure

Ultrasonic 3D-printed Corrected
Transducer Structure Spacing and wavefront

______________________________________________________________________________________

B Correct Element Spacing to 4\2

B Correct to approximate spherical wavefront
B Maximize the output energy

(e —————

______________________________________________________________________________________
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I Empirical Acoustic Metasurface Design sl

Simulation in COMSOL Optimal 3D Printed Cells
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Metasurface helps correct element spacing and output wavefront
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. Challenge 2: Leakage due to Nonlinear Effect  e=rarull
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Nonlinear Effect will introduce additional leakages
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l Challenge 2: Leakage due to Nonlinear Effect  na=rarul

Assume the original signal are h,(t), h, (t), the modulated signal will be:
s1(t) = hy(t)cos(2mf,. t) + cos(2rmf, t)
S,(t) = hy(t)cos(2rf, t) + cos(2mf, t)
According to pre-set beam weights, when the target directions are 84, 0,, the output

signal will be s;(£)wg, + s, (t)wp,

Then the received high-frequency signal in 8, is:
jZTH (n—1)sin6,

R%‘Sﬁl(Gz) = AZ(51(t)W9 + 52 (t)Wez)e Ai
= An(as;(t)e’? + s,(t))

Now the audible sound in 8, will be
RINI(8,) = LPF (AZ(R%:;},?(HZ) )_)

— o o — — o e e o e o b o e e o o -

Expected Leakages Ignored
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l Challenge 2: Leakage due to Nonlinear Effect sl

Assume the original signal are h,(t), h, (t), the modulated signal will be:

s1(t) = hy(t)cos(2mf. t) + cos(2mf .t
s Leakages in Unintended directions
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l Optimization-based Beamforming _ M\Fesutdlf |
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Problem Formulation i H® Mainlobe preservation i

i Lmain=szma8k([9—a,9+a]) E

Mainlobe i i

Preservation i i

Beam 1 Beam 2 i i

Multi-beam 9\ f i i

Optimization ! i

Metasurface 1'4/ ¢ / \ K1 E E

Transducer Array 6 6 6 6 6 6 i i
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Problem Formulation

Mainlobe Leakage
Preservation Wide-Nulling
Beam 1 Beam 2
91 02
Multi-beam
Optimization / \
K

Metasurface 4 / \ -

et v er el wers

B Mainlobe preservation
Linain = ZP X mask([0 — «, 0 + «])

B Leakage wide-nulling

Louit = ) P x mask([6; = B, + )

___________________________________________________________
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l Optimization-based Beamforming _ M\Fesutdlf |
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Problem Formulation i B Mainlobe preservation i

i Lmain = ZPXmask([@—a,9+a]) E

Mainlobe = Leakage Remaining Sidelobe i u Leakage Wlde-nlllllllg E

Preservation Wide-Nulling Suppression i i

Beam 1 Beam 2 i Lypunr = Z P X mask([©; — B,©; + f]) E

8 8, 5 !
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Optimization ! i
 Leeman= ) peak(Pxmask(0,) |
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I Optimization-based Beamforming _ M\Fesutdlf |
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. Experiment Setup sl
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https://acousticmudis.github.io/
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l Performance syt 1L
MCD: Mel-cepstral Distance ~ SWPR: Signal-to-Worst-Point Ratio

Table 1: The performance comparison of MuD1S under different schemes.

Beam Methods Metrics

Num. | Beam- | Meta- Leakage Phase | Distortion
forming | surface | Cancellation | Robust | Reduction SNR | PESQ | MCD ) SWPR

2-beams
3-beams

COTS Directional Speaker | 1 4 - - - - 6.07 | 340 | 470 | 15.37
Smartphone Speaker - X - - - - 852 | 402 | 3.04 | 086

The system can support 4 beams playing simultaneously
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l Performance

MCD: Mel-cepstral Distance

SWPR: Signal-to-Worst-Point Ratio

J\Vf\ﬁ%‘swujﬁ .

Table 1: The performance comparison of MuD1S under different schemes.

Beam
Num.

2-beams

COTS Directional Speaker 1
Smartphone Speaker -

Methods Metrics
Beam- | Meta- Leakage Phase | Distortion
forming | surface | Cancellation | Robust | Reduction SNR | FESQ | MCD | SWIR

x< N

6.07
8.52

470 | 15.37
3.04 0.86

Close Performance to COTS directional speaker when playing

multiple beams
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l Conclusion J\T\‘”%Z%ﬂm L

» Implemented a muti-directional speaker, facilitating broad angles

for delivering diverse audio content along various directions

» Designed a metasurface to overcome physical limitation of

ultrasonic transducers

» Proposed an optimization-based beamforming scheme to suppress

unintended leakages
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l Other COTS Directional Speaker _ e=esmull

MULTI DIRECTIONAL PODS

SONOS 2" (5.08 cm) —1
s

3.83"(9.73 cm)

=

--&K = ;flu; -

<=,
Sonos Play + RocketFish Mount SXS Multi Directional PAN Acoustics
Audio Pods
x Mechanical Steering xLimited Steering Angle x Identical Audio Beams

(forward and back)
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. Minimum Variance Distortionless Response
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l Metrics mﬁwjﬁ L

» SNR: Signal-to-Noise Ratio
R I,
SNR(x,X) = 10log,0——)
|1x — ’JZ||2

» PESQ: Perceptual evaluation of speech quality

assess speech quality and generate a score ranging from -0.5 to 4.5, which is based
on s psychoacoustic model that simulates human auditory system’s response

» MCD: Mel-cepstral Distance

measures the similarity between sounds accounting for the ear's critical bandwidth
as a function of frequency

» SWPR: Signal-to-Worst-Point Ratio

assess the maximum interference in other directions apart from the intended one. It is defined
as the difference between the peak of the main lobe and the peak in other directions.
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. Overall Performance mﬂﬁ
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l Impact of distance sl
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Our system can support 2m distance
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l Impact of Environment sl
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l Impact of Sound Types _=esmul)
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Our system can work well for all sound types
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