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Introduction G

 Motivation:

- We have a small “constant displacement” source, that is relatively
Inefficient in radiating sound power.

- We want to increase its sound power.

— The source is able to radiate rather well in the ultrasonic range.

* |dea:

- Send out high frequency, high amplitude ultrasound waves. Due to
nonlinear intermodulation distortion, an audible (“difference frequency”)
wave IS generated.

- The theory has been developed mainly in de “60s with underwater
acoustics applications.

- Main question: can it help to increase the (low frequency) acoustic
output of a small source




Product examples &

e Soundlazer / Kickstarter
(movie)

spundlazer

* HoloSonics: AudioSpotLight

e Others... (related to military
iIndustry)

AUDIOSPOT LIGHT




Audible waves G5

* Assumptions:
- 1 cm?, circular “baffled source”

Frequency L, on—axis 10 cm distance Ly Grwim
— Xmax = @ constant 3 pm
_ . o 100 21 dB SPL 6 dB SWL /
* Model: far-_fleld radiation from ” . Y
a baffled piston. wom misL s
° ~AaAYI I - 20000 113 dB SPL 95dBSWL  /
On-axis maximum SPL:
f r 40000 125 dB SPL 100 dB SWL 32°
LP:ITIEX - o 4B " 40 loglﬂ (l kHZ) - log (U_l) 80000 137 dB SPL 106 dB SWL 15°
— Strongly frequency dependent
(constant displacement source
# constant acceleration source)
- 100 Hz: 21 dB SPL @ 10 cm B, 0) = 520K [2J1(kesin9)] exp (—ikr).
(unaudible / hardly audible) @ ) esmi)




Parametric end-fire array @5

* The theory has been developed

mainly in de “60s (Westervelt) Saures E"d'ﬁrew””a'xay oeenca Beam
with underwater acoustics Qﬂnﬂﬂﬂnunnuunm
applications in mind. | S ———

* An amplitude-modulated carrier ——————Eficive Array Lengih—————>
frequency wave generates
sound at low frequencies. OSm 25w S5m0

* Our research question is: for a

Sm 2.5m 5m2m
small source, is parametric 1 ' 0 ] m—
| -2m

driving a viable solution,
compared to “normal” audible -

Conventional mmm o Parametric

d ”Vl n g 7 loudspeaker 45 SPL [dB] 85 loudspeaker

2m

Source: Gan et al: a review of parametric acoustic array in air, 2012




Parametric array - theory &0

* Suppose we have a quadratic distortion. Some
trigonometry

1 1
5 — 5 cos (2wt)
<~ —

DC, streaming,thermoacoustics ~ Harmonic distortion

eos (for — wn)1) —cos (for + ws]) + O(1) feos (n1) 1 cos (20)]

Ny

2
v g
"Useful” IMD, audible? Ultrasonic crap




SO

Parametric array - theory &

* Some trigonometry
— Modulation of a carrier

wave.
2
1 1 _ .
-+ - sin(wy,t) sin(wet) | = |O(1)+ O(1) cos (wmt) + O(1) cos (2w, t)
2 4: \._.v._./ \._v,._./ \_V_./ N o - L. ~ o
Audio band modulation signal /  Carrier wave DC Audible IMD Distorted audible IMD

+ O(1) cos (2w.t) + O(1) sin (2 (w,, — w.) t + ¢1) + - . . some more

N

"
Ultrasonic crap




Theory @

e Starting with Westervelt equation:

2 3 2
(VQ—%%)]J— %% + - 6432(2?—]30)2,
cy Ot co Ot pPoc;y Ot
wave operator thermoviscous attenuation nonlinearity
where

o= LS c) wn(2-2)

where ( is the frequency-dependent bulk viscosity.




Perturbation analysis @@

Substitute: \

= Epc(ﬂ% t) +¢2 pS(:B: t) +0 (5>2) 3
- -

carrier scattered wave

The scattered wave has possible frequency components in the audible part.
the perturbation. First order is ultrasonic wave:

82pc o _283])6
otz g ot

C%VQpC T + @ (8)

Assuming a set of monochromatic waves for the first order solution:

N-1
pe="N [Z De.i €XP (’iw@t)] ,

n=0




Second order model — perturbation analysis @

we can transform the first order time domain solution to a set of uncoupled damped Helmholtz equations:

3

wyd

V?Pen + kaben = i —1De,n-
0

For a 1D wave, a solution ansatz is:

Do = eXp (—zl%a:) :

solving for k yields: Alph 3
k=k, ia, T
attenuation of
whtere 2 ultrasound in air.
o} 2?’78,

which is valid as long as a < k.




Second order model — audible source term

Solving the Westervelt equation up to second order yields, after subtracting the first order result:

2 3 2
(v2- o) @) = =25 Gk -2 L ) +o ()

cd o3 poc Ot2

q(t)

—

Going to COMSOL notation finally, for the scattered waves, we can write in frequency domain:

. B [32102]

1
_—VQPS—"‘?EPS = (q = F
Po Poco | Ot

* Hence, the ultrasonic carrier waves end up as a “source
term” for the scattered / audible wave. The source term is
proportional to the square of the amplitude of the carrier

wave(s).
I




Ultrasound attenuation in air G

e Ultrasound damping

In air [dB/m] for prer——— ‘
10% 4 o
several values of | =20
the relative humidity _ = 60 %
(rH). -
3 AR
_glO'1 - gpiat> = Vi
102 )‘; ~
e
1073 —
104 .
102 103 104 105 10

Frequency [Hz]

Double-double logarithmic scale for the acoustic attenuation in dB/m, versus frequency.




How to: generate some audio @

For a modulated signal of the form

2(t) = zmé 1+ B(t)] cos (wet) |

where
|E(t)] <1,

is the so-called envelope function, the resulting carrier spectrum contains a carrier peak and two side bands,
as is known from RF amplitude modulation.

In case the modulation signal is a cosine with radial frequency w;: /—\/‘ﬁwJ

E(t) = cos (w1t),




How to: generate some audio
* Right: long story.

after utilizing some trigonometric identities, we can write for the Fourier components of the displacement
boundary condition z:

. 1 1 1
 Key take-away: an S [ RIS SIS p—n |
- - From driving the boundary with these displacement frequency components, three acoustic pressure fre-
u tras O n I C S I n e Wave t at quencies are generated. These are called the “pump waves”. The resulting pump pressure waves are called

p—(x),pc(x) and py(x), and are computed using the linear Helmholtz equation in the domain, for given
boundary conditions on the circular piston.

I S A M = I I I O d u | ate d WI th a n After some mathematical treatment, we find for the interaction in the audible domain the following terms:

p2|audible = P+4P- €os (a+ —o_ + Zwlt)

audible sine wave e
g e n e rate S : which is in phasor notation:

A d . bI t th PP laudible = R [p+57 exp (2iw1t) + (PPs + Pep™) exp (iwrt)] .
— AN audiplie wave a e Blhenve
I I iz [p2|audible} = —wiR [413+]3”_ exp (2iw1t) + (p+P} + e’ ) exp (iwlt)} :
modulation sine wave Z

Results in §(w)

frequency i- o)

- A n au d I b | e Wave at d O u b | e And hence, we can write for the single frequency audible scaﬁ;r;d Helmholtz equation:

the freq uency of the Va1~ Bunps = —fg—“g (B2 + Do)
mo d u | atl on s | ne wave. T h | S and for component at double the envelope frequency: "

: Al Ve K=
IS not nice!




How to: generate some audio @

Berktay solution

e Solutions:

Berktay’s model: spherically spreading pencil beam. width 2¢.. Within this cone, the intensity is assumed
~ constant. Berktay equation for far-field (at distances much larger than the viscothermal attenuation length
a):

° Myrlad: p(z,t)—4,2)123321683—;{{1—%E(t—;—0)r}, (34)
Square root amplitude
modulation: compute the
square root of the signal
(after offsetting it), and use

this as the modulation signal. @ BE Ultrasonic
Emitter
- Others: T
e Double sideband AM

* Modified AM
e Single-sideband AM
* Recursive single sideband AM

1 sinmt’
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Why all the theory? &0

e \WWe have a small source:

— Geometric spreading results in fast decay of
ultrasound generation.

- Near-field effects are more important! Impanct on
parametrlc resonance . + Simple Field Pattern Model

D?/A

D

—_—_—

Fresnel region

e e

Geometric approximation
BR Fraunhofer (or far field) region




Simulation G

A Comsol model has been
Implemented to predict the
strength of the audible
frequency waves due to
Intermodulation distortion.

— Axisymmetric model 0.5 x M
- Perfectly matched layer |

— Ultrasonic carrier freq: 80 kHz

0.3F




Expensive simulations G

* Wavelength ~ 0.7 mm. Domain 0.5 m. 6 elements / wavelength?
» Solve transformed Helmholtz equation, Slowly varying envelope (SVE):

 Original idea: adjusted from Ysbrand Wijnant’s amplitude-phase split ;).

Vep+k*p = —poQ (37)
Substitute:
p = A(x) exp (—ikR), (38)
where
R=+/z2+y%+ 22 (39)
Results in the following differential equation for A:
AA — 2k ¢ 1 = Qexp (ikR) (40)
k| op R I po@ exp (i

Which is in cylindrical coordinates:

DA 9*A 10A 1 z 0 r 0 _
52t o g, Uk [ RO Eﬂ S =
AAcyl.ccn:nd




normal Helmholtz vs SVE

* Envelope Helmholtz |p]

1SON.

Compar

 SVE Envelope |A]
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SVE: HUGE domain simulations ;) @

* Pump wave 500 kHz .
« Audible wave, 1kHz. Figure: SPL of pump wave [dB scale]
Domain 0.3 m.

Fraunhover /

Fresnel >




Results — on-axis levels G

e Turquoise: geometric

spreading equation ORI 44555 b e ot e
* Blue: pump wave on-axis SPL | | | | _
* Green: 2kHz level M
* Red: 1 kHz level '

 Too low levels based on
Berktay prediction

Arc length (m)




Why not so much audible SPL? &

» Berktay prediction is failing

 The on-axis level should be
enough

* Large near field region

e Parametric resonance does
not occur

 “Diffusion” of the difference
wave IS the main problem.
The created beam is too thin
w.r.t. the wavelength of the
difference frequency wave.




Not that much output, larger driver may be?

 Radius 12 times as large. Pump wave at ~ 130 dB SPL

~_* Larger size = 144 cm?

Now parametric wins at ~ 130 dB SPL pump wave

25
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Conclusions G

* We build up understanding and simulation tools to predict the
performance of parametric acoustic arrays. Even including the near
field effects.

* At higher frequencies: attenuation results in shorter beam

- Larger Fresnel region, where no parametric effect occurs

* Other idea is to create a long tube where the parametric effect is
contained at high pump wave amplitude. But this again generates a
strong reflection coefficient at the tube exit, severely limiting the
low frequency output. Plus you need a long tube.

* At the scale of a single driver of 1 cm2 it does not seem to be
possible to produce a strong audible parametric beam.

— Scaling of driver size is not beneficial for parametric array effect.
— Multiple drivers in an array?
e




Notes @5

 What you can’t hear, might still hurt you:

- High levels of ultrasound might cause damage to
biological systems.

* Table with limits on acceptable SPL levels:

Table 1
Guidelines for the safe usage of ultrasound that are recommended in various countries. All values in decibels are upper limits for whole-day exposure. Table extracted from [47].

One-third-octave band centre frequency (kHz) 10 12.5 16 20 25 31.5 40 50 63 80 100

Source Band level (dB)
IRPA, 1984 - - - 75 110 110 110 110 110 110 110
Australia, 1981 75 75 75 110 110 110 110 110 - - -
USA, 1981 80 80 80 105 110 115 115 115 - - -
Canada, 1980 80 80 80 110 110 110 110 110 - - -
Sweden, 1978 - - - 105 110 115 115 115 115 115 115
USSR, 1975 - 75 85 110 110 110 110 110 110 110 110
Norway, 1978 - - - - —120 (octave)— —120 (octave)— -
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