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2 Introduction

» Overview on methods for sound field reproduction
» Focus on physically correct reproduction of sound fields

» Discussion focussed on to two families of reproduction methods
» Wave Field Synthesis
» Ambisonics

» Only few mathematical equations,

instead graphical representations of sound fields
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3 Natural Sound Field

Monofrequent sound field of a point source

©)
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human hearing:

localization by

> interraural time
differences

> interaural intensitiy
differences

sound recording with
microphones:

localization by time
differences

TDoA)
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4 Stereophonic Reproduction

Stereophonic reproduction of a point source (two channel stereo)

Superposition
of the two sound fields

of each loudspeaker creates
interference patterns

which are locally simular
to the sound field

of a virtual point source.
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4 Stereophonic Reproduction

Stereophonic reproduction for multiple listener positions

Listeners in the center
and on the right

perceive a sound source in
between the speakers.
Listener on the left
resides a the null

of the interference pattern.

Center position:
sweet spot
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4 Stereophonic Reproduction

Stereophonic reproduction for multiple listener positions
at a different frequency

Listeners on the left
and in the center

perceive a sound source in
between the speakers.
Listener on the right
resides a the null

of the interference pattern.
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4 Stereophonic Reproduction

Stereophonic reproduction of sound fields

two channel stereo left — right
5.1 surround sound left — center — right 4 two rear channels

several cinema formats

> designed for human perception
target: listener in the sweet spot
> driven by entertainment requirements
music orchestra or band setup
cinema  dialogue, music and sound effects
> advantage:
popular and widespread, extremely large selection of recordings
» disadvantage:

loudspeaker setup depends on reproduction format
(stereo, 5.1, home cinema, cinema)

LMS Rudolf Rabenstein: Physics-Based Sound Field Reproduction
Friedrich-Alexander-Universitat Erlangen-Niirnberg

8 /30
July 6, 2017



5 Fourier Acoustics

Can we design sound fields from elementary components?

. similar to the design of wave forms from sinusoids?
(Fourier series, Fourier transformation, and alike)

time signal v(¢) sound pressure field p(z, t)

t time T space

o(t) =3 Vyexp(jwpt) p(z, t) = > P,exp (jwo (t+ %n,,T:v))
summation with respect to summation with respect to

discrete frequencies w, discrete normal directions n,

V. expansion coefficients P, expansion coefficients

wo fixed frequency
¢ speed of sound

real part of exp(jw,t): real part of exp (wg (t+ %nT:c))
sinusoidal signal monofrequent plane wave
because ct+nfz=0 is the

Hessian normal form of a plane in space
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5 Fourier Acoustics

plane wave from the top

Can be approximated

by a far away point source.
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5 Fourier Acoustics

plane waves from the top left and top right
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5 Fourier Acoustics

superposition of two plane waves from the top left and top right

Interference pattern

similar to two channel stereo
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5 Fourier Acoustics

superposition of 13 plane waves from equidistant directions all around the circle

Approximation of a

circular pattern
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5 Fourier Acoustics

Sound fields can be

» composed from plane waves

» decomposed into plane waves

in much the same way as signals can be composed from sinusoids.
Sinusoids: eigenfunctions of linear and time-invariant systems (LTI-system)

plane waves:  eigenfunctions of the acoustic wave equation
(a multidimensional LTI-system)

2 >
c Ap(.’.ﬂ, t) = ﬁp(wa t)

» The eigenfunctions of the acoustic wave equation are determined by the
Laplace operator A = div grad

» The eigenfunctions of the Laplace operator take many different forms
depending on the adopted coordinate system
(Cartesian, polar, spherical, cylindrical)

There is a rich world of different sound field representations !
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6 Theory of Sound Field Synthesis

Problem description

. sound
Sound field
o source
inside the volume V O
with boundary 0V
caused by an external source
ov
Reproduce
the same sound field by
a distribution of sound sources
on the boundary 0V
of the volume V
. oV
with P(z,w) ~ S(z,w)
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6 Theory of Sound Field Synthesis

Synthesis Equation

(S(:c,w) :]{ D(xo,w)G(z|zo,w) dao
v

zeV arbitrary point
inside the volume V'

xo €0V arbitrary point
on the boundary 0V

G(z|xo,w) Green's function

S(z,w) desired sound field £3%
D(xp,w) driving function at o
(source strength)
o
=] = = = = DA
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6 Theory of Sound Field Synthesis
Explicit Solution

of the synthesis equation

S(z,w) :?{ D(zp,w)G(z|z0,w) daxo
v

» Choose the boundary OV as the surface of a sphere with radius R.
» Express the spatial variables in spherical coordinates:

r — (r,a,f)

zo — (R, a, )
» Expand all functions into spherical harmonics

D(R,a,8,w) =Y DI'(R,w) V;'(8,a)
from the expansion coefficients of
> the Green's function.

LMS

> determine the expansion coefficients b;"(R,w) of the driving function
> the desired sound field and
Foundation for spatial sound reproduction by Ambisonics.
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6 Theory of Sound Field Synthesis

Spherical harmonic functions

n\m

<= e @0 @-
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6 Theory of Sound Field Synthesis

Implicit Solution

Kirchhoff-Helmholtz integral equation

(derivation: apply Green's second identity to the wave equation)
P(z,w)

‘ P(z,w) = ]{ (P(a:o,w) V G(z|zo,w) — VP(x0,w) G(a:|m0,w)) dxo
v

G(zx|zo,w)

sound pressure field
VG (z|zo,w)

Green's function of a monopole source (point source)
Green's function of a dipole source
Assumption: Only monopoles on the boundary:
VG (x|zo,w) =0

VG(z|xo,w) =0
P(z,w) = ?{ ( — VP(xy,w) ) G(z|zo,w) dxo
av
compare synthesis equation  S(z,w) = j{ D(xo,w)G(x|x0,w) do
av
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6 Theory of Sound Field Synthesis

Choosing the driving function D(xp,w) as

D(:l}(),w) = —VP(CB(),OJ)

synthesizes the desired sound field P(z,w) = S(z,w).

Further steps:

> Reduce the boundary OV of the surface to a manageable area (e.g. a line).
» Sample this area by densely placed individual loudspeakers.

> Provide the driving functions
d(@o, t) = F{D(zo,w)}
for each loudspeaker.

Foundation for spatial sound reproduction by Wave Field Synthesis (WFS)
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7 Ambisonics

Sound field reproduction with Ambisonics

Superposition of

monopole sound fields
from all loudspeakers
around the full circle
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8 Wave Field Synthesis

Sound field reproduction with Wave Field Synthesis

Superposition of

monopole sound fields

from selected loudspeakers
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8 Wave Field Synthesis

Sound field reproduction with Local Wave Field Synthesis

Reproduction of
a dedicated soundfield
only in a restricted region,
e.g. around the listener.
Potential for
the creation of

multiple independent
listening zones
with the same

loudspeaker setup.
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8.0 Wave Field Synthesis

64-channel sound field synthesis system
Signal Theory and Digital Signal Processing (Prof. S. Spors)
University Rostock, Germany

image by_S. Spcl=rs
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8.0 Wave Field Synthesis

128-channel sound field system
Multimedia Communications and Signal Processing
University Erlangen-Niirnberg, Germany

> rectangular array

> 128 speakers
> 128 class-D amplifiers
» 2 64-channel sound cards

» software: Sound Scape Renderer
http://spatialaudio.net/ssr/
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8.0 Wave Field Synthesis

128-channel sound field system

Multimedia Communications and Signal Processing
University Erlangen-Niirnberg, Germany
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9 Strenghts and Limitations

Strenghts Limitations
» Rigorous derivation from the first » Good results require a high number of
principles of acoustics individual audio channels
» Both Wave Field Synthesis and » The reproduced sound fields may be
Ambisonics have the capability impaired by room reflections
to produce physically meaningful » For high frequencies or
sound fields a low number of loudspeakers
few loudspeakers per wave length
» Hardware components are ( i -p P gth)
commercially available > aliasing effects o
(WFS and Ambisonics)
> Operating software is available » small sweet spot
(including open source software) (Ambisonics)
» Experience with implemented » For non-circular or non-spherical
systems at various institutions loudspeaker arrangements:
throughout Europe trunction effects
> at the ends or
» Further developments under
> at corners
research
of loudspeaker arrays
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10 Credits

The sound field visualizations have been created with the
Sound Field Synthesis Toolbox

H. Wierstorf, S. Spors - Sound Field Synthesis Toolbox.
Proceedings of 132nd Convention of the Audio Engineering Society, 2012

Quality & Usability Lab together with Assessment of IP-based Applications
Telekom Innovation Laboratories, TU Berlin

Institut fiir Nachrichtentechnik
Universitat Rostock

http://github.com/sfstoolbox/sfs
http://python.sfstoolbox.org
https://doi.org/10.5281/zenodo. 345435
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