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Sound Field Synthesis

aims at the physical reconstruction of a desired sound field S(x, w) within a target region
using a large number of secondary sources driven by individual signals D(xg, w)

A A < Analytic methods
D(xo, w) 47 N ® Wave Field Synthesis (WFS)
q WP @ Near-field compensated higher-order
4 = Sxw) Ambisonics (NFC-HOA)
9 h ® Spectral division method (SDM)
Y v
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Analytic Source Models

@ \Various analytic source models are used
® Closed-form driving functions are known for

NFC-HOA WFS
plane wave v v
line source X v
point source v v
focused source v v
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Outline
Line source Circular harmonics Spherical harmonics NFC-HOA
model expansion coefficients expansion coefficients driving function

1. spherical harmonics representation of the sound field of a line source
2. analytic NFC-HOA driving function
3. evaluation of the synthesized sound field
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Circular Harmonics Representation

Line source Circular harmonics
model expansion coefficients

circular harmonics expansion of a two-dimensional sound field (independent to the z-axis)

Sxw)= > Sn(w)Im(YrsinB)e™

m=—oo

a: azimuth angle, 3: colatitude angle
Sm(w): expansion coefficient

Jm(+): m-th Bessel function of the first kind
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Circular Harmonics Representation

Line source Circular harmonics
model expansion coefficients

circular harmonics expansion of the sound field of a line source

o)

—iHYElx=x) = Y —4HP(“r)e ™ Jp(LrsinB)e ™.

m=—0o0

Su\s,m(“’)

xis = (fis, Qtis, %)

H,(.,%)(-): m-th Hankel function of the second kind
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Spherical Harmonics Representation

S(x,w) = Z Z ST(@)in(2r)Y,"(B, @)

n=0 m=—n

5™ (w): expansion coefficient

Jn(+): n-th spherical Bessel function of the first kind

Y (B, o) = 4/ 20t EZJrZ;: P! (cos 3)e'™: spherical harmonics

P/™(-): associated Legendre function
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Spherical Harmonics Representation

Sxw) =" 3 S (W)n(2r)Y (B, )

n=0 m=—n
= > e N S (W26, 0)

m=—00 n=|m|

=8m(w)Im(%rsing)

§,T(w) =4mim="Y"(F, 0)*§m(w)
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Spherical Harmonics Representation of a Line Source

Line source Circular harmonics Spherical harmonics
model expansion coefficients expansion coefficients
Em _ im—n+114(2)w m(m *
Sls,n(w) = - Hm (E”IS)Yn (5,01‘3)
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Near-field Compensated Higher-order Ambisonics

D(xq, w)

Vo

@ explicit solution of the continuous synthesis equation
S(x,w) = 7{ D(xg, w)G(x — xg, w)dAg
Vo
® based on the spherical harmonics expansion
57 (w), 67 (w)

@ considers radially symmetric secondary source
distribution

® 3D: spherical distribution of point sources
® 2D: circular distribution of line sources
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Near-field Compensated Higher-order Ambisonics

D(xq, w)

Vo

@ explicit solution of the continuous synthesis equation
S(x,w) = 7{ D(xg, w)G(x — xg, w)dAg
Vo
® based on the spherical harmonics expansion
57 (w), 67 (w)

@ considers radially symmetric secondary source
distribution

® 3D: spherical distribution of point sources
[ ] %—eﬁemﬁ#}bﬂﬂeﬂ-e‘-“ﬁ%eﬂfees: i iste ) i
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Near-field Compensated Higher-order Ambisonics

D(xq, w)

Vo

@ explicit solution of the continuous synthesis equation
S(x,w) = 7{ D(xg, w)G(x — xg, w)dAg
Vo

® based on the spherical harmonics expansion
SP(w), G (w)
@ considers radially symmetric secondary source

distribution

® 3D: spherical distribution of point sources
[ ] %—eﬁemﬁ#}bﬂﬂeﬂ-e‘-“ﬁ%eﬂfees: i iste ) i

e 2.5D: circular distribution of point sources
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Driving Functions

@ 3D NFC-HOA

n

Dy (e, Bo, w) = Z > = Lor (w) Y, (Bo. o)
W_/

n=0 m=—n ro GO
Dp(w)
® 2.5D NFC-HOA
> 1 éﬁn\(w)
L) G‘"fn‘(w)
—_———

Dysp(g, w) = imax

Dm(w)
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Driving Functions

@® 3D NFC-HOA (2D sound field)

Dap (o0, Bo, w) = Z > iz - ”Yg(():w;)) Sn(t) Y, (Bo. ao)

n=0 m=—n

Dy (w)

@ 2.5D NFC-HOA (2D sound field)

© 1 A4mim \m‘yggl(” 0)*Sm(w)
Dz.so(Olo, w) = e/meo
m:z—:oo 27I'F0 qu\( )

Dm(w)
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Driving Functions h

@® 3D NFC-HOA (line source)

n 1 —mim n+1H(2) wrs ym a
D3D Ao, 60 UJ Z Z 7 GO(( )) (2 I) nm(ﬁoyao)
n=0 m=—n n

Dy (w)

@® 2.5D NFC-HOA (line source)

00 o im=|m|+1 () w m(m *
1 T Hw' (2r)Y (5, a)” .
Dy sp(cto, w) = Z 5 m\2: %) g
m=—o0 Tro \m\(w)
Dm(w)
Line source Circular harmonics Spherical harmonics NFC-HOA
model expansion coefficients expansion coefficients - driving function
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Numerical Simulation

3D NFC-HOA 2.5D NFC-HOA
I 1.5m 1.5m
Nosocster 484! 64
maximum order 21 31
Ftact e 764 Hz 1128 Hz

Sound Field Synthesis toolbox (https://github.com/sfstoolbox/sfs)

secondary monopole sources G/ (w) = —i 5 th) (2r)Y"(Bo, o)*

'Riesz s-energy approach
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3D Synthesis
500 Hz

Xy-plane yz-plane

((( (O \\))

NFC-HOA Evaluation



3D Synthesis

1500 Hz
Xy-plane yz-plane
2
=
1 /'v \\
iy
- w
-1 -‘//
_2_2 -1 0 1 2
xr / m v/ m

rp=15m, N\oudspeaker =484, M = 21, x5 = (ris, s, %)
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3D Synthesis )

Amplitude Decay for Fixed Source Position
NFC-HOA WFS

6f real line source \ 6f

real line source

-3

(x,w)| / dB

©Q -6

-9
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3D Synthesis

Amplitude Decay for Varying Source Position

NFC-HOA
real line source
z=10.0
or 2=05
z=1.0
61
m
<
~ 3t
3
S
@ 0f
3t
—6}
0 2 4 6 8
g / m

WEFS
real line source
z=10.0
9r z=05
z=1.0
6l
A
Z 4
3
S
& Or
3}
—6}
0 2 4 6 8
T / M

1o = 1.5m, Nougspeaker = 484, M = 21,355 = (ris, cus, 5) £ = 500 Hz
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2.5D Synthesis
NFC-HOA

1000 Hz

r / m

rn=15m, N\oudspeaker =64, M = 31,x5 = (r\Sv s,

2500 Hz
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2.5D Synthesis
Amplitude Decay

NFC-HOA

real line source

y/m

ro=15m, N\oudspeaker =64, M =31,x5 = (r\sv ous, &

hn and S.Spors

Cylindrical W

|S(x,w)| / dB

2)

WFS

real line source

Evaluation




2.5D Synthesis
Amplitude Decay

Fixed source position Varying source position
real line source 9t real line source
12F virtual point source = virtual point source
virtual line source === virtual line source
9 Vlrtual plane wave virtual plane wave
L . 6l
@ 6r /M
< <= 3l
~ ~
5 3 5
» S of
@ gl ° @
-3 =3r
—6k 6
-2 -1 0 1 2 0 2 4 6 8
y/m Yg / m

rn=15m, N\oudspeaker =64, M = 31,xs = (r\sv Qs g)
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Summary and Discussion

Line source Circular harmonics Spherical harmonics NFC-HOA
model expansion coefficients expansion coefficients driving function

@ sound field with a mild amplitude decay
® compensation of the low-pass characteristic (Feo(w) = /i%)
@ cfficient realization of driving function required
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THANK YOU!

.

http://spatialaudio.net
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http://spatialaudio.net

A1. Converting S,,(w) to S™(w)

T m(2) = > AT p(2)Y," (5, 0)*Y,"(B,0)

n=|m|

LHS RHS (M=30) error
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A2. Green’s Function

Spherical harmonics expansion of G (x — Xg, w)
® 3D NFC-HOA: xo = (r9,0,0)
® 25D NFC-HOA: xo = (1o, 0, )

Free-field Green’s function

G,T(u)) = —I%hg) %ro)Yn’"(ﬁo, ao)*
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