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Introduction

Spectral Division Method (SDM) is the explicit solution / inverse wavefield propagator
Wave Field Synthesis (WFS) is the implicit solution / forward wavefield propagator

Linear array on y-axis — 2.5D Sound Field Synthesis (SFS) in xy-plane:

Va2 (y—yo)?
/D Yo, w yO
471'\/932 (y — yo)?

P(z,y,w

Virtual Point Source

Farfield / high-frequency approximated 2.5D SDM (spors preea AEs 2010 =
Neumann WFS 3D—2.5D with Stationary Phase Approximations (SPAS) I+11 start po 1897
Virtual Plane Wave

mismatch reported in literature fanens sow i€ 2010)

Dwrs(yo, w) = Dspmurrar (Yo, w)+/Cos opw
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Spectral Division Method (SDM) is the explicit solution / inverse wavefield propagator
Wave Field Synthesis (WFS) is the implicit solution / forward wavefield propagator

Linear array on y-axis — 2.5D Sound Field Synthesis (SFS) in xy-plane:

Va2 (y—yo)?
/D Yo, w yO
471'\/932 (y — yo)?

P(z,y,w

Virtual Point Source

Farfield / high-frequency approximated 2.5D SDM (spors preea AEs 2010 =
Neumann WFS 3D—2.5D with Stationary Phase Approximations (SPAS) I+11 start po 1897
Virtual Plane Wave

no mismatch

Farfield / high-frequency approximated 2.5D SDM anrens somgg 20100 =

Neumann WFS 3D—2.5D with Stationary Phase Approximations (SPAS) I+ schutz i 2016
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3D SFS with a Planar Array, SDM vs. WFS
Spectral Division Method (SDM):

dZo dyo

e o~ V@2 +(y—y0)>+(2—20)?
P(x7yazaw) ://D(y07207 Ar

Va2 + (y—yo)2+ (2 — 20)2

Pz, ky, ks, w)

Ky, k=, R
( Y w) GO(:E7 kya kZ,W)

Wave Field Synthesis with Neumann Rayleigh integral (Neumann WFS):

P(w z W) _7.7 _aS(XO 2. e*jﬂ\/x2+(y7y0)2+(zizo)2
Y 2, on 47r\/x2 W=+ (= 20)

SDM = Neumann WFS ¢ Laior 19681
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2.5D SFS with a Linear Array, SDM vs. WFS
Spectral Division Method (SDM):

) 700( jelEvEer
= Yo, W Yo
. dmy/a? + (y — yo)?

P(z,y,w

P(zRer, ky,w)

D(IRef kva) Go(xﬂef k w)

Wave Field Synthesis with Neumann Rayleigh integral (Neumann WFS):

“+oo [ +oo

: .o~ 2/2+(y—10)2+(2—20)?
Pl = [ | [ -2 22

On A/ + (y — yo)2 + (2 — 20)?

— 00 — 00

SDM vs. Neumann WFS ??7?

[Start PhD 1997, Ahrens SDM IEEE 2010, Spors PreEQ AES 2010, Vélk PSC AES 2012, Firtha JAES 2015]
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Stationary Phase Approximation | : Reference Point

+oo [ +oo
OP(xp,w
P(x,w) = / / -2 ((97(1]) Goap(x, xg,w) dzg | dyo

with xg = (0,90, 20) T, x = (2,949,007, n = (1,0,0)T

[S1a97, (3.2)], [Wil99, (4.93)]

+oo
I = / f(zo) e+j¢(20) dZO

¢ (20 =205) =0  ¢"(20=205) #0

[Stag7, (3.3)), [Wil99, (4.97)]:

I~ 2T f(z0.s) e 90,0 o H 500" (20,0)]

16" (0,5

Schultz, Spors | Plane Wave Driving Functions | SPAI



Example of Stationary Phase Point for SPA |

Point Source SPA |, w/c=1.5rad/m, XPS=(~5.U,0)M‘ x=(5,0,0)m, ¥o=0m

&tl4)

stationary phase point zg s = 0

Plane Wave Source SPA |, w/c=1.5rad/m, "PW:OB‘ x=(5,0,0)m, y;=0m

otl02)
°

R(e 3y
3(e"4@)
T

20 25
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Driving Functions for Reference Point

Virtual point source with SPA | su7, 3.1083.11)

j@ e iclomxrsl (xg — xpg,n(x0))

D(X07w) = P(w)

|XRef - X0|
X0 — Xps| + [XRef — Xo|
Virtual plane wave with SPA 1 (spo0s, (5.4855), 1spo0s, (27)

D(x9,w) = P(w) We—j £ (npw,xo) y
c

VXRet — Xo| (npw, n(xg))

coplanarity of X — X, XRef — X0, N(Xg) and Xxg — Xpg resp. npw
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2.5D SFS with SPA I: Reference Point

— T _ T
RefPnt@x,,_=(2,0,0)x,4=(-1,3,0)

012345 Pa
x/m

: . T - o
RefPomt@xRef—(Z,O,O) ,¢PW——45

012345 Pa
x/m
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— T _ T
RefPnt@x,,_=(2,0,0)".x,c=(-1,3,0)
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2.5D SFS with SPA I: Reference Point
RefPoint, x,=(-5,0), X =(1,2.5) RefPoint, x,=(-5,0), X =(1,2.5)
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Stationary Phase Approximation Il : Reference Line

—+o0
P(x,w) = /DRefPoint(me) Goan(x, X0, w) dyo

—00

with xo = (0,%0,0)", x = (z,y,0)T,n = (1,0,0)T
+oo

I = / £ (o) e TI70) dyq
— 0

?(yo=10s)=0  ¢"(yo=1yo,s) #0

Yo,s
gspal — Jspall
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Stationary Phase Approximation Il : Reference Line

—+o0
P(x,w) = /DRefPoint(me) Goan(x, X0, w) dyo

—00

with xo = (0,%0,0)", x = (z,y,0)T,n = (1,0,0)T
+oo

I = / £ (o) e TI70) dyq
— 0

?(yo=10s)=0  ¢"(yo=1yo,s) #0

Yo,s
gspal — gspall
for plane wave:

(¥ — y0,5)* = 2* tan® gpw

|x — xo| = & /1 + tan? opy
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Stationary Phase Approximation Il : Reference Line

—+o0
P(x,w) = /DRefPoint(me) Goan(x, X0, w) dyo
—0o0

Y
with 0 = (0,30,0)", x = (2,9,0)", n = (1,0,0)" [

—+oo
Y0,
I = /f(yo)e+j¢(y°)dyo W npw

¢/(y0 — yO,.s) — 0 ¢//(y0 — yO,S) ;é 0 :’\ane\‘NaveSPAII.m/c=3rad/m‘¢P,W=18.4349°,x:5rr'\‘ y=6‘m‘ yo_s=4.3saalm

Yo.s ool ; [
gspal — JgsPAll 0s H\( ‘\ ‘\‘ “H“u I
for plane wave: i Z;’}\\"‘

£ ot
szl

(1= 0.0" =2* tan? S
081 | i |

|x — xo| = & /1 + tan? opy o0 | \HJ \’b /JL \“\} ‘w I

25 20 15 10
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Driving Functions for Reference Line

Virtual point source with SPA I
WFS 2x Far/HF iswo7, 3.1683.171 = SDM 2x Far/HF ispoto, (25

D(x9,w) = P(w)

2r o —wrsl o xes] |-ooeed
%A

T'Ref
TRef + TPS

Virtual plane wave with SPA Il
WEFS 2x Far/HF [Schi6, (2.183)] = SDM 1x Far/HF [Ahr10, (29)] XP x

D(Xovw) = P(w) We—j % <Ilpw,x0> %
&

VTret V (nPW, 1(X0))

coplanarity of x — xg, n(xg) and xg — Xpg resp. npw
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2.5D SFS with SPA Il:

RefLine, x,.=(-5,0), X
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Reference Line
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Mismatch WFS vs. SDM for the Plane Wave ??
Parallel reference line: SPA II, WFS 2x Far/HF (sents, 2183y = SDM 1x Far/HF janrto, 29))

D(xq, rpet, w) = P(W)\/ 8ﬁj%efj%<npw’x°>\/7’ﬁef v (npw, n(xo))

Reference point: SPA |, WFS 1x Far/HF (spoos, (27

D(x0,XRef,w) = P(w)\/8ﬂj%efj%<npw’x°>\/ |XRef — Xo|(nPw,n(x0)
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Mismatch WFS vs. SDM for the Plane Wave ??
Parallel reference line: SPA II, WFS 2x Far/HF (sents, 2183y = SDM 1x Far/HF janrto, 29))

D(xq, rpet, w) = P(W)\/ 8ﬁj%efj%<npw’x°>\/7’ﬁef v (npw, n(xo))

Reference point: SPA |, WFS 1x Far/HF (spoos, (27

D(x0,XRef,w) = P(w)\/8ﬂj%efj%<npw’x°>\/ |XRef — Xo|(nPw,n(x0)

setting \xRef — x0| = T'Re IS an invalid stationary phase point and produces a mismatch

T 0
eg  [XReft —Xol=||vw | —|w||l=2
0 0

(npw,n(xo)) vs. (npw, n(xo))
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Mismatch WFS vs. SDM for the Plane Wave ??
Parallel reference line: SPA II, WFS 2x Far/HF (sents, 2183y = SDM 1x Far/HF janrto, 29))

W _jein X
D(xq, rpet, w) = P(W)\/&TJEG S mpwxo) frey/ (npw, n(x0))

Reference point: SPA |, WFS 1x Far/HF (spoos, (27

D(x0,XRef,w) = P(w)\/8ﬂj%efj%<npw’x°>\/ |XRef — Xo|(nPw,n(x0)

. 12
black: (n;.n)"™ red: (n n)

Gain/dB

valid SPA | -> Il = Far/HF SDM
invalid SPA | -> Il

glx T L
90 -75 -60 45 -30 -15 0 15 30 45 60 75 90
dpw
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Conclusion

2.5D SFS with driving functions either for reference point or for reference line
Neumann WFS with SPA | = reference point, most suitable for circular SSDs
Neumann WFS with SPA I+l = SDM Far/HF = parallel reference line

SDM = WFS also holds for moving point SOUrce ffira saes 2015

no mismatch for plane wave WFS vs. SDM when considering the correct stationary
phase point along SSD

SDM is the exact solution, inverse spatial FT mostly not known

linear array, reference line practical?

® o
slides @ http://spatialaudio.net SEACE I\.I

Schultz, Spors | Plane Wave Driving Functions | Conclusion


http://spatialaudio.net

References [Ahr10, Lal68, Rab06, Sch16, Spo06, Spo08, Spo10, Stad7, VéI12, Wil99, Firt5a, Firi5b]

[ARr10]
[Firt5a]
[Fir15b]

[Lal68]
[Rab06]

[Sch16]
[Spo06]
[Spo08]
[Spo10]

[Sta97]
[V6l12]

[Wil99]

Ahrens, J.; Spors, S. (2010): “Sound field reproduction using planar and linear arrays of loudspeakers.” In: IEEE
Trans. Audlio Speech Language Process., 18(8):2038-2050.

Firtha, G.; Fiala, P. (2015): “Sound field synthesis of uniformly moving virtual monopoles.” In: J. Audio Eng. Soc.,
63(1/2):46-53.

Firtha, G.; Fiala, P. (2015): “Wave field synthesis of moving sources with retarded stationary phase approximation.” In:
J. Audio Eng. Soc., 63(12):958-965.

Lalor, E. (1968): “Inverse wave propagator.” In: J. Math. Phys., 9(12):2001-2006.

Rabenstein, R.; Spors, S.; Steffen, P. (2006): Topics in Acoustic Echo and Noise Control, Ch. 13: Wave Field
Synthesis Techniques for Spatial Sound Reproduction, 517-545. Berlin: Springer.

Schultz, F. (2016): Sound Field Synthesis for Line Source Array Applications in Large-Scale Sound Reinforcement.
Ph.D. thesis, University of Rostock.

Spors, S. (2006): Active Listening Room Compensation for Spatial Sound Reproduction Systems. Ph.D. thesis,
Friedrich-Alexander-Universitat Erlangen-Nirnberg.

Spors, S.; Rabenstein, R.; Ahrens, J. (2008): “The theory of Wave Field Synthesis revisited.” In: Proc. of the 124th
Audio Eng. Soc. Convention, Amsterdam, #7358.

Spors, S.; Ahrens, J. (2010): “Analysis and improvement of pre-equalization in 2.5-dimensional Wave Field
Synthesis.” In: Proc. of the 128th Audio Eng. Soc. Convention, London, #8121.

Start, E.W. (1997): Direct Sound Enhancement by Wave Field Synthesis. Ph.D. thesis, Delft University of Technology.
Vélk, F; Fastl, H. (2012): “Wave Field Synthesis with primary source correction: Theory, simulation results, and
comparison to earlier approaches.” In: Proc. of the 133rd Audiio Eng. Soc. Convention, San Francisco, #8717.
Williams, E.G. (1999): Fourier Acoustics, Sound Radiation and Nearfield Acoustic Holography. London, San Diego:
Academic Press, 1. ed.

Spors Plane Wave Drivi unctions | References




	Introduction
	Research State
	SPA I
	SPA II
	SPA I vs. SPA II
	Conclusion
	References

