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Introduction Line Source Arrays (LSA)
LSA Application LSA Cabinet
Wavefront Sculpture ._.mo::o_oo<@ (WST) Ay NTW
[Heil et al., 1992, 92nd AES Conv., Vienna] I
[Urban et al., 2003, JAES 51(10):912-932]
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Spatial Aliasing f=3kHz, array length L = 5m
sound field within zy-plane pressure along z for y = —5m
195 x 1" line pistons, Ay=1", g=1
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Angular Spectrum Synthesis
based on the inverse spatial Fourier transform using propagating waves only
ky =% sinp o—e y
] +m/2
P(z,y,w) = o [Duw,s(¢,w) - Hpost(p,w)] x
—7/2
—] w W
- mo@ Zcospu | x e HEsney) 2 cos pdp
4 c c
bévm Aﬁv Ev X
angular spectrum of source’s velocity along the y-axis, i.e. array factor
mﬂomﬁAﬁv Ev
angular spectrum of acoustic postfilter, i.e. loudspeaker farfield radiation pattern
béumﬁﬁ“gv + Hpost (0, w)
final array factor, i.e the farfield radiation pattern of the line array
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Angular Spectrum Synthesis

based on the inverse spatial Fourier transform using propagating waves only

ky =% sinp o—e y
+7/2
1

T 27
—7/2

P(z,y,w) [Duw,s(¢,w) - Hpost (¢, w)]

—] (2) (W
— H,
4 0 c

for each evaluation point 7 = (z, y)T:
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Angular Spectrum of Source Velocity, WST Reference

infinite, continuous LSA
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Angular Spectrum of Source Velocity, WST Reference

infinite, continuous LSA vs. finite length, continuous, rect. win LSA with length L
D, (¢,0)], L=5m

D
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-Fresnel / Fraunhofer region a5(1, f)
-farfield radiation pattern highly dependent from L and f

-ripples in Fresnel region (window, spatial aliasing)

—3dB 0dB _34B
—6dB Js
SPL SPL i Fresnel
L logy @ logy, f
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Angular Spectrum of Source Velocity, Discretization
L = Ay N = 5m,finite length, discretized LSA with ideal point sources

ID,, (0,0)], N=437, Ay=0.45" D, 5(0.)l, N=195, Ay=1"
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Angular Spectrum of Source Velocity, Discretization
L = Ay N =~ 5m,finite length, discretized LSA with ideal point sources
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Discretization, HF-Band Problem

required sampling at high frequencies — sampling condition Ay < Apin/2, i.e. WST#2

_Ué_wﬁe_ev_, N=131, Ay=1.5" _Ué.m@_ev_. N=13, Ay=15"
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LSA with Pistons, No Gaps between Pistons

loudspeaker’s farfield radiation pattern acts as spatial lowpass, here Hpost = Hiine
[H, . (b,0)], length |=5" Driving Function _D<< mzv_ev_
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LSA with Pistons, No Gaps between Pistons
perfect reconstruction towards D, (¢, w) with line piston of length [ if Ay = [
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LSA with Pistons, No Gaps between Pistons
line pistons (length [) vs. circular pistons (radius 79), Ay = [ = 2 g
H,,o(6.0)], length 1=5" ID,, 5(0:©) - Hi o (0,0)l, a=1/Ay=1
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WST#1 Criterion, >13.26 dB Grating Lobe Attenuation A

aka the Active Radiating Factor (ARF) criterion

IH, o (.@)], length I=5" ID,, s(®:0)H; (d.0)], g=I/Ay=0.813
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WST#1 Criterion, >13.26 dB Grating Lobe Attenuation
WST#1 criterion can be derived for both, the line and the circular piston

H, ;. (6,0)], length I=5" ID,, s(®.@H,; (0,0)], a=I/Ay=0.813
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Model vs. Practical Example
N=11, LF: 15" circ, 16.05" line MF/HF, A y=17.83", qLine=/ A =09
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Model vs. Practical Example, @sieer = —15°
beamsteering not meaningful due to too large A y=17.83"=0.453 m— sampling theorem :-(
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2nd Generation LSAs — (Almost) Full WST#2 Compliant
very small discretization step, very small pistons— WST#1 less important
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Conclusion
- WST criteria #1, #2, #3 discussed in the spatio-temporal Fourier spectrum domain

- grating lobes (spatial aliasing) must be suppressed by the spatial lowpass reconstruction
filter (WST #1) or must not enter the visible region of the LSA (WST #2)

- loudspeakers act as non-ideal spatial lowpass filters (WST #3)

- WST#1, #3 and #3 interact

WST #1 WST #2
line pistons: g ~ H /_\
circular pistons: g Ay < 2

mmac__:@ theorem!
Ay <17

Line Source Array 2" Generation for HF

slides & PhD-chapter draft available @ http://spatialaudio.net/

Schultz, F,; Straube, F.; Spors, S. (2015): "Discussion of the Wavefront Sculpture Technology Criteria for Straight Line Arrays".
In Proc. of 138th Audio Eng. Soc. Conv., Warsaw, #9323.
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Signal Processing Model for Sound Field Synthesis
truncation sampling model for 2y-plane, x > 0
SA@oUEV m_uaﬂw\ovgv m_uom%w\ovocv QA,&v @»v Ev
D(yo,w) % D—" V% V% » P(z,y,w)
Ay
{7, M M
Do(ky, w Do s(ky, Do sulky,
D(ky,w) o oyl (Gustbnw)  Buallndly | p g o)
77 whyw) | LI(iR) Gole by, )
mvaA\a@uEv mnom%\@vgv
truncation & sampling speaker & radiation

cf. [Start, 1997, PhD]

farfield radiation pattern in visible region |k, | < ||, —90° < ¢ < +90°
D, (ky,w) ..continuous, finite length LSA

Dy s(ky,w) ..discretized, finite length, point source LSA (array factor)

Dy, sn(ky, w)...discretized, finite length, loudspeaker LSA (1st product theorem, final array factor

~—
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Wavefront Sculpture Technology (WST)

WST considers a uniform linear array (ULA) without beam
steering, either with ideal point sources or with identical
circular / line pistons aiming at:

1. reducing or avoiding spatial aliasing

® with WST #2, i.e. by fulfilling the spatial sampling

. ¥
theorem, Ay < \/m_j

® with WST #1, i.e. with loudspeaker’s spatial lowpass by

z
controlling ¢ = DF@_ q= w>|am L Hiu a

® with WST #3, i.e. with loudspeaker’s spatial lowpass by x)
controlling the line piston’s velocity

]

81
|
S

2. homogeneous coverage over the audience with additional
array curving -+

(e}
iy
8l
€
N—

® WST #4: frequency independent near/farfield transition

® WST #5: maximum allowed splaying angle between
adjacent loudspeakers
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Signal Processing Model for WST
m_uom;@ougv
R |
D(yo) 20, > > »®—— P(Z,w)
4\ Dyy(0) Dus(y)  Dusu(yo,w) T
w(yo) G(Z,0,w)
continuous, finite length line source, length L, symmetric on y-axis
1 L
7 for jyo| < 35
bSAQOV = L _ _ 2 o—=e
0 else
sin(k, wv
—2% for k, #0
@SANQQSV — \a@w Y wm
1 for &y =0
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Signal Processing Model for WST

A Heost (90, w)
! &
BAMQOV NG v\ N > > wA.&wEv
4\ Duw(%0) US%Q&OVC Duy,sH(Y0,w) 4\
w(yo) G(%,0,w)

1 for \@Hm\t.
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Signal Processing Model for WST
m_uom;@ougv
R
D(yo) 20, > >k »®—— P(Z,w)
4\ Dyy(0) Dus(y)  Dusu(yo,w) T
w(yo) G(Z,0,w)
postfilter of the line piston, length [
1 l
= for < =
m_._:mAQOV =< ! _@o_ — 2 o—e
0 else
sin(ky 5 for k, # 0
Hijne(ky, w) = By 3 v 7
1 for £k, =0,
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Signal Processing Model for WST
m_uomk@ou Ev

2y x
BA@OV NG 5 N >X) > wA.&w“Ev
4\ Duw(%0) US%Q&OVC Duy,sH(Y0,w) 4\
w(yo) G(%,0,w)

postfilter of the circular piston, radius 7

(
1 2 4,2 2
2 for yy + 25 < 1

0 else

o—e

mo_aﬁw\ou NOV = 9

\

— or k 0
mo_aQ@uEv — ¢ ky o0 Y mm
1 for £y =0

\
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Signal Processing Model for WST A
m_uom;@ougv
R
D 20 > > >® » P(Z,
(%0) 4\ Dy (90) Dy s(yo) - Dy sH(Y0,w) 4*\ (&)
w(yo) G(%,0,w)

1st product theorem of array processing
spatio-temporal spectrum is obtained by a linear array using ideal point sources multiplied
with the individual postfilter characteristics of pistons, when all pistons are identical:

@Svm,IA\a@v Ev — @ngQA@u Ev ) m_uom;\a@u Ev
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Signal Processing Model for WST
m_uomk@ou Ev

Ay \#
D(yo) NGO N N N

N > & >
4\ Dw(y0) Duws(40)  Duwsh(3o,w) 4\

w(yo) G(Z,0,w)

N

Green’s function, i.e. ideal point source in the origin
for 7 = (z,y,2) % and 0 = (0,0,0) T, here only zy-plane considered, i.e. z = 0

) RPN
G(z,0 = —
R

AP (VO -8 V) o < (92
5= Ko A,\wm (9) - VaZ+ va for k2 > (%)?
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Signal Processing Model for WST
mvom;@ou Ev

Ay \#
D(yo) NG N N, N

N ; ® >
T Dulw)  Dus(w)  Dusulw,w) T

w(yo) G(Z,0,w)

N

spatio-temporal spectrum of sound pressure:

Poy(ky,w) Dy (ky,w)
mué“mﬁ\@itv = @Q:mQa@“Ev : QOA&Q \@“gv
wgvm_IA\a@“Ev @Svmaxﬁww&gv

sound field in zy-plane via inverse spatial Fourier transform:

Py(z,y,w) +oo [ Dy (ky, w) .
Pys(z,y,w) =5 \ bem @“Ev - Go(z, ky,w)e™ 5@%@
wévm‘IA&.u w\ugv
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Signal Processing Model for WST A

m_uoﬂA@ougv
2y L
BA@OV NG 5 N > > wA&ugv
4\ Duw(%0) US%Q&OVC Duy,sH(Y0,w) 4\
w(yo) G(Z,0,w)

for the visible region (i.e. only propagating waves) — m <k, < +wc the mapping

ky = % sin p holds with —90% < ¢ < +90°

Dy(p,w), Dy s(p,w) and Dy, s1(p, w) are the interpreted as the farfield radiation
patterns of the specific LSA and are proportional to the source’s velocity spatio-temporal

spectrum
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Spatial Aliasing
Prediction with Meyer Sound MAPP Online Pro 4.4.0-9059'

SPL

Sound Field

side lobes

Y (meters)
¥ (meisrs)

main lobe 0°

A N Resareest

21x Melodie — 5 m length 10x M3D — 5.24 m length
no DSP, i.e. uniformly driven AT=0.15 ms—>steering (p=-5.7°
f=1414 Hz, 1/24 oct. f=2448 Hz, 1/24 oct.

L Note that MAPP Online Pro is-in contrast to many other software-capable of revealing those artifacts. This does not imply that their products perform worse than others.

Schultz, Straube, Spors | Discussion of WST | Appendix




~

LSA with Pistons, Larger Gaps between Pistons
minimum grating lobe attenuation ~ 7.7 dB — to be avoided, highly corrupted Fresnel region

H, ;. (6,0)], length I=5" D, 5(.0) - Hy;po(0.0)], g=liAy=0.667
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