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Introduction Line Source Arrays (LSA)
LSA Application LSA Prediction

CDX|

Wavefront Sculpture Technology (WST)
[Heil, 1992, 92nd AES Conv.]

[Urban, 2003, JAES 51(10)]

recent approaches:
e.g. EAW Anya, Martin Audio MLA & OmniLine

http://www. jblpro.com/press/jan09/IBL_IntlVerTec. jpg
http://www. turbosound. com/public/images/product_zoom/TFS-900H_front. jpg
http://www.ratsound.com/cblog/uploads/soundvision/MainBack. jpg Version: 0.01 2014-10-06
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Spatial Aliasing
Prediction with Meyer Sound MAPP Online Pro 4.4.0-9059!

SPL

Sound Field

side lobes

Amplitude 78)

Y (meters)
¥ (metsrs)

side lobes

main lobe 0° :
Sm.w_.: lobe —5.70

[ E

X (maters)

=
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.
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Problem Formulation

L..length of LSAin m

Ay...discretization step in m

N ...number of pistons

[...line piston length in m

19..-circular piston radius in m

©...wave radiating angle

xo = (0, 40, 0) T...loudspeaker position on y-axis
x = (z,y > 0,0) 7. .zy-plane
P(x,w)...temporal Fourier spectrum of pressure

N N o3 2 [x—xo[n]
X, W) = MU D(xg|n|,w) Hy(X,Xo|n|,w
1 . A Y v |Hf A Ojﬁ\ T ij\ﬁ 9 )\Oﬁ T W%ﬁ._x|uﬁo_wﬁ\:
soundpressure "= oo fiter loudspeaker directivity ~ -
spherical monopole

[Feistel, 2009, JAES 57(6)]
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Problem Formulation

Single Layer Potential / Rayleigh Integral

400 +oo

KUAN w) D(xg,w) - dz dyo
—— 41 _um — umof
moca pressure  —OQ —OO driving function - ~ -
G(x,x0,w)

X
— interpretation with the spatio-temporal Fourier domain

N
Plow) =3 Dlxoln],w) Hn(x,Xolnl,w)

temporal filter loudspeaker directivity ~~ o
spherical monopole

sound pressure n=1
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WEFS vs. WST
Wave Front Synthesis / Wave Field Synthesis (WFS)

Berkhout, A.J.; Vogel, P; de Vries, D. (1992): "Use of wave field synthesis for natural
reinforced sound." In: Proc. of the 92nd Audio Eng. Soc. Convention, Vienna, #3299.
—synthesis of a virtual source with linear/planar loudspeaker arrays

Origin of Wavefront Sculpture Technology (WST)

Heil, C.; Urban, M. (1992): "Sound fields radiated by multiple sound sources arrays." In:
Proc. of 92nd Audio Eng. Soc. Convention, Vienna, #3269.

—synthesis of an almost spatial-aliasing-free sound field with uniformly driven line arrays for
sound reinforcement

WFS vs. WST — strongly related ideas surfaced at the same time, different treatment at
first sight, however same acoustic signal processing framework

WST criteria [Heil1992]:

WST #1: ARF > 0.82 — line piston (waveguide) array:

grating lobes attenuation larger than 13.5 dB in farfield

WST #2: Ay < w — no grating lobes, i.e. baseband signal’s sampling theorem
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Signal Processing Model for Sound Field Synthesis A

D(x¢,w) v\%u > P(x,w)

® Continuous problem formulation with monopoles
G(x,0,w)

+00
P(x,w) = [ Dixo,w): Glx.x0,) duo
- ~~ - = -

~

sound pressure —OO driving function  spherical monopole

® |nterpretation as a spatial convolution along y
P(x,w) = D(x,w) %, G(x,0,w)
® This corresponds to a multiplication in the spatio-temporal spectrum domain
P(x,ky, z,w) = D(z, ky, z,w) - Go(x, ky, z,w)

using the one-dimensional spatial Fourier transform along y

+00
Pz, ky, z,w) = \ P(z,y,z,w)ekydy
—

[Ahrens, 2010, IEEE Audio 18(8)]
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. . . . N
Signal Processing Model for Sound Field Synthesis
runcation sampling model for 2y-plane, x > 0
QAQOV m_uaﬂm\ov EV m_uomﬂﬂw\ov Ev QANv 0, Ev
D(yo,w) % O—" V% V% » P(z,y,w)
Ay
.Nvg hw 9 bg .~A 9 NU‘E \A 3
D(k,,w) v% (ky Ev S s(ky, ) NG snky EVW > Pz, ky,w)
zrulky) | LII(iRY) Gole by, )
mvaA\a@uEv mnom%\@vgv
truncation & sampling speaker & radiation
[Start, 1995, 98th AES Conv.]
[Start, 1997, PhD]
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Signal Processing Model for Sound Field Synthesis
runcation sampling model for xy-plane, x > 0
SAHQOV mvﬁmﬁw\o“ Ev mnomkw\o“ EV QAN“ 0, Ev
D(yo,w) % D— V% v% > P(z,y,w)
Ay
Do (k.. Do s (ko Do s (ko
D(ky,w) V% (y Ew S s(ky, @) NG snky EVW > Pz, ky,w)
ar w(ky) | LIm(hly) Go(, ky,w)
man@ugv m_uomk\a@uocv
truncation & sampling speaker & radiation
Farfield Directivities:
D,y (ky,w) ...continuous, finite length LSA
D,y s(ky,w) ..discretized, finite length, monopoles LSA
Doy s(ky, w)...discretized, finite length, pistons LSA (product theorem, WST#1 derivation)
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Driving Function

uniformly driven, infinite, continuous LSA: S )
@Aw\o“ Ev =1 6
D(ky,w) =27 6(ky) 5

-30-20-10 0 10 20 30

continuous, finite length LSA: !
0.8
sin Q@ %v = 08 L=
Dy(ky,w) = ——2L Sos
\Aw\ 9 0" 02
0w $e<<$>>>>
-0.21

-30 -20 -10 0 10 20 30

discretized, finite length, monopoles LSA:
Do s (k) 1 sin(k, Ay N/2) = os
w,S\ Ry, W) = —=— < 04
u N sin(ky Ay/2) % 02|
O.
isibl . ia 7 < _8_ 05020410 0 10 20 30 . 6 dB/di
VISIDIe reqgion. — -30 -20 - iv
27 d(w Im A 0358@_3»__“85& _A<:_,m9_3v
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Postfilter Hpost(k,, w) —Piston

Farfield Directivities

20 20 0
18 18 -3
16 16 -w
14 14 12
N 12 N 12 -15
< 10 3 = 10 7 18
= 8 T ¢ - 8 T ¢ c -21
6 5 -24
4 4 =
-30
) 219 =3 ) =37 -33
0 0 -36
300 -150 0  +150 +300 -300 -150 0 +150 +300 dB_
w< / (rad/m) w< / (rad/m)
Circular Piston Line Piston N
2 71 (ky 7o) sin (k, 3)
1 0 _
Heire(ky, w) H\A|@ mmmg@?&v Ll
y 70 )
E .
HMSAM sin ¢ 79) sin Am mEﬁ%v
w . -
= sin @ = : 7
c w 12
- SN 5
angular spectrum vs. polar diagram
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20
“M side lobes [ —505m
. f=8-¢/L=>543.4Hz
= M. g...border distance between
= Fresnel/Fraunhofer region
55
-10
-15
P g8 67
0 5 10 15 20 25 30 35 40 SPL
x/m
1 T¥sin ky WV o
wAH“@“EVHm \A@% .Qoﬁ&gw@“gv.m ! @@Q\a@
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Finite Length, Uniformly Driven, Discretized LSA
20 112
15 108
o 103 N = 11 Line Pistons
100
e 94 ] =0.381m
0E main lobe 91
= 7R 8 Ay =04501m
N — g2 ARF= 2 =0.84
-10f 72 ARF...Active Radiation Factor
~15 behaotic region "y Ww f=1.2kHz
DY N\ 67
dB
0 5 10 15 20 25 30 35 40 95gp
x/m
H_. —+o0 wg,w@m\a@vgv
P(z,y,w) = 5 \bevmﬁ@vev mnomx\a@“&w Go(z, ky,w)e MY dE,
s
— 0
N
1 sin(k, Ay N/2) S A\@ mv
Dy s(k = — v Hpet(kyyw) =
ws(ky, w) N sin(k, Ay/2) ey ) \,@w
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Spatial-Aliasing-Free Finite Length Line Source Arrays

, : W . I
Line Source Array with 15" Circular Pistons (WST #2)
Hposi(K,0) GX, ok ) in dB D, s(k,®) in dB

Ammw visible region Lm Ammw, - @w

800 -24 800 y
700 _w  jw | [W30 700 N 12

N 6000 ¢ c -36 N 600 g
s i S i
T 300 \ 4 54 =300 LN R Mg 24
100 gl [
: % oo NI, I

9 S0 0 10 20 9 10 0 10 20
x< / (rad/m) x< / (rad/m)

L = %@w H D,, gk, ) Hp o (k 0)Glx ok o)
ARF = Gz = /4 1000 . 12
N = 13 circular pistons 800 24
Ay=2ry=15"=0.381m N 290 e
Ak, = 27 = 16.49 rad/m = 200 .
typical temporal lowpass @ ~ 250 Hz S oo
wmgb__sm ﬁjmo_\mg W S\m._- #M 100 AMV no Fresnel region -66
9 — 72

Ky Nyquist = A7 <> INyquist e L
: Ay ya k,/(rad/m) Ty = 10m
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Line Source Array with 6.5" Circular Pistons (WST #2)
Hpogi(K,0) GlX, ok ) in dB D, (k) in dB
3000 -18 3000 0
i Y -
a0 A E : :
., 2000 £t ., 2000 12
T 1500 -48 T 1500 -mw
E i g
500 o 500 -3
04020 0 204060 0 .mo-é-mo 0 204060 -0
x< / (rad/m) x< / (rad/m)
L=495m D,, gk, @)} Hp (K 0)Gx K o)
ARF = 7 /4 3000 18
N = 30 circular pistons 2500 Hm%
Ay =2 "= 6.5” = 0.1651m » 2000 b
Ak, = 2T = 38.06 rad/m S o -
@ 1000 60
typical temporal bandpass @ =55 86
~ 250 Hz & 1.5 kHz _ 172
804020 0 20 40 60
xi?m&é
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WST-based LSA

. . . . O\
Line Source Array with Line Pistons, ARF=0.84 (WST #1)
Hpogq(K, 0) GlX, ook o) in dB D, s(k,®) in dB
20 -30 20 : ‘ 0
18 -36 18 -3
16 -42 16 “m
¥ g
< 10 60 < 10 13
= 8 -66 = 8 21
6 72 6 53
4 -78 4 -30
2 -84 2 I . -33
804020 0 204060 ° 80-4020 0 204060 °
J / (rad/m) J / (rad/m)
L=4.97Tm os_m?,ev.znomﬁﬁ\_sv.o?a_J.ev
ARF = 0.84 mm -wm
N = 11 line pistons 16 42
| =0.381m N Mm mm
— v »
Ak, = Xy = 13.69rad/m 4 28
WST #1: grating lobes are tolerated, use m ”mm
i it | 0-40-20 0 20 40 60
spatial lowpass characteristics of pistons J / (radim)
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. . . . a
Line Source Array with Line Pistons, ARF=0.66 (WST#1)
Hp ek, 0) Glx ok o) in dB D, s(k,©) in dB
20 -30 20 0
18 -36 18 -3
16 42 16 8
. 1 & .
< 10 -60 < 10 13
= 8 -66 = 8 27
6 72 6 5%
4 -78 4 230
2 -84 2 I . -33
804020 0 204060 0 804020 0 204060 0
J / (rad/m) x< / (rad/m)
L =4.89m D,, gk, @) Hp (k ,0)G(x ok .0)
ARF = 0.66 Wm i ” -30
11 Pistons 16
/| =0.294m N E
Ay =0.4501m =9
Ak, = £5 = 13.67radim o
typical temporal highpass @ ~ 1.5 kHz m | gir:
. i _ 0-40-20 0 20 40 60
grating lobe amplitudes > —13.5 dB, occur K, (radim)
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. . . . I
Line Source Array with Line Pistons, ARF=1 (WST #1)
Hp ek, @) G(x ok ,0) in dB D, s(k,®) in dB
20 -30 20 0
18 -36 18 -3
16 -42 16 “m
N 12 24 N 12 12
< 10 60 < 10 13
= 8 -66 = 8 -21
6 72 6 53
4 -78 4 230
2 : -84 2 ! -33
04020 0 204060 80-4020 0 204060 °
J / (rad/m) J / (rad/m)
L =25.05m D,, sk, @) Hp (k@) Clx ok )
i 2 2
N = 11 line pistons 16 42
Ay =1=04591m 13 Y
Ak, = 5T = 13.69 rad/m =1 es
typical temporal highpass @ ~= 1.5 kHz ° £
special case here: perfect aliasing suppression m ”mm
GSA\A? Ev — @S“mﬁw@v Ev ) mmmo%m@“ ocv ) o-ho_mwm Qomaw:@_vho 60
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Electronic Beamsteering ¢ = —5°, ARF=1

Hp e, @) G(x ok ,0) in dB

20 -30

18 -36

16 -42

. 1 &
& 3
6 72 . -24
-27
4 -78 30
e

-60-40-20 0 20 40 60 oémoowoémo )
J / (rad/m) J / (rad/m)
L =25.05m D, s(k,©) _L_nonﬁ\_sv.o?%f.ev
i 3 2
N = 11 line pistons “m_ ”Am
Ay =1=04591m N “m_ “mm_
_ X L
Ak, = @ = 13.69 rad/m = gl 86
cf. right figure on slide 2 ! “wm
electronic beamsteering with large line pistons not 2 ”mm_
80-4020 0 20 40 60

useful— only geometric and amplitude beamshaping K 7 (rad/m)
y
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Line Source Array with 1" Circular Pistons

Hp ek, @) G(x ok ,0) in dB D, s(k,®) in dB

-30 20 0

18 -36 18 -3

A@A_ _ﬂ 42 16 g
N 12 24 N 12 12
- -15
< 10 -60 < 10 18
= 8 -66 = 8 -21
6 72 6 53
4 -78 4 -30
: i :

B0 200 0 200 400 - Ho0200 0 200 400 -

J / (rad/m) J / (rad/m)

L=4.95m os_m?,ev.znomﬁﬁ\_sv.o?a_J.ev
ARF = 7 /4 20 30
N = 195 circular pistons 16 42
Ay =17 =00254m w13\ Y
Aky = 5T = 247.37Trad/m =13 i
typical temporal highpass @ ~= 1.5 kHz ° £
very fine granularity—spatial aliasing problem 2 ”mm

H00200 0 200 400

only in very high temporal frequencies K,/ (rad/m)
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Electronic Beamforming And -Steering, Circular Pistons

L=495m

ARF = 7 /4

N = 195 circular pistons

Ay = wﬁo =17 =0.0254m

Ak, = Dm = 247.37 rad/m

constant farfield directivity of 35° — black triangle
trade-off between max SPL and frequency response
variation
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Line Source Array with 1" Line Pistons, ARF=1

L=495m

ARF =1

195 Pistons

Ay = NH 17 =0.0254m
Aky = D.e = 247.37 rad/m

typical temporal highpass @ ~ 1.5 kHz
very fine granularity—special case here:
perfect aliasing suppression

0
5000\ P W
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Electronic Beamforming And -Steering, Line Pistons A

L=4.95m

ARF =1

195 Pistons

Ay=1=1"=0.0254m

Ak, = X5 = 247.37radim

constant farfield directivity of 35° — black triangle
trade-off between max SPL and frequency response
variation
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Conclusion
- WST criteria #1 & #2 explained 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 #1 WST #2
line pistons: ARF = 1 «_\
circular pistons: ARF = 7 /4 Ay < w

sampling theorem!
D@ m 1”

Line Source Array 2" Generation
- small discretization step Ay < 1cm — small drivers— non-directed (ideally
monopole-like)— full and aliasing-free control of the visible region for audio frequencies
(< 16 kHz) — electronic and/or geometric beamforming and -steering—>numerical
optimization schemes

slides of this talk available @ http://spatialaudio.net/
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